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Abstract

Background—Autism spectrum disorder (ASD) is a complex neurodevelopmental condition that
can be reliably diagnosed as early as 24 months. Immunological phenomena, including skewed
cytokine production, have been observed among children with ASD. Little is known about whether
immune dysregulation is present before diagnosis of ASD.

Methods—We utilized neonatal blood spots from 214 children with ASD (141 severe, 73 mild/
moderate), 62 typically developing (TD), and 27 developmental delayed controls who participated
in CHARGE (Childhood Autism Risks from Genetics and the Environment), a population-based
case-control study. Levels of 17 cytokines/chemokines were compared across groups and in
relation to developmental/behavioral domains.
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Results—Interleukin (IL)-1p and IL-4 were independently associated with ASD vs. TD although
these relationships varied by ASD symptom intensity. Elevated IL-4 associated with increased
odds of severe ASD (ASDgg,) (0dds ratiofOR]=1.40, 95% confidence interval[CI] 1.03, 1.91)
whereas IL-1p associated with increased odds of mild/moderate ASD (ASDpiig) (OR=3.02, 95%
Cl 1.43, 6.38). Additionally, IL-4 was associated with a higher likelihood of ASDgg, VS. ASDnild
(OR=1.35, 95% CI 1.04, 1.75). In male ASD cases, IL-4 was negatively associated with non-
verbal cognitive ability (=-3.63, SE=1.33, P=0.04).

Conclusions—This study is part of a growing effort to identify early biological markers for
ASD. We demonstrate that peripheral cytokine profiles at birth are associated with ASD later in
childhood and that cytokine profiles vary depending on ASD severity. Cytokines have complex
roles in neurodevelopment, and dysregulated levels may be indicative of genetic differences and
environmental exposures or their interactions that relate to ASD.

Keywords

neonatal cytokines, chemokines; autism spectrum disorder; developmental delays; bloodspot;
neurodevelopment

INTRODUCTION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by social
deficits and restricted or stereotyped behavior patterns that manifest by age three.(1-3) The
biological basis of ASD is unclear but likely involves a complex interplay between genetic
susceptibility and environmental exposures.(4) There are no consistent biological markers
for ASD, and diagnosis is based upon behavioral traits and developmental history.(5-7) The
most consistently beneficial treatment for ASD is behavioral therapy, which is most effective
when administered early in life.(8) Therefore, two major goals in autism research are
characterization of biological signatures for ASD and early identification of children at risk.

Immunological factors may be involved in ASD. This includes alterations in the prenatal
immune environment that may contribute to the risk of developing ASD.(9-11) Further,
children diagnosed with ASD have evidence of immune dysfunction that is detected at
young ages and near to diagnoses.(12-17) However, it is unclear whether these
immunological differences arise in children before or after diagnosis. Resolving this issue is
critical to understanding the temporal relationship between immune anomalies and the
development of ASD.

Two recent studies found differences in cytokine/chemokine levels measured in newborn
blood spots of children later diagnosed with ASD compared with controls.(18-20) Abdallah
et al. found decreased levels of many cytokines (i.e., interferon-v, interleukin [IL]-2, IL-4,
IL-6, IL-10) in neonatal samples from children with ASD, and no differences in chemokine
levels.(18, 19) In contrast, Zerbo et al. reported increased monocyte chemotactic protein
(MCP)-1 and decreased Regulated upon Activation Normal T-Cell Expressed and Secreted
(RANTES) in ASD cases versus controls.(20) While these studies present novel data, they
are limited by lack of clinical confirmation of ASD and older diagnostic tools due to the
timing of specimen collection. The current study utilizes archived neonatal dried blood spot
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samples to explore whether early immunological signs, specifically cytokine profiles, are
predictive of neurodevelopmental outcomes in a well-defined study population of children
with a confirmed diagnosis of ASD, developmental delays (DD) without ASD, or typical
development (TD).

METHODS AND MATERIALS

Participants

This study utilized neonatal blood spots archived by the State of California and obtained for
a subset of 303 children (214 ASD, 27 DD, and 62 TD) enrolled in the CHARGE
(Childhood Autism Risks from Genetics and the Environment) Study(21) between January
2003 and October 2005. CHARGE is an ongoing population-based case-control study
investigating risk factors for neurodevelopmental disorders, with participants selected from 3
groups: ASD, DD, and TD from the general population. Eligible children were 2-5 years
old, born in California, living with a biological parent who speaks English or Spanish, and
residing in selected regional center catchment areas. Children were identified as described
previously.(21) CHARGE protocol was approved by the institutional review boards at the
University of California in Davis and Los Angeles and the State of California Committee for
the Protection of Human Subjects. Written informed consent was obtained prior to
participation.

Diagnostic Confirmation

Children were assessed at the UC Davis MIND (Medical Investigation of
Neurodevelopmental Disorders) Institute at study enrollment (2-5 years old). Cognitive and
adaptive function were evaluated in all children with Mullen Scales of Early Learning
(MSEL)(22) and Vineland Adaptive Behavior Scales (VABS)(23), respectively. ASD
diagnosis was confirmed with the Autism Diagnostic Interview—Revised (ADI-R)(24) and
the Autism Diagnostic Observation Schedule (ADQOS)(6, 25) using criteria described by Risi
et al.(26) and in accordance with the Diagnostic and Statistical Manual of Mental Disorders—
5 (DSM-5).(3) Children with ASD (n=214) were subdivided into those exhibiting severe
ASD symptoms (ASDse, [N=141]) and those with mild to moderate symptoms (ASDpiq
[n=73]) using ADOS comparison scores =7 and <7, respectively.(25)

Controls were screened for ASD using the Social Communication Questionnaire (SCQ)(27);
those with SCQ =15 were evaluated with ADI-R and ADOS and reclassified if they met
criteria for ASD. TD controls had no prior diagnosis of ASD or DD and composite scores
>70 on both MSEL and VABS. DD controls had composite scores <70 on both MSEL and
VABS.

Behavioral and Developmental Assessments

Aberrant Behavior Checklist (ABC)(28) measures maladaptive behavior using subscales:
Irritability (15 items), Lethargy/Social Withdrawal (16 items), Stereotypy (7 items), and
Hyperactivity (16 items). Each item is rated on a 4-point Likert scale ranging from 0 = Not
at all a problem to 3 = Problem severe in degree.
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Mullen Scales of Early Learning (MSEL) is a standardized assessment of cognitive
development in young children and includes scales: Visual Reception (non-verbal cognitive
ability), Fine Motor, Receptive Language (language comprehension), and Expressive
Language (language production). Developmental quotients (DQ); [age equivalent /
chronological age] x 100) were calculated for each scale and composite to overcome the
floor effect.

Vineland Adaptive Behavior Scales (VABS) is a standardized assessment that measures
personal and social skills needed for everyday living on these domains: Communication,
Daily Living Skills, Socialization, and Motor Skills. DQs were calculated as described
above.

Blood Spot Specimens

In California, capillary blood is collected at birth by heel-prick, spotted onto standardized
filter paper, and tested for various disorders as part of the Genetic Disease Screening
Program. The remaining specimen is stored through the California Department of Public
Health.(29)

Blood Spot Elution

Three 3mm punches of each dried blood spot specimen were placed together into a single
well in a 96-well plate and stored at —80°C until elution. The blood spot elution protocol is
as follows: 200ul of elution buffer (Phosphate buffered saline, 0.5% Bovine serum albumin,
and protease inhibitors (Roche Complete Protease Inhibitor Cocktail, Roche Applied
Science, Indianapolis, IN)) was added to each well, and plates were placed on a plate shaker
overnight at 4°C. The eluates were analyzed immediately following elution.

Cytokine/Chemokine Measurement

Blood spot cytokine and chemokine levels were measured using Luminex multiplex
technology. Cytokines interleukin (IL)-1p, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13,
interferon (IFN)-y, and tumor necrosis factor (TNF)-a were measured using high sensitivity
Bio-Plex Precision Pro human cytokine kits (Bio-Rad, Hercules, CA). Chemokines IL-8,
MCP-1, macrophage inflammatory protein (MIP)-1a, MIP-1B, Eotaxin, interferon-y
induced protein (IP)-10, and RANTES were measured using Milliplex human chemokine
kits according to directions (Millipore, Billerica, MA). Briefly, 25ul of eluate was incubated
with the kit beads with shaking overnight at 4°C. The beads were then washed using a
vacuum manifold, and biotin-conjugated detection antibodies were added for a 1-hour
incubation. After washing, the beads were incubated with streptavidin-PE for 30 minutes,
the plates read on a Bio-Plex 100 (BioRad, Hercules, CA), and the signal analyzed using
Bio-Plex Manager software using a 5-point standard curve. Because eluted blood spots
contain rehydrated components of whole blood, including plasma and lysed cells, the
cytokine/chemokine profiles are derived from both plasma and cellular sources. Total protein
was measured in each eluted blood spot sample using a Pierce BCA protein assay
(Rockford, IL). Cytokine/chemokine concentrations were normalized for total protein
content and presented in pg/mg total protein.
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Statistical Analysis

All statistical analyses were limited to 303 children with a confirmed diagnosis of ASD
(m=214; ASDge, /=141 and ASDyjiq /=73), DD (7=27) or TD (7=62) whose blood spots
were collected $48 hours of birth. Excluded from the initial sample of 459 children with
blood spots were 77 children with other (/7=58) or incomplete (7=19) diagnoses, and 79
children with blood collected >48 hours after delivery. Cytokine/chemokine concentrations
were In-transformed to normalize their distributions. All analyses were carried out using
SAS version 9.4 (SAS Institute Inc., Cary, NC).

Multiple imputation of cytokines/chemokines with values below level of
detection (LOD)—We used PROC Ml with the Fully Conditional Specification (FCS)
method in SAS to impute values <LOD for each In-transformed cytokine/chemokine (pg/ml
eluate) separately and included the following variables: (1) In-transformed cytokines/
chemokines without missing values <LOD, (2) covariates: age at blood spot collection, years
between sample collection and elution, birth month, gestational age, (3) child’s diagnosis,
and (4) the cytokine/chemokine being imputed with values <LOD replaced by LOD/2 and
adjusted for total protein (to keep imputed values in the low range of distribution). Ten
imputation datasets were created in the first PROC MI step; the output dataset from the first
step was used as the input dataset for the next PROC Ml step (with ‘by imputation’
statement) to impute the next cytokine/chemokine, and so on until all values <LOD were
imputed. The upper bound for imputed values was restricted to the lowest detectable value
of a given cytokine/chemokine but could not be set for IFN-y, IL-10, IL-5, IL-13, IL-4,
MIP-1a, IL-6, and Eotaxin (due to convergence problems); nonetheless, there was little to
no overlap between the distributions of imputed values (<LOD) and detectable values
(Figure S1). Analyte concentrations were then exponentiated, corrected for total protein, and
In-transformed again for analysis. We performed all statistical analyses on the imputed
datasets and combined the results using PROC MIANALY ZE (with edf= option specifying
degrees of freedom) to obtain inferences.

Principal Components Analysis (PCA)—Using imputed data, we conducted a PCA to
examine the patterns of all cytokines/chemokines simultaneously in cases and controls and
to visually inspect whether any clusters emerged by diagnostic group. Orthogonal rotations
were performed, and only components that explained 210% of total variance were retained
and verified by Horn’s parallel analysis.(30) Analytes with loadings <0.40 were suppressed
in the final component loading matrices.

Logistic Regression Analyses—Our outcome of interest was child’s diagnostic group,
with (In-transformed) cytokines/chemokines as the predictors. We fitted separate models for
each predictor and also examined multiple cytokines in one model. Covariates included
child’s age (hours) at blood spot collection, race/ethnicity, season of birth, gestational age
(weeks), maternal allergies and asthma, years between sample collection and elution,
cytokine/chemokine plate numbers, and frequency-matching variables: child’s age at
enrollment (months), sex, and regional center catchment area (5 geographic regions). All
covariates were assessed for potential confounding by examining associations of each
covariate with the predictor (cytokines/chemokines) and outcome (diagnostic group);
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covariates broadly associated (P <0.20) with at least the outcome included season of birth,
gestational age, child’s sex and age at study enrollment, and years between sample
collection and elution. They were included in initial models, and a change of ~10% in -
coefficient of the predictor was used to determine which covariates remained in the model;
final multinomial logistic regression models were adjusted for season of birth, gestational
age, child’s sex, and years between sample collection and elution. Odds ratios (OR) and
95% confidence intervals (CI) were calculated to measure the association between each
analyte and a given diagnosis relative to a referent diagnosis. ~values were corrected for
multiple comparisons (16 biomarkers) using the Benjamini-Hochberg procedure.(31)

Linear and Negative Binomial Regression Analyses—To further characterize ASD
cases, we performed linear regression models adjusted for maternal education level (high
school or less, some college, Bachelor degree or higher) to determine whether selected
cytokines were associated with specific domains of cognitive (visual reception, receptive and
expressive language) and adaptive (communication, socialization) development. Negative
binomial regression models adjusted for maternal education and child’s age at study visit
were carried out to examine associations between selected cytokines and maladaptive
behavior (irritability, lethargy, stereotypy, hyperactivity) counts while accounting for the
overdispersed behavior scores. p-coefficients and standard errors (SE) were calculated to
measure the association between each analyte and the expected value of either a
developmental score (linear regression) or log count of behavior (negative binomial
regression). Associations with P-values <0.05 were considered significant and were
corrected for multiple comparisons (5 developmental and 4 behavior scores).

TD controls were frequency-matched to ASD cases (4:1 male-to-female ratio) resulting in a
skewed sex distribution and similar proportions of males in both groups (Table 1); 59% were
male in the DD group, as they were not sex-matched. A higher proportion of TD was born in
the Summer (39% vs. 24% and 30%) and fewer born in the Spring (14% vs. 24% and 22%)
compared to cases and DD controls, respectively. Children with DD were born one to two
weeks earlier, on average, than cases or TD controls (38 vs. 39 and 40 weeks, respectively).
The length of time between blood spot collection and elution was approximately ¥ year
longer for cases than TD (7.8 vs. 7.4 years). There were also differences in regional
catchment areas between cases and DD (33% vs. 59% were from Alta). Cases did not differ
from TD or DD controls on race/ethnicity, age at blood spot collection or study enrollment,
and maternal allergies and asthma. Also, cases and controls were similarly distributed across
cytokine/chemokine plate numbers (Table S1).

Cytokine/Chemokine Distributions

Cytokine/chemokine concentrations measured in blood spots are shown in Table 2. Most
analytes (11 of 17) were detectable in >75% of samples; IL-4, IL-5, and IL-13 were
detectable in 60-70% of samples; MIP-1a and IL-6 were detected in 50% and 44% of
samples, respectively. Eotaxin was detectable in only 10% of the samples and was excluded
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from analyses. Overall, the percentage of samples that fell below levels of detection (LOD)
of a given immune biomarker was evenly distributed between cases and controls; one
exception was IL-4 (<LOD in 37% cases vs. 45% TD controls), indicating that TD controls,
on average, had lower concentrations of I1L-4 than ASD cases. Values <LOD were imputed
by multiple imputation methods described earlier.

Cytokine/Chemokine Profiles

All immune biomarkers, except Eotaxin, were included in the initial PCA to examine global
cytokine/chemokine expression patterns in cases and controls; three components were
generated, each explaining =10% of the total variance of the analytes. However, MCP-1 and
IP-10 did not correlate with these components (loadings <0.40) and were excluded from the
subsequent PCA. The final PCA, with 14 immune biomarkers, produced three components
that collectively explained 67% of the total variance (Table S2). Component 1 consisted of
cytokines largely associated with adaptive immune responses (IL-2, IL-4, IL-5, IL-12, IL-13,
IFN-y, TNF-a); Component 2 included chemokines (MIP-1a, MIP-1p, RANTES, IL-8);
and Component 3 included pro-inflammatory cytokines IL-1p and IL-6, and the anti-
inflammatory cytokine I1L-10. Overall, plots of the principal component scores showed
similar distributions across diagnostic groups with no overt clustering patterns that were
predictive of case status (Figure S2).

Cytokines/Chemokines and Diagnosis

First, we conducted multinomial logistic regression models adjusted for season of birth,
gestational age, child’s sex, and years between sample collection and analysis to determine
whether the concentrations of individual cytokines/chemokines were associated with ASD,
irrespective of symptom severity, relative to DD and TD. Levels of (In-transformed) IL-1
and IL-4 were elevated in ASD compared with TD but did not reach statistical significance
after multiple comparison correction (Table S3). No other cytokines/chemokines differed
significantly between ASD and DD groups or between DD and TD controls.

Next, we examined ASD cases as two groups, defined by symptom intensity, in relation to
each other and to TD and DD controls in models adjusted for the same covariates.
Interestingly, elevated levels of IL-1p (OR=0.45, 95% CI 0.25, 0.82) and several other pro-
inflammatory cytokines/chemokines were associated with lower odds of severe ASD
(ASDgey) compared with mild-to-moderate ASD (ASDpiig) (Table 3). IL-1p (OR=3.03,
95% CI 1.48, 6.23) was also associated with an increased likelihood of ASDyyjjq4 relative to
TD. Conversely, elevated 1L-4 was associated with increased odds of ASDge, vs. TD but not
statistically significant after multiple comparisons correction. No cytokines/chemokines
differed significantly between the two case groups (ASDge, and ASDyyjiq) and DD controls
(Table S4).

When IL-1p, IL-2, IL-4, IL-6, IFN-y, and IP-10 were modeled together and adjusted for
covariates, only IL-1p and IL-4 emerged as independently associated with ASDyy;14 and
ASDge, respectively, relative to TD and each other (Model 1, Table 4). We then retained
only IL-1pB, I1L-4, and covariates (Model 2); Relative to TD controls, elevated IL-1f was
associated with a 3-fold increased likelihood of ASDpiig (OR=3.02, 95% CI 1.43, 6.38)
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while IL-4 was associated a 1.4-fold increased likelihood of ASDge, (OR=1.40, 95% CI
1.03, 1.91). Compared with ASDpiig, IL-1p associated with lower odds of ASDgg,
(OR=0.37, 95% CI 0.20, 0.67) whereas IL-4 associated with higher odds of ASDge,
(OR=1.35, 95% CI 1.04, 1.75).

Selected Cytokines and Autism Severity, Behavior, and Development —Linear Regression

We examined whether neonatal IL-1f and IL-4 concentrations were associated with any
particular developmental or behavioral patterns assessed at age 2-5 years. The
developmental scores (MSEL, VABS) were individually modeled using linear regression
restricted to cases and adjusted for maternal education level, with both IL-1p and IL-4 as the
predictors. Neonatal IL-1p concentrations were positively associated with MSEL visual
reception (B=7.13, SE=2.54, P=0.01) and receptive language (language comprehension;
=8.32, SE=2.90, £=0.01), indicating better performance; conversely, IL-4 concentrations
were negatively associated with MSEL visual reception, but this association was not
significant after multiple comparisons adjustment (Figure 1, Table S5). One should note that
the mean developmental quotients (DQ) on all MSEL scales for both case groups were well
below cutoffs for typical cognitive function (DQ <70; i.e., >2 standard deviations below the
mean of 100).

The magnitude of the associations between IL-13 and MSEL visual reception (= 7.97,
SE=2.66, P=0.01) and receptive language subscales (p= 9.64, SE=3.03, £=0.01) was
augmented when we examined male cases only (Figure S3, Table S6). Additionally, IL-4
levels were now significantly negatively associated with visual reception (f= —3.63,
SE=1.33, P=0.04). No other behavioral or developmental scores associated with IL-1f or
IL-4 concentrations. Among controls (DD+TD), there was a trend suggesting an association
between higher IL-1p levels and lower MSEL expressive language (language production)
(Figure S4, Table S7). IL-4 was not associated with any developmental domains.

DISCUSSION

The current study explores whether early cytokine/chemokine profiles are predictive of
ASD. Elevated neonatal IL-4 and IL-1p concentrations measured in blood spots collected
within 48 hours of birth were independently associated with ASD relative to TD controls.
IL-1pB levels were associated with a 3-fold increased likelihood of ASD with mild to
moderately severe symptoms, while elevated 1L-4 levels were associated with a 1.4-fold
increase in the likelihood of severe ASD. IL-4 levels were also higher in children with severe
ASD compared to those with mild-to-moderate ASD symptoms. We did not observe any
significant differences in the levels of cytokines/chemokines between ASD cases and DD
controls, although the DD sample size was likely too small to make definitive conclusions at
this time. Among children with ASD, increased neonatal IL-4 concentrations were
associated with greater impairments in non-verbal cognitive ability and language
comprehension, particularly in male cases, but not in TD or DD controls.

The neonatal immune system is extremely immature, and cytokine production is much lower
than in adults.(32) This was accurately reflected by the number of subjects whose whole
blood cytokine levels were near or below the limit of detection. We expect the majority of
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the analytes we measured to be of neonatal origin because maternal cytokines and
chemokines are largely blocked from placental passage, with the possible exception of IL-6
and GM-CSF.(33, 34)

Neonatal blood spots have been used to measure cytokine profiles in several studies, (35, 36)
and to identify immune markers for a variety of disorders, including type 1 diabetes,(37)
toxoplasmosis,(38) Down syndrome, and ASD.(18-20, 39) A 2006 study by Nelson et al.
measured cytokine levels in neonatal blood spots from children with ASD, though only IL-8
was within the detectable range. The current study utilized a highly optimized procedure
capable of detecting extremely low levels of 17 cytokines/chemokines. In a similar study,
Abdallah et a/.(19) reported decreased levels of many cytokines among children with ASD,
including IFN-y, IL-2, IL-4, IL-6, and IL-1B. While there were several analytes that
overlapped between our study and that of Abdallah et a/., the methodology and analysis
differed significantly. One major limitation of the Abdallah study was that the diagnoses of
cases and controls were not confirmed clinically by standardized measures. In the current
study, we had access to detailed behavioral and developmental characteristics of our
participants. This proved to be especially important as the severity of ASD symptoms
associated with cytokine levels. Our cytokine measurement methods differed slightly from
Abdallah et al. as well; we corrected cytokine levels based on total protein content to
account for differences in collection efficiency between samples, while Abdallah ef a/.
assumed that each dried blood spot contained the same volume of blood. The study by Zerbo
et al.(20) had similar limitations as the Abdallah study. Further, the assays used for the
Zerbo study were not as sensitive as those used for the current study.

IL-1B, IL-4, and their receptors are expressed in the developing brain,(40-43) and they have
been shown to impact aspects of neuronal and glial cell development and function in cell
culture models.(44) IL-1p is an inflammatory cytokine produced by many cell types early
during an immune response. Beyond its role in inflammation, IL-1p has extensive
neurological significance. It is capable of crossing the blood brain barrier and is involved in
fever and sickness behavior.(45-47) Furthermore, genes for IL-1p and its receptor-associated
proteins have been associated with cognitive disabilities, schizophrenia, and ASD.(48-50)
Elevated IL-1B has been previously reported in older children with ASD as well.(12, 51-54)

IL-4 is a cytokine largely produced by T-helper type 2 (Th2) cells. It is involved in shaping
the adaptive immune response, and is often associated with parasite defense, asthma, and
atopy. IL-4 has been shown to impact neuronal proliferation, differentiation, survival, and
synapse formation(55-58). Elevated IL-4 has also been linked to ASD with increased levels
reported in maternal serum during the second trimester of pregnancy(59), and in amniotic
fluid (60) collected from mothers giving birth to a child later diagnosed with ASD.

The increase in IL-1p and IL-4 is likely reflective of a prenatal immune challenge. At birth,
the immune system is skewed towards a Th2, or more regulatory phenotype (versus an
inflammatory T-helper type 1 (Th1) phenotype), compared to adults(61, 62). Prenatal
immune activation can impact many aspects of fetal development and is associated with
adverse outcomes including preterm birth, cerebral palsy, and miscarriage.(63-66) More
subtly, maternal atopic disorders such as asthma and allergy as well as increased I1L-4 and
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IFN-+y during pregnancy have been shown to be associated with an increased risk of ASD.
(10, 67, 68) While many studies have examined the maternal gestational immune profile,
newborn blood spots are primarily reflective of the infant’s immune status. Early immune
dysregulation in the infant may have an impact on the developing nervous system as well. Of
particular interest were our findings that demonstrated an improvement in the visual
reception and receptive language scores with elevated IL-1p at birth, while these same
scores were negatively associated with 1L-4 levels in children with ASD. This apparent
dichotomous finding suggests that skewing of the early immune environment towards a Th2
(IL-4 producing) phenotype could negatively impact the developmental trajectory of visual
reception and receptive language while an increase in an opposing inflammatory cytokine
associated with innate immune cell (and microglial) function alternatively protects or
enhances these domains. Further mechanistic studies would need to be conducted to fully
define the role of these two cytokines in this specific area of neurodevelopment.

It is of course possible that peripheral cytokine levels do not alter neurodevelopmental
outcome independent of other factors. The immune and central nervous systems share many
genes and signaling pathways, so disruption in one system can be reflected in the other.
Altered cytokine profiles might simply be an epiphenomenon of genetic and/or
environmental factors that impact neurodevelopment. Our data suggest, however, that a very
early alteration in cytokine regulation is associated with a subsequent diagnosis of ASD.
Ongoing studies will further address the relationship between neonatal cytokine profiles and
immune disorders in children with ASD.

Collectively, our observations suggest that immune factors measured at birth could provide
early markers of aberrant neurodevelopmental changes associated with ASD. Further, we
demonstrate that differences in early neonatal cytokine profiles relate to ASD severity, which
suggests that behavioral subphenotypic differences in the ASD population might have an
immunologic component. In particular, the finding that the same cytokines are associating
with both ASD risk and cognitive developmental outcomes (in the same or opposite
directions) suggests a more global impact of early cytokine dysregulation. Finally, continued
efforts to identify early markers of ASD will lead to a greater understanding of the disorder,
and may ultimately suggest therapeutic options to improve the developmental trajectory and
quality of life for affected individuals and their families.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Cognitive and adaptive scores of 2-5 year old children with ASD in relation to their
neonatal IL-1B and IL-4 concentrations

This figure illustrates the mean change in cognitive and adaptive scores for a 1-unit increase
in In-transformed cytokine (pg/mg total protein). Bars with an asterisk (*) denote
statistically significant associations (P <0.05); P-values were adjusted for multiple
comparisons. Mullen Scales of Early Learning (MSEL) measures cognitive development and
subscales include Visual Reception (non-verbal cognitive ability), Receptive Language
(language comprehension), and Expressive Language (language production); Vineland
Adaptive Behavior Scales (VABS) subscales include Communication and Socialization. The
scores have been converted to developmental quotients, and higher scores represent better
performance.
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Participant demographic and clinical characteristics, N=303

Table 1

ASD DD TD
(n=214) (n=27) (n=62)
n % n % n % P-
value9
Sex? 0.0004
Male 189 88 16 59 50 81
Female 25 12 11 41 12 19
Race/Ethnicity 0.81
White 100 47 11 41 27 44
Hispanic 71 33 11 41 25 40
Other? 43 20 5 18 10 16
Season of birth® 029
Winter 47 22 4 15 15 24
Spring 50 24 6 22 9 14
Summer 52 24 8 30 24 39
Fall 65 30 9 33 14 23
Maternal allergies 90 45 10 42 26 46 0.95
or asthma?
Any allergy® 80 40 7 29 22 39 0.60
Environmental 54 27 6 25 13 23 0.82
allergy
Asthma 24 12 4 17 10 18 0.50
Regional Center 0.20
catchment area?
Alta, Far 70 33 16 59 26 42
Northern, and
Redwood Coast
North Bay 27 13 0 0 8 13
East Bay, San 25 12 1 4 6 10
Andreas, and
Golden Gate
Valley Mountain, 31 14 4 15 8 13
Central Valley,
and Kern
All Los Angeles, 61 28 6 22 14 22
Orange, San
Diego, Tri-
counties, and
Inland
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Mean SD Range Mean SD Range Mean SD Range P-
valued
ASD DD TD
(n=214) (n=27) (n=62)
n % n % n % P-
value9
Gestational age 39.3 18 3145 38.2 34  30-43 399 16 3545 0.001
(weeks)f
Age (hours) at 29.3 9.9 3-48 295 102 13-47 286 82 1347 0.88
blood spot
collection
Age (months) at 434 10.0 24-65 453 95  24-58 408 8.6  26-60 0.08
study enrollment?
Years between 7.8 14 4.7- 7.6 1.2 4.9- 74 13 4.8- 0.13
collection and 10.7 9.5 9.9
elution

a . T .
TD controls were frequency-matched to a projected distribution of ASD cases on age, sex, and regional center catchment area

blncludes Black/African American, American Indian/Alaska Native, Asian, Pacific Islander/Native Hawaiian, Multi-racial

Page 17

cMonths grouped by season as follows: Winter = December to February, Spring = March to May, Summer = June to August, Fall = September to

November

d. - s .
22 participants were missing maternal allergies/asthma (14 ASD, 3 DD, 5 TD)

e Lo . . . L
Allergies include the following types: environmental (e.g., seasonal, pet, mold), food, skin, medication, or other

f7 participants were missing gestational age (5 ASD, 2 TD)

gP—vaIues for categorical and continuous variables calculated with Chi-square test and one-way analysis of variance (ANOVA), respectively
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Krakowiak et al.

Adjusted odds ratios comparing neonatal cytokine and chemokine concentrations in ASD with severe

Table 3

symptoms, ASD with mild to moderate symptoms, and TD, N=2764

ASDgey VS. ASDmitg ASDg, vs. TD ASDpyiig Vs. TD

Cytokine or P- 95% P- 95% P-

Chemokine OR 95%Cl value? OR Cl value OR Cl  valueb
(0.75 (1.48

0.4 (0.25, 0.045 13 , 0.877 3.0 , 0.041

IL-1B8 5 0.82) 9 7 249 3 3 6.23) 6
(0.99 (0.89

11 (0.91, 0570 1.2 , 0479 11 , 0.601

IL-2 0 1.31) 8 1 1.47) 2 0 137) 1
(1.04 (0.89

11 (0.90, 0570 1.3 , 0.404 1.2 , 0.436

IL-4 4 1.44) 8 9 1.85) 8 2 1.68) 2
(0.86 (0.82

1.0 (0.83, 0941 1.0 , 0902 1.0 , 0.763

IL-5 2 1.24) 4 6 1.31) 7 5 1.33) 7
(0.84 (0.96

0.8 0.77, 0.045 0.9 , 0877 11 , 0.393

IL-6 6 0.96) 9 4 1.07) 3 0 1.26) 4
(0.80 (0.86

0.9 (0.75, 0570 0.9 , 0940 1.0 , 0.648

I1L-10 0 1.10) 8 8 121) 4 9 1.38) 4
(0.93 (0.95

0.9 (0.69, 0.867 1.2 , 0697 1.3 , 0.294

1L-12 3 1.26) 3 9 181) 6 9 2.04) 7
(0.84 (0.83

0.9 (0.79, 0941 1.0 , 0902 1.0 , 0.691

1L-13 8 1.21) 4 5 132 7 7 1.39) 7
(0.88 (111

0.7 (0.58, 0.082 11 , 0877 1.4 , 0.064

IFN-y 4 0.95) 0 1 1.39) 3 9 2.00) 8
(0.77 0.73

1.0 (0.71, 0989 11 , 0902 11 , 0.691

TNF-a 0 1.42) 5 2 164) 7 2 172 7
(0.72 0.79

0.8 (0.59, 0742 11 , 0902 1.3 , 0.502

IL-8 7 1.27) 4 5 1.83) 7 2 2.20) 4
(0.49 (0.47

0.9 (0.57, 0941 038 , 0902 0.9 , 0.763

MCP-1 6 1.62) 4 7 154) 7 0 174 7
(0.84 (0.87

0.9 (0.79, 0.747 1.0 , 0931 1.0 , 0.648

MIP-1a 4 1.12) 6 2 1.24) 3 8 1.35) 4
(0.58 (0.81

0.6 (0.39, 0495 11 , 0931 16 , 0.393

MIP-1B 7 1.16) 7 0 2.06) 3 3 3.28) 4
(0.65 (1.06

0.5 (0.37, 0.045 1.0 , 0950 1.7 , 0.154

1P-10 7 0.86) 9 1 159) 2 9 3.02) 1
(0.72 (0.93

0.7 (0.45, 0513 13 , 0877 1.8 , 0.294

RANTES 3 1.17) 3 3 2.46) 3 2 3.55) 7

a ... . . . . . . .
Logistic regression models were adjusted for season of birth, gestational age, years from blood spot collection to elution, and child’s sex;

Page 20

cytokines/chemokines were In-transformed and normalized for total protein (pg/mg total protein); values below levels of detection were imputed by
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multiple imputation; 276 participants comprised the following groups: 141 ASD (severe), 73 ASD (mild), and 62 TD; ASD severity was defined
using ADOS comparison scores, where =7 indicated severe and <7 indicated mild to moderate symptoms; OR = adjusted odds ratio, Cl =
confidence interval

b . . .
P-values were corrected for multiple comparisons (16 biomarkers)
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Krakowiak et al.

Adjusted odds ratios comparing neonatal cytokine and chemokine concentrations in ASD with severe
symptoms, ASD with mild to moderate symptoms, and TD in one model, N=2764

Table 4

ASDge, VS. ASDpiig ASDg, vs. TD ASDpiig Vs. TD

P- P- P-

Cytokine or valu 95% valu 95% valu

Chemokine OR 95% ClI e OR Cl e OR Cl e

Model 1:

(0.68 (0.99
0.5 (0.29, 14 , 2.4 ,

IL-1B 9 1.21) 0.15 4 304) 034 3 596) 0.05
(1.00 (0.67
1.4 (1.08, 1.3 , 0.9 ,

IL-4 4 1.91) 0.01 9 193) 0.05 6 139) 084
(0.78 (0.84
0.9 (0.81, 0.9 , 0.9 ,

IL-6 2 1.04) 0.9 0 104) 017 9 115) 0.85
(0.75 (0.94
0.7 (0.57, 0.9 , 13 ,

IFN-y 6 1.01) 0.06 9 130) 092 0 181) 012
(0.64 (0.86
0.6 (0.43, 1.0 , 15 ,

1P-10 9 1.10) 0.11 5 171) 0.85 2 268) 015

Model 2:

(0.59 (1.43

0.3 (0.20, 0.00 11 , 3.0 , 0.00

IL-1B8 7 0.67) 1 0 207) 0.76 2 6.38) 4
(1.03 0.74
13 (1.04, 1.4 , 1.0 ,

IL-4 5 1.75)  0.02 0 1.91) 0.03 4 1.46) 0.83

Page 22

a .. . . . . . . .
Logistic regression model included selected cytokines/chemokines modeled together and was adjusted for season of birth, gestational age, years
from blood spot collection to elution, and child’s sex; cytokines/chemokines were In-transformed and normalized for total protein (pg/mg total

protein); values below levels of detection were imputed by multiple imputation; 276 participants comprised the following groups: 141 ASD

(severe), 73 ASD (mild), and 62 TD; ASD severity was defined using ADOS comparison scores, where >7 indicated severe and <7 indicated mild
to moderate symptoms; OR = adjusted odds ratio, Cl = confidence interval
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