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Mid‑gestation cytokine profiles 
in mothers of children affected 
by autism spectrum disorder: 
a case–control study
Michael Carter1,2,4*, Sophie Casey1,3, Gerard W. O’Keeffe1,3, Louise Gibson1,4 & 
Deirdre M. Murray1,4

Autism Spectrum disorder is one of the commonest and most important neurodevelopmental 
conditions affecting children today. With an increasing prevalence and an unclear aetiology, it is 
imperative we find early markers of autism, which may facilitate early identification and intervention. 
Alterations of gestational cytokine profiles have been reported in mothers of autistic children. 
Increasing evidence suggests that the intrauterine environment is an important determinant of autism 
risk. This study aims to examine the mid‑gestational serum cytokine profiles of the mothers of autistic 
children from a well‑characterised birth cohort. A nested sub‑cohort within a large mother–child birth 
cohort were identified based on a confirmed multi‑disciplinary diagnosis of autism before the age 
10 years and neuro‑typical matched controls in a 2:1 ratio. IFN‑γ, IL‑1β, IL‑4, IL‑6, IL‑8, IL‑17A, GMCSF 
and TNFα were measured in archived maternal 20‑week serum using MesoScale Diagnostics multiplex 
technology and validation of our IL‑17A measurements was performed using an ultrasensitive assay. 
From a cohort of 2137 children, 25 had confirmed autism before 10 years and stored maternal serum 
from mid‑gestation. We examined the sera of these 25 cases and 50 matched controls. The sex ratio 
was 4:1 males to females in each group, and the mean age at diagnosis was 5.09 years (SD 2.13). 
We found that concentrations of IL‑4 were significantly altered between groups. The other analytes 
did not differ significantly using either multiplex or ultra‑sensitive assays. In our well‑characterised 
prospective cohort of autistic children, we confirmed mid‑gestational alterations in maternal IL‑4 
concentrations in autism affected pregnancies versus matched controls. These findings add to 
promising evidence from animal models and retrospective screening programmes and adds to the 
knowledge in this field.
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HLA-G gene  Human leukocyte antigen G coding gene
HSE  Health service executive
ID  Intellectual disability
IL-1α, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10 and IL-17A  Interleukins 1 alpha, 1 beta, 2, 4, 6, 8, 10, 17A
IL-17AR  Interleukin 17A receptor
IQR  Interquartile range
ISO  International Organization for Standardization
KBIT-2  Kaufmann brief intelligence test, second edition
LLOD  Lower limit of detection
LLOQ  Lower limit of quantification
MIA  Maternal immune activation
mRNA  Messenger ribonucleic acid
MSD  MesoScale discovery
MZ  Monozygotic
Poly (I:C): Polyinosinic  Polycytidylic acid
PMN  Polymorphonuclear cells
PP  Polypropylene
PSS  Perceived stress score
ROUT  Robust regression and outlier removal
RTI  Respiratory tract infection
SCQ  Social communication questionnaire
SOP  Standard operating procedure
SRS  Social responsiveness scale
STAT6  Signal transducer and activator of transcription 6
Th1, 2 and 17  T helper 1, T helper 2, and T helper 17 cells
TNFα, TNFβ  Tumour necrosis factor alpha, beta
Tregs  Regulatory T-cells
ULOQ  Upper limit of quantification
UTI  Urinary tract infection

Autism spectrum disorder (ASD) is an intricate continuum of neurodevelopmental disorders, all of which have 
an onset in early childhood and persist throughout life. These disorders are characterised by core impairments 
in social communication, and the presence of restricted and repetitive interests and  behaviours1–4. There exists 
within this spectrum a broad range of heterogeneity. Clinical phenotypes vary widely, aetiology remains unclear, 
and many different comorbidities afflict those with ASD. There is clearly a strong genetic component in many 
cases with heritability estimates of 50–90%5,6, while the apparent male preponderance with rates exceeding that 
of females three to fourfold, also hints at a strong genetic  foundation7,8. Yet, even using newer techniques such 
as ASD-optimised ultrahigh resolution chromosomal microarray, we only find a single gene determinant in 
approximately 25% of  cases9,10. A recent study of monozygotic twins (MZ) (who share 100% similar copies of 
their genetic material) quoted ASD concurrence rates as low as 59% between MZ  siblings11. Some authors have 
found that specific HLA-DR (Human leukocyte antigen) subtypes are overexpressed in children with ASD versus 
 controls12,13. Despite these advances, we are yet to discover a single gene determinant that can account for more 
than a small percent of ASD cases. All this suggests that we cannot explain many cases of ASD by genetic fac-
tors alone, or at least we cannot explain them using our current understanding of ASD genetics or our current 
techniques of genetic analysis.

This imperfect picture of ASD genetics has led some to investigate the role of environmental exposures in 
the aetiology of ASD. Researchers have identified many environmental risks in ASD. Advanced parental age, 
foetal environmental exposures, perinatal and obstetric events, maternal medication use, smoking and alcohol 
use, psychosocial hardship, nutrition and toxic exposures have all been implicated as risks in the pathogenesis of 
 ASD11,14. Some authors attribute up to 17% of ASD risk to these exposures, yet the exact balance between genetic 
and environmental determinants and their roles in aetiology remains  disputed11,15. The current ASD literature 
suggests that mutations occurring in genes involved in synapse formation, cell adhesion molecule production 
(such as Cadherins), scaffolding proteins (SHANK proteins), ion channels (sodium, calcium, and potassium 
channels), and signaling molecules can disrupt regulatory or coding regions and affect synapse formation, plas-
ticity and synaptic  transmission16.

Cell signaling pathways such as PI3K, PTEN and mTOR interact with synapse influencing targets at multiple 
levels, mutations affecting these pathways lead to aberrant synaptic protein synthesis and have been shown to 
influence the development of monogenic (syndromic ASD) as well as non-syndromic  ASD17,18.

Multiple mechanisms have been proposed through which each of these exposures may exert an influence on 
genetic and epigenetic risk in ASD, but there are only a handful that are likely to effect abnormal neurodevelop-
ment. Animal models of inflammation and maternal immune activation are particularly well characterised, and 
have successfully modelled ASD type behaviours and social difficulties in mice, rats and non-human  primates19–21.

Maternal immune activation (MIA) is defined as an increase in measured levels of inflammatory markers 
in mothers during pregnancy, and more specifically refers to a triggering of the maternal immune system by 
infectious or infectious‐like stimuli resulting in an increase in measurable inflammatory  markers22,23. Through 
this activation, a cytokine cascade transmits to the foetus, resulting in adverse neurodevelopmental phenotypes 
and even remodelling or malformations of the developing foetal brain. There have been many studies, which 
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have profiled cytokine, chemokine, immune cell and inflammatory signatures in ASD affected  individuals24–29. 
A much smaller number of studies have characterised cytokine profiles in expectant mothers who progressed to 
give birth to children who develop  ASD30,31. The few previous studies, which have examined gestational serum, 
have indicated mid-gestational upregulation in specific pro-inflammatory cytokines or indeed down-regulation 
in anti-inflammatory cytokines. These findings arise from retrospective examination of stored serum samples 
from the wide 15–19 week gestational window. None of these studies confirmed a formal psychiatric or multi-
disciplinary team diagnosis of ASD, nor did they account for important and relevant underlying maternal inflam-
matory conditions such as inflammatory bowel  disease32 and rheumatoid  arthritis33. Our aim in this study was to 
measure candidate cytokines at a single specific mid-gestational time-point (20-weeks’ gestation) in a carefully 
characterised prospectively recruited birth cohort.

Methods
Study population. Mother and child dyads were recruited from the Cork BASELINE Birth Cohort Study 
(Babies after SCOPE: Evaluating the Longitudinal Impact on Neurological and Nutritional Endpoints) (www. 
basel inest udy. net). In total, recruitment ran for just over three years, from August 2008 to October 2011. The 
SCOPE Ireland pregnancy cohort (www. scope study. net) formed the basis of recruitment of infants to BASE-
LINE [n = 1537] and an additional 600 infants were recruited after delivery providing a total sample of 2137. The 
research team performed assessments on day of life 2 and at 2, 6, 12, 24 and 60 months of age. Team researchers 
performed specific developmental assessments at 24 months (using the Ages and Stages parental questionnaire, 
and the Child Behaviour Checklist) and at 60 months (using the Kaufman Brief Intelligence Test, 2nd edition 
(KBIT-2) and the Child Behaviour Checklist). Blood and DNA samples were bio-banked at 15 and 20 weeks’ 
gestation, at birth, and at 24 and 60 months. Children with low scores at either time-point were examined further 
by the study paediatrician (DM) and were referred for early intervention assessment. In this study, archived mid-
gestational (20 weeks) serum samples were analysed.

The inclusion criteria for the study were:

1. Subjects had bio-banked mid-gestational serum samples available,
2. All participants had completed 5 year follow up (ideally including developmental assessment),
3. Children who were suspected ASD cases had received a confirmed ASD diagnosis according to local prac-

tices,
4. Those participants with alternate developmental conditions (such as recognised genetic syndromes) were 

excluded

Clinical diagnosis. The majority of children received their ASD diagnosis through the Health Service 
Executive (HSE) ASD service. The standard tests utilised in this setting are the Autism Diagnostic Observation 
Schedule (ADOS), and parent report via either the Diagnostic Interview for Social & Communication Disorders 
(DISCO) or Autism Diagnostic Interview-Revised (ADI-R) questionnaires. A small number of children received 
their initial diagnosis through private multidisciplinary teams using the same assessment tools. All of these chil-
dren later received a confirmatory diagnosis with the HSE ASD service.

Demographic variables. We have presented the demographic and relevant clinical data regarding the par-
ticipants in Table 2. Male sex is indicated as a percentage in each participant group. Infant birthweight is pre-
sented in grams. Gestational age is in weeks. Customised birth centile indicates the percentile of the child’s birth-
weight in relation to their gestational age at birth. Centiles were adjusted for mothers’ height, weight at 15-week 
visit, ethnicity, and infant sex. The centiles were calculated using an online research calculator and were based 
on UK standards https:// www. gesta tion. net/34. Maternal age is presented in years and sub-categorised in to three 
age ranges, 18–28, 29–39, > 40 years. We present maternal BMI in kg/m2 and sub-categorise according to WHO 
criteria, underweight BMI < 18.5, normal BMI 18.5–24.99, overweight BMI 25–29.99 and obese BMI > 30 kg/m2. 
We present the Apgar  scores35 at one and five minutes as the proportion from each group with a tally less than 
seven. In our group there were three categories of marriage status, single, married or de facto (stable relation-
ship akin to marriage) and finally we document smoking status in this pregnancy as (No) non-smoker, (Yes, 
but stopped) smoked until pregnancy was discovered, and (Still smoking) continues to smoke. The 10-question 
Perceived Stress Score questionnaire forms the basis for the Perceived Stress Scores (PSS). An individual’s scores 
on the PSS can range from zero to 40 with higher scores indicating higher perceived stress. Low stress scores 
range from 0–13, moderate stress scores range from 14–26, and high stress scores range from 27–4036. Past 
medical history indicates the relevant past medical history of mothers in the study, and intrapartum infections 
correspond to reported infections in the first 20 weeks of pregnancy.

Ethical approval and consent to participate. Ethical approval for both the SCOPE study (Cork ECM5 
(10) 05/02/08) and Cork BASELINE Birth Cohort Study (ECM3 (x) 05/04/19) were provided locally by the Cork 
Research Ethics Committee (CREC). We obtained written informed consent from the mothers of each case 
and control recruited for additional enrolment in the PiRAMiD study (Predicting early onset Autism through 
Maternal Immune Activation and Proteomic Discovery). Additional ethical approval for the PiRAMiD study 
was obtained from CREC (ECM 3 (k) 03/12/19). The Cork Research Ethic Committee (CREC) approved all 
research protocols in this study. Each participant gave informed consent. Clinical Research Ethics Committee of 
the Cork Teaching Hospitals, Lancaster Hall 6 Little Hanover Street, Cork, Ireland.

http://www.baselinestudy.net
http://www.baselinestudy.net
http://www.scopestudy.net
https://www.gestation.net/
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Bio‑fluid collection. We obtained archived serum samples of mothers recruited to the SCOPE-Cork study 
at 20  weeks’ gestation within Cork University Maternity Hospital, Cork, Ireland. Biobank specimens were 
archived at − 80  °C in the SCOPE (Cork) ISO accredited biobank facility until required. SCOPE study spe-
cific research midwives in accordance with best practice guidance (SCOPE Consortium S.O.P.) had performed 
venepuncture at the 20-week visit. Maternal specimens were collected in serum separator tubes (Becton–Dickin-
son Franklin Lakes, New Jersey), immediately placed on ice, and transported to the laboratory. Before proceed-
ing to centrifugation, serum samples were stored at 4 °C for 30 min from time of collection to allow clot forma-
tion. Researchers confirmed the presence of the clot visually, and samples were then centrifuged at 2400×g for 
10 min at 4 °C. Serum samples were transferred to ice cold 5 mL sterile PP (polypropylene) tubes (VWR, Radnor, 
Pennsylvania) via sterile Pasteur pipettes. Samples were again centrifuged at 3000×g for 10 min at 4 °C. Sera were 
then aliquoted to red capped, barcode-labelled cryovials (VWR) in volumes of 250 µl. Aliquots were logged in 
the SCOPE database (MedSciNet), and stored at − 80 °C within four hours of initial  collection37.

Cytokine analysis. We selected our candidate cytokines (IL-1β, IL-4, IL-6, IL-8, IL-17A, GM-CSF, TNFα, 
IFNγ) based on previous literature highlighting aberrations in cytokine levels in individuals with  ASD38 versus 
healthy controls. We also reviewed the literature and focused on a number of publications which have measured 
mid-gestation (15–19 weeks) cytokines  previously30,31, and on IL-17A in particular. Much of the recent literature 
espouses IL-17A’s potential as a key player in MIA associated neurodevelopmental  outcomes19,39,40. In order to 
quantify IL-17A more precisely, we examined IL-17A as part of a multiplex ELISA (enzyme-linked immuno-
sorbent assay), and then individually, using a separate ultrasensitive ELISA assay (MSD S-plex).

MSD multiplex V‑plex assay. We profiled the serologic concentrations (pg/ml) of eight cytokines and 
proinflammatory proteins at 20  weeks’ gestation using the Mesoscale Discovery V-plex cytokine and proin-
flammatory electro-chemi-luminescent (ECL) assays (Meso Scale Diagnostics, Rockville, Maryland 20850-3173, 
United States).

We used the V-plex multi-spot Cytokine Panel 1 (human) kit (LOT No: Z0047047) to examine IL-17A and 
GMCSF, and we examined IFN-γ, IL-1β, IL-4, IL-6, IL-8 and TNFα using the V-plex multi-spot Proinflammatory 
Panel 1 (human) kit (LOT No: Z0047096). We ran all standards in triplicate, but we ran all participant samples 
in duplicate due to low sample volumes.

MSD S‑plex IL‑17A ultrasensitive assay. We profiled serologic concentrations (fg/ml) of IL-17A at 
20 weeks’ gestation using the Mesoscale Discovery S-plex (Lot No: Z00S0003) IL-17A ECL assay (Meso Scale 
Diagnostics, Rockville, Maryland 20850-3173, United States). We ran all standards and participant samples in 
triplicate (single analyte kits require a smaller volume of serum for analysis than multiplex kits).

We performed all experiments as per the manufacturer’s instructions and analysed the plates on a MESO 
QuickPlex SQ 120 instrument. Numeric results were generated as “calculated concentration means” on the 
MSD Discovery Workbench 4.0 assay analysis software. Samples were excluded if the coefficient of variation 
(%CV) was higher than 25% between duplicates/triplicates as previously  described41. We have outlined the 
Lower limits of detection (LLOD), lower limits of quantification (LLOQ) and the upper limits of quantification 
(ULOQ) as well as inter-assay CV (Coefficient of variation) for each cytokine in Table 1 for both the multiplex 
and ultrasensitive assays.

Statistical analysis. We compared the ASD cases (n = 25) as a whole with the neuro-typical controls 
(n = 50), All data were analysed using GraphPad Prism 7 (GraphPad Software Inc., San Diego, CA) and IBM 
SPSS Statistics 26 (SPSS Statistics, Chicago, IL). ROUT  analysis43 was performed to remove outliers for each ana-
lyte (Q = 1%). Data arising from the cytokine analysis were analysed using Mann–Whitney U-test, as data were 
non-parametric. Data within the demographics table were compared using the Pearson Chi-square method for 
categorical data and independent t-tests or Mann–Whitney U-tests were data were parametric or non-paramet-
ric respectively. The age of the serum samples used was compared between groups using Mann–Whitney U-test. 
To assess for cytokine degradation over time, we correlated sample age with the concentrations of analytes using 
Spearman rank correlation (Rho) ρ bivariate analysis. Statistical significance (2-tailed) was set at p < 0.05.

Results
Of the initial 2137 recruited, 1249 completed 5-year follow up (see Fig. 1) Fig. 1: Included in the final analysis 
group were 75 child-mother pairs. Each mother had stored serum from 20 weeks’ gestation for analysis and 
had no significant past medical history of inflammatory disease. The case and control split was one case to two 
controls (25 cases to 50 controls). We selected neuro-typical, healthy controls from the same BASELINE birth 
cohort, and we matched controls to cases based on:

1. Infant sex,
2. Gestational age at birth,
3. Birthweight and
4. Maternal BMI at 15-week visit.
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We identified 22 children with a confirmed diagnosis of ASD at the 5-year developmental assessments and a 
further 13 cases were diagnosed between 5 and 10 years. These “later” cases consisted of children who received 
their formal ASD diagnosis after 5 years of age. These cases were identified on review of the 5-year follow up 
documentation. Those with expressed parental concern about ASD, developmental assessment suggestive of 
ASD, or at risk ASD scoring in the Child Behavior Checklist (CBCL) were added to the cases cohort. The clinical 
research fellow verified these additional later ASD cases via a follow up telephone interview. Following confirma-
tion of each ASD diagnosis, the research fellow invited each candidate and his or her parents to attend a follow on 
cognitive (KBIT-2) and ASD symptomology (SCQ) assessment. The cohort and their parents’ medical histories 
were further characterised using a study-specific health questionnaire.

In total, there were 10 case exclusions. Nine (9) cases had no stored serum from mid-gestation. We excluded 
these cases along with their matched controls. We excluded one further case (and matched controls) due to a 
genetic diagnosis of Bannayan-Riley-Ruvalcaba syndrome. We have depicted the recruitment stream in Fig. 1. 
The ASD prevalence of those 1249 children still enrolled at 5-years was approximately 3%, generally, in line with 
what others have quoted  recently7,44.

Cohort characteristics. In our cohort, the ratio of male to female ASD affected children was 4:1; this is 
consistent with most consensus of male preponderance in  ASD8,45. There was no difference between groups in 
relation to infant birthweight or gestational age at delivery. There were no significant differences between those 
infants with low (< 7) reported 1- and 5-min Apgar scores. The groups matched closely in terms of maternal age 
and maternal BMI. All mothers participating in the study were first time mothers. The groups were ethnically 
homogenous, with all participants bar one of Caucasian European background. The exception was a single con-
trol of Australasian descent. With regard to inflammatory conditions and potential modifiers of inflammation, 
no participants reported use of any anti-inflammatories or steroids during pregnancy. Each group reported 
approximately equal rates of smoking. Perceived stress scores (PSS) did not significantly differ between groups, 
though more controls reported moderate to high stress. One mother in the control group reported suffering 
from Psoriasis, and a mother in the cases group reported having coeliac disease. There was no significant dif-
ference between groups in the commonly reported medical conditions of anaemia (diagnosed prior to preg-
nancy), asthma, depression (none on active treatment) and thyroid disease. Of those with thyroid disease, one 
participant from each group had hyperthyroidism; the remainder were euthyroid following treatment. In the 
first 20 weeks of pregnancy, 44% of controls reported at least one infection (most commonly a Respiratory Tract 
Infection), while only 20% of cases did so, again, this was non-significant. We have detailed the participant 
demographics in Table 2.

Table 1.  Sensitivity of assays per each analyte examined. In this table LLOD, LLOQ, ULOQ for each analyte 
tested using the MSD proinflammatory panel 1, cytokine panel 1, and MSD S-plex Human IL-17A kits. The 
units of measurement used in the multiplex assays are pg/ml  (10−12 g (picograms) per millilitre), while the 
units in the ultrasensitive assay are fg/ml  (10−15 g (femtograms) per millilitre). The quantitative range of the 
assay lies between the LLOQ and ULOQ. Inter-assay CV is a measure of the variance between runs of sample 
replicates on different plates and assesses plate-to-plate consistency—inter-assay CV values < 15% were deemed 
 acceptible42. All inter-assay CVs were within the permissible range, indicating a low level of plate-to-plate 
variability.

LLOD median LLOD range LLOQ ULOQ Inter-assay CV

pg/mL pg/mL pg/mL pg/mL %

Proinflammatory panel

IFNγ 0.37 0.21–0.62 1.76 938 8.16

IL-1β 0.05 0.01–0.07 0.646 375 7.95

IL-4 0.02 0.01–0.03 0.218 158 6.23

IL-6 0.06 0.05–0.09 0.633 488 8.62

IL-8 0.07 0.03–0.14 0.591 375 7.8

TNFα 0.04 0.01–0.13 0.690 248 6.74

Cytokine panel

GMCSF 0.16 0.08–0.19 0.842 750 10.78

IL-17A 0.31 0.19–0.55 3.19 3650 11.45

fg/mL fg/mL fg/mL fg/mL %

Ultrasensitive IL-17A

IL-17A 13 N/A 60 140,000 8.67
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Cytokine analysis. To determine whether a significant difference existed between the mid-gestation (20-
week) inflammatory profiles of mothers of ASD and neurotypical children Meso Scale Discovery ECL assays 
were performed. Of the original eight cytokines examined, IL-4 was significantly altered (p-value 0.04). Cytokine 
concentrations were compared using Mann–Whitney U test. Expression of the seven other cytokines did not dif-
fer significantly. In Table 3 we present the number of samples analysed and the sample attrition rates. IL-17A was 
examined using a multiplex system and an ultrasensitive single analyte assay, and neither indicated a significant 
difference between groups. A summary of the cytokine analysis results is presented in Table 4, and the individual 
analyte results are presented in Fig. 2 through Fig. 10.

Figure 1.  Recruitment numbers flow chart: Participants in Baseline were drawn from two streams, those 
recruited at 15-week booking appointment (n = 1537) and those recruited in the immediate post-natal period 
(600), totalling 2137 participants. 1249 participants completed follow up at 5 years. Of those, Twenty-two 
participants had a known ASD diagnosis at 5-year follow up; a further 13 were diagnosed with ASD between 
5 and 10 years of age. Of the 35 participants with a diagnosis of ASD, 10 were excluded from this analysis. One 
child had a significant genetic diagnosis (Bannayan-Riley-Ruvalcaba syndrome); none of the other nine children 
had stored midgestational serum. This left 25 participants with ASD who were then matched 2:1 with healthy 
controls.
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MSD multiplex V‑plex. In Fig. 2 IFNγ concentration in ASD cases versus matched controls Fig. 2, IFNγ 
concentration was analysed using the Mesoscale Discovery platform. Units of concentration are pictograms/
millilitre (pg/ml). IFNγ was not significantly altered in mothers of ASD affected children (median 2.773) at 
20 weeks’ gestation compared to neuro-typical controls (median 2.763). ROUT analysis (Q = 1%) was performed 
to identify and exclude outliers. In total, five outliers were removed (three controls and two cases). Final analysis 
was performed on n = 22 cases and n = 37 controls p = 0.99.

Table 2.  Demographic characteristic of study participants. In this table, we calculated all p-values using the 
Pearson Chi square for categorical data, and independent samples t-test or Mann–Whitney U-test where 
appropriate for continuous variables depending on the normality of the distribution. There are no significant 
differences demonstrated between the groups in any of the variables listed. Cases and controls are well matched 
with little variance between the key matching variables, infant sex, gestational age and birthweight. Data are 
presented as either the mean (SD) with continuous variables or n (percentage) with categorical ones.

Variable

Cases (n = 25) Controls (n = 50)

p-valuen or M (%) or SD n or M (%) or SD

Male sex 20 (80%) 40 (80%) 1

Infant birthweight 3488 SD 532 3496 SD 455 0.80

Gestational age 39.65 SD 1.5 39.78 SD 1.5 0.75

Customised birthweight centile 48.23 SD 26.5 51.90 SD 26.9 0.51

Maternal age 30.76 SD 5.3 31.46 SD 3.9 0.52

18–28 8 (32%) 9 (18%)

0.2629–39 17 (68%) 39 (78%)

 > 40 0 (0%) 2 (4%)

Maternal BMI 25.80 SD 4.9 25.23 SD 4.0 0.60

Underweight 1 (4%) 1 (2%)

0.25
Normal 13 (52%) 26 (52%)

Overweight 7 (28%) 14 (28%)

Obese 4 (16%) 9 (18%)

Apgar 1 min < 7 4 (16%) 3 (6%) 0.16

Apgar 5 min < 7 1 (4%) 1 (2%) 0.61

Marital status

0.87
Single 2 (8%) 3 (6%)

Married 20 (80%) 39 (78%)

De facto 3 (12%) 8 (16%)

Smoked (pregnancy)

0.85
No 20 (80%) 37 (74%)

Yes, but stopped 2 (8%) 5 (10%)

Still smoking 3 (12%) 8 (16%)

PSS (moderate or high) 8 (32%) 24 (48%) 0.24

Past medical history

Anaemia 2 (8%) 8 (16%) 0.34

Thyroid disease 4 (16%) 3 (6%) 0.26

Depression 2 (8%) 5 (10%) 0.74

Asthma 4 (16%) 5 (10%) 0.41

Intrapartum infection (< 20w)

Respiratory tract infection (RTI) 3 (12%) 13 (26%) 0.16

Urinary tract infection (UTI) 2 (8%) 7 (14%) 0.45

Gastroenteritis (GE) 0 (0%) 2 (4%) 0.31
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Table 3.  Number of samples analysed and sample losses during processing. In this table we present the 
number of samples analysed for each analyte. Some of the cytokines had significant samples attrition 
during processing. The two reasons for loss of samples from the analysis were high CV values (> 25%) and 
undetectable concentrations of cytokine, below the LLOD of the assay. Use of an ultrasensitive assay rectified 
this issue in the case of IL-17A.

Analyte

Number of samples analysed 
per group

Exclusions – 
concentration < LLOD Exclusion – high CV

Cases Control Cases Controls Cases Controls

IFNγ 24 40 0 0 1 10

IL-1β 13 15 11 31 1 4

IL-4 7 10 15 34 3 6

IL-6 25 42 0 1 0 7

IL-8 23 41 0 0 2 9

TNFα 24 42 0 1 1 7

GMCSF 8 24 13 21 4 5

IL-17A 18 36 2 6 5 8

IL-17A ultrasensitive 25 49 0 0 0 1

Table 4.  Summary table of cytokine analysis results. In this table we quote all analyte concentrations in pg/
mL except for ultrasensitive IL-17A assay (IL-17A (U)) which we quote in fg/mL. p-values are statistically 
significant at values less than 0.05. Outliers were removed using ROUT analysis on GraphPad Prism 7 
(GraphPad Software Inc., San Diego, CA). The final column “ROUT analysis” indicates the number of outliers 
removed from each group per analyte. We used Mann Whitney U-tests for the calculation of p-values as data 
were non-parametric.

Cases Controls p-value ROUT analysis

Median IQR Median IQR  < 0.05 Case Control

IFN-γ 2.77 2.16–4.40 2.76 1.79–4.70 0.99 2 3

IL-1β 0.03 0.01–0.05 0.07 0.02–0.11 0.09 2 0

IL-4 0.03 0.02–0.03 0.05 0.03–0.07 0.04 1 0

IL-6 0.44 0.24–0.76 0.40 0.25–0.56 0.49 0 3

IL-8 5.52 3.90–7.00 4.88 3.52–5.79 0.10 0 5

TNFα 1.13 0.85–1.69 1.11 0.92–1.46 0.69 0 2

GM-CSF 0.12 0.08–0.28 0.16 0.10–0.24 0.38 0 2

IL-17A 0.69 0.49–0.99 0.84 0.39–1.01 0.85 0 0

IL-17A (U) 3.47 3.36–3.59 3.45 3.31–3.61 0.80 0 0

Figure 2.  IFNγ concentration in ASD cases versus matched controls.
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In Fig. 3, IL-1β concentration was analysed using the Mesoscale Discovery platform. Units of concentration 
are pictograms/millilitre (pg/ml). IL-1β was not significantly altered in mothers of ASD affected children (median 
0.032) at 20 weeks’ gestation compared to neuro-typical controls (median 0.067). ROUT analysis (Q = 1%) was 
performed to identify and exclude outliers. In total, two outliers were removed (two cases). Final analysis was 
performed on n = 11 cases and n = 15 controls p = 0.09.

Figure 3.  IL-1β concentration is ASD cases versus matched controls.

Figure 4.  IL-4 concentration in ASD cases versus matched controls.

Figure 5.  IL-6 concentrations in ASD cases versus matched controls.
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Figure 6.  IL-8 concentration in ASD cases versus matched controls.

Figure 7.  TNFα concentration in ASD cases versus matched controls.

Figure 8.  GM-CSF concentration in ASD cases versus matched controls.
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In Fig. 4, IL-4 concentration was analysed using the Mesoscale Discovery platform. Units of concentration are 
pictograms/millilitre (pg/ml). IL-4 was significantly altered in mothers of ASD affected children (median 0.027) 
at 20 weeks’ gestation compared to neuro-typical controls (median 0.053) p = 0.04. ROUT analysis (Q = 1%) was 
performed to identify and exclude outliers. one outlier was removed (one case). Final analysis was performed 
on n = 6 cases and n = 10 controls. *indicates a statistically significant p value < 0.05.

In Fig. 5, IL-6 concentration was analysed using the Mesoscale Discovery platform. Units of concentration 
are pictograms/millilitre (pg/ml). IL-6 was not significantly altered in mothers of ASD affected children (median 
0.444) at 20 weeks’ gestation compared to neuro-typical controls (median 0.404). ROUT analysis (Q = 1%) was 
performed to identify and exclude outliers. three outliers were removed (three controls). Final analysis was 
performed on n = 25 cases and n = 39 controls. p = 0.49.

In Fig. 6, IL-8 concentration was analysed using the Mesoscale Discovery platform. Units of concentration 
are pictograms/millilitre (pg/ml). IL-8 was not significantly altered in mothers of ASD affected children (median 
5.519) at 20 weeks’ gestation compared to neuro-typical controls (median 4.881). ROUT analysis (Q = 1%) was 
performed to identify and exclude outliers. five outliers were removed (five controls). Final analysis was per-
formed on n = 23 cases and n = 36 controls. p = 0.10.

In Fig. 7, TNFα concentration was analysed using the Mesoscale Discovery platform. Units of concentra-
tion are pictograms/millilitre (pg/ml). TNFα was not significantly altered in mothers of ASD affected chil-
dren (median 1.127) at 20 weeks’ gestation compared to neuro-typical controls (median 1.114). ROUT analysis 
(Q = 1%) was performed to identify and exclude outliers. two outliers were removed (two controls). Final analysis 
was performed on n = 24 cases and n = 40 controls. p = 0.69.

In Fig. 8, GM-CSF concentration was analysed using the Mesoscale Discovery platform. Units of concentra-
tion are pictograms/millilitre (pg/ml). GM-CSF was not significantly altered in mothers of ASD affected chil-
dren (median 0.120) at 20 weeks’ gestation compared to neuro-typical controls (median 0.163). ROUT analysis 
(Q = 1%) was performed to identify and exclude outliers. two outliers were removed (two controls). Final analysis 
was performed on n = 8 cases and n = 22 controls. p = 0.38.

Figure 9.  IL-17A concentrations from the multiplex analysis in ASD cases versus controls.

Figure 10.  IL-17A (Ultrasensitive) concentrations of IL-17A in ASD cases versus controls.
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In Fig. 9, L-17A concentration was analysed using the Mesoscale Discovery platform. Units of concentra-
tion are pictograms/millilitre (pg/ml). IL-17A was not significantly altered in mothers of ASD affected chil-
dren (median 0.691) at 20 weeks’ gestation compared to neuro-typical controls (median 0.842). ROUT analysis 
(Q = 1%) was performed to identify and exclude outliers, none were found. Final analysis was performed on 
n = 18 cases and n = 36 controls. p = 0.85.

MSD S‑plex ultrasensitive assay. In Fig. 10, IL-17A concentration was analysed using the Mesoscale 
Discovery platform. Units of concentration are femtograms/millilitre (fg/ml). IL-17A was not significantly 
altered in mothers of ASD affected children (median 3.468) at 20 weeks’ gestation compared to neuro-typical 
controls (median 3.449). ROUT analysis (Q = 1%) was performed to identify and exclude outliers, none were 
identified. Final analysis was performed on n = 25 cases and n = 49 controls. p = 0.80.

Post hoc analysis to examine the effect of storage duration on sample quality. Our study used 
samples that had been stored for an extended time (ranging from 9.1 year to 11.8 years) before their analysis 
(Table 5: Sample age (years)). Somewhat mitigating this, the majority of samples were collected and stored for a 
similar duration before use. While degradation is highly likely to have occurred in each sample, we expect that, 
as all samples were stored under similar conditions, that the degree of cytokine degradation is comparable across 
all samples. To test this, we correlated sample age with the concentrations of each analyte (see Table 6). We found 
that seven of nine analytes correlated negatively with sample age suggesting some degradation over the period 
from the most recent to the earliest sampling. Two analytes, IL-6 and GM-CSF, correlated positively but the cor-
relations were “weak” and “negligible” respectively. One analyte, TNFα demonstrated a significant “fair” nega-
tive  correlation46 with sample age ρ (Rho) − 0.308 (p = 0.01), which is also reflected by linear regression analysis 
(F1, 63) = 5.037; p = 0.028.  R2 = 0.07447. This finding confirms significant and moderate TNFα degradation in 
the timeframe of our sample acquisition, but no other cytokines were significantly altered in this period. While 
we undertook steps to reduce cytokine loss from degradation, by avoidance of freeze thaw cycles and remotely 
monitored ultra-low temperature storage at − 80 °C48,49, it remains likely that sample degradation occurred irre-
spective of remedial action. However, both controls and ASD samples were stored for similar lengths of time.

Discussion
We have shown that the expression of IL-4 in maternal serum is altered significantly between ASD affected and 
matched control groups at 20 weeks’ gestation in a small, but carefully characterised cohort of mothers and 
children where the child has a diagnosis of ASD by age 10 years.

Previous evidence indicates that aberrations of the immune system may play a role in  ASD31,38,50. Some 
propose that alterations in cytokine expression could facilitate the classification of ASD  subtypes24,31,51 as well 
as work as biomarkers of response to treatment. In the diagnosis and management of ASD, earlier is better, and 
identification of reliable biomarkers during pregnancy may allow for targeted behavioural interventions from 
early infancy. This could also aid the development of targeted pharmacological strategies which have already 
shown promise in animal  models19, and analogues of which are currently in use in routine medicine  practice52,53.

Interleukin‑4. In demonstrating alterations in IL-4, we have corroborated findings in the small number of 
existing studies that have examined mid-gestational serum of mothers to autistic children. Across all of these 
studies (including our own), IL-4 is the only cytokine to consistently demonstrate altered  expression30,31,54. Inter-
estingly, while previous authors found levels of IL-4 to be elevated in the ASD affected group versus controls, 
in our study we found the opposite. Physiologically, IL-4 is a pleiotropic, generally anti-inflammatory cytokine 
that functions to suppress the pro-inflammatory milieu. Produced by activated T-cells, NK cells, and mast cell, 
IL-4 aids the conversion of naïve T helper cells into Th2 cells as well as potentiating the Th2  response55,56. IL-4 

Table 5.  Sample age (years). p-value in this table was calculated using the Mann–Whitney U test.

Total sample number Median sample age (IQR) p-value

Case 25 9.75 (9.48–10.71)
0.61

Control 50 10.08 (9.52–10.57)

Table 6.  Correlation between sample age and analyte concentration. In this table, we measured correlation 
using Spearman’s rank correlation (Rho) ρ bivariate analysis of sample age and each individual concentration 
of analyte per sample. Number of samples analysed (n) per analyte. Statistical significance is considered when p 
value < 0.05. *analyte measured using ultra-sensitive MSD assay.

IFNγ IL-1β IL-4 IL-6 IL-8 TNFα IL17A GMCSF *IL17A

Samples (n) 64 28 17 67 64 66 54 32 74

ρ (Rho)  − 0.103  − 0.346  − 0.065 0.104  − 0.137  − 0.308  − 0.063 0.062  − 0.194

p 0.42 0.71 0.81 0.41 0.27 0.01 0.66 0.76 0.1
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also has a role in the developmental and maintenance of key regulatory T-cells (Tregs) through STAT6 signal-
ling  pathways57. Tregs are important mediators of inflammation during pregnancy and at the feto-maternal 
 interface58. We find IL-4 itself at the feto-maternal interface throughout  pregnancy59, indeed in normal preg-
nancy; levels of IL-4 persist and increase as the pregnancy  progresses60. Low circulating levels of IL-4 during 
pregnancy have been linked with spontaneous abortions, pre-eclampsia, intra-uterine growth restriction and 
pre-term  delivery61–63. Failure of the usual pregnancy homeostasis (elevated IL-4 levels) may lead to a more 
pro-inflammatory pregnancy environment with subsequent effects on maternal health, obstetrics outcomes, and 
child health and development.

Animal‑based studies. Although there are very few human studies that have examined the molecular links 
between MIA and ASD, many animal-based studies have addressed the question of MIA and the association of 
elaboration of cytokines and parallel behavioural changes in offspring. MIA has been replicated in a variety of 
small animal models: mouse, rat and simian phenotypes of ASD have been created through intrauterine inflam-
matory  exposure64–66. These models provide valuable insights into the effects inflammation can have on social 
and communicative behaviour in  progeny64,66. Remedial steps have been possible with improvements in and 
resolution of some ASD traits following blockade of specific inflammatory pathways (IL-6 and IL-17A)19. This 
work suggested that these two cytokines in particular are significantly involved in the neuronal dysfunction 
brought about through  MIA19,65–67. MIA-mouse models of ASD, have shown increased IL-17A levels in maternal 
blood, the postnatal brains of  offspring68 and in placental mRNA levels of the IL-17A. This suggests upregulation 
of IL-17A activity at the feto-maternal interface. In 2016, Choi et al. demonstrated persuasively that simulated 
MIA in murine models leads to elevation in maternal IL-6, leading to downstream activation of maternal Th17 
cells. Maternal Th17 cells produce IL-17A that is hypothesised to cross to the foetus via the placenta leading to 
increased expression of IL-17AR in the foetal brain, contributing to cortical malformations and behavioural 
 abnormalities19,69.

Human studies. Quite a number of human based studies have examined immune and cytokine aberrations 
in individuals (adults and children) affected by ASD themselves. Here, we will outline each of the analytes we 
have examined and discuss their overall  function70–72 and highlight their purported role in ASD. TNFα is a pro-
inflammatory cytokine that mediates apoptosis of virally infected cells. In previous studies, it has been demon-
strated in elevated levels in the CSF and blood of ASD affected  individuals73–76.

IL-1β is a potent pro-inflammatory cytokine involved in both acute and chronic inflammation. It has been 
positively correlated with ASD symptom  severity51, as well being elevated in the serum of a number of studied 
ASD  populations73,74,77,78.

IL-6 is another pro-inflammatory cytokine with broad, pleiotropic effects throughout the body (hematologic, 
hepatic, endocrine and metabolic). It induces production of acute phase proteins and stimulates B-cell antibody 
 production79. It is thought to impact synapse formation and neuronal  migration80 as well as potentially mediat-
ing IL-17 linked ASD risk in  pregnancy19,66. Alterations in expression have been noted in the serum and CSF of 
autistic  individuals73,74,76–78,81,82.

IFNγ is a versatile cytokine that interfaces between innate and adaptive immune response. It is secreted by 
NK cells, and promotes NK killing. It activates macrophages, which in turn, produce IL-12 and -23, stimulating 
Th1 and Th17 cell respectively. IFNγ inhibits Th2 cells and plays a role in defence against intracellular pathogens, 
tumour surveillance, autoimmunity, allergy and the protection of the amniotic space during  pregnancy83. A 
number of studies have identified alteration of IFNγ in ASD  groups38,73,81.

IL-17 is a pro-inflammatory and chemotactic cytokine. Derived from Th17 cells, a subset of CD4 cells, IL-17 
potentiates the innate polymorphonuclear cell response throughout inflammation. In ASD studies, it is postu-
lated to trigger alterations in the blood brain barrier and lead to cortical  dysplasia66, and altered concentrations 
of IL-17 have been identified in the sera of ASD affected  individuals24,26,73,76,82,84.

GM-CSF is a colony stimulating growth factor that is produced by stromal cell. It targets bone marrow, and 
precursor cells, mediating haematopoiesis. In one study, altered levels have been observed in individuals with 
 ASD85. IL-8 is classified as a chemotactic cytokine and is produced by fibroblasts, neutrophils and macrophages. 
It is chemo-attractant for phagocytes at site of inflammation, and has been identified in a number of studies as 
altered in ASD populations versus  controls27,77,81. While the cytokine profiles of ASD affected individuals have 
been well characterised, very few studies have investigated the relationship between mid-gestation cytokine levels 
and ASD risk in offspring. To our knowledge, only three human studies have examined maternal  serum30,31,54, 
and one more has examined amniotic fluid cytokine profiles in mothers of ASD affected  children86. The find-
ings from these studies, effectively provide all of our current understanding of gestational cytokine profiles in 
the setting of ASD.

Previous literature on gestational samples analysis in ASD. Working from the same laboratory and 
using similar methods, Goines et al. (2011) and more recently, Jones et al. (2017) both demonstrated elevated 
mid-gestational cytokine levels between groups of ASD affected children versus controls or children without 
ASD. Goines et al. demonstrated elevated levels of mid-gestation (15–19 weeks’ gestation) IFNγ, IL-4 and IL-5 
with an associated 50% increased ASD risk. While Jones et al. showed elevated levels of mid-gestation GM-CSF, 
IL-6, IFNγ and IL-1α in the ASD affected group versus children with developmental delay, but not ASD. The 
authors do not mention the age of the samples used in either study, but the samples used were sourced from 
the same birth cohort in Orange County, California between 2000 and 2003. In both studies, the samples were 
initially stored at room temperature and later at − 20 °C freezer conditions before long-term storage at − 80 °C. 
This initial handling may have contributed to some cytokine degradation. In the Goines study, ASD cases were 
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matched with neuro-typical controls based solely on child characteristics (sex, birth month and year), something 
which the authors acknowledge in their limitations. Neither study had access to comprehensive maternal health 
information during the pregnancy (including intrapartum infections). Nor did they have a record of relevant 
maternal medical history, all, information important to the interpretation of their findings.

Irwin et al. (2018) demonstrated alterations in IL-4, MCP-1 and IL-10 levels in 28-week gestation serum of 
mothers who birthed ASD affected  children54. Specifically, IL-4 (usually anti-inflammatory or involved in allergic 
type  inflammation87) was increased and associated with higher ASD symptomology (as measured by the Social 
Communication Questionnaire (SCQ)) in offspring. Higher concentrations of IL-10 (anti-inflammatory) were 
associated with fewer ASD symptoms in offspring (measured by the Social Responsiveness Scale (SRS)), and 
finally, elevated MCP-1 was associated with fewer ASD symptoms (as measured by the SCQ). The samples used in 
this analysis were reported to be at least 5 years old. No controls were used in this analysis, instead a large cohort 
of ASD affected individuals were enrolled, and the 28-week gestation cytokine concentrations were correlated 
with ASD symptomology at 7 years of age. This is novel in two senses, none has previously assessed the cytokine 
profile in the third trimester, and none has correlated cytokine findings with severity of ASD symptomology in 
this way. As with previous authors, they had no access to relevant maternal pre-conceptual medical history or 
gestational infections data.

Finally, Abdallah et al. (2013) examined amniotic fluid samples and found elevated levels of IL-4, IL-10, 
TNFα, and TNFβ. In a preliminary study (2012), they also identified elevations in MMP-9 in ASD cases relative 
to  controls88. Advanced sample age is again an issue with the oldest samples in this analysis being 29 years old, 
the youngest 10 years old. The samples were stored at − 20 °C according to local  guidance89. Both the storage 
conditions and the samples ages are likely to have contributed to significant cytokine  degradation48.

Limitations. The samples used in our study fall outside the ideal sample age for accurate analysis of 
 cytokines48. To our mind, this is the single most important limitation confronting studies of this nature. Unfor-
tunately, the shelf life of archived samples is finite, and even samples in long-term ultra-low temperature storage 
(− 80 °C) suffer from degradation of cytokines and chemokines over  time48,49. Retrospective sample analysis, 
would present an excellent opportunity to study cytokine aberrations in ASD, if the time to ASD diagnosis was 
shorter. One UK study found that the average delay between concerns first being noted by parents and the child 
receiving a diagnosis of an ASD was 4.6 years (SD 4.4 years)90. ASD services continue to be under-resourced91 
and diagnoses are chronically  delayed92. Under current conditions, our experience of retrospective analysis of 
archival samples suggests that this style of study design is not well suited to addressing this question. Even large-
scale population based studies would suffer from the same issues of sample fidelity over longer periods.

To ensure future study designs are capable of accurate mid-gestation cytokine analysis, they should be pro-
spective, and concentrate on early ASD case identification or screening. Early identification should be para-
mount, the diagnostic stability of ASD is reliably fixed from as early as 14 months  old93 so screening and iden-
tification within the first 2–3 years of life is possible. Cytokines should be analysed contemporaneously, acute 
phase reactants such as IL-1β and IL-6 have demonstrated greater than 50% degradation within 3 years even 
in − 80 °C freezer  conditions48. IL-4 is stable only for 3 years, while IL-17A, IFNγ, and TNFα, all suffer more 
than 50% degradation within 4 years at ultra-low temperature  storage48. Basic handling of samples and initial 
processing requires optimisation to ensure the risk of sample degradation is minimised: (i) Store samples at 
ultra-low temperatures, (ii) initial processing should be rapid (< 1 h from venepuncture to freezer storage) and 
(iii) freeze-thaws cycles should be minimised. With robust methods of early screening in place, early confirma-
tory diagnosis within the first 2/3 years, and analysis of gestational samples within 3 years, it should be feasible 
to increase the yield and validity of such studies, and greatly reduce cytokine loss through prolonged storage. 
While this approach would allow for study of children presenting with the earliest signs of ASD, or targeted 
high-risk groups (ASD affected siblings). It would likely miss those presenting later, including those who are a 
high-functioning phenotype or of female sex.

Finally, our small sample size is a major limitation, and results should be interpreted with caution. Analysis 
of IL-4 levels in the groups yielded results on only 16 individuals (6 cases and 10 controls). Attrition of the viable 
samples was due to a combination of the low absolute concentrations of IL-4 in the samples (likely exacerbated 
by advanced sample age), concentrations at or below the sensitivity (LLOD) of the MSD multiplex format and 
high CV values. It is difficult to make inferences about results in samples this size, and larger scale group analysis 
is warranted.

Strengths. Although our study has suffered from some of the same limitations as previous studies, our 
study is strengthened by the quality of our cohort. Each child had a concrete specialist service ASD diagnosis, 
confirmed by the clinical paediatric fellow. Each child was well characterised clinically and matching was strictly 
observed. Matching was not only based on child characteristics (Sex, Gestational age, Birthweight), but also on 
an important maternal characteristic, BMI at 15 weeks’ gestation. This enhanced the validity of our results. In 
addition to detailed child characteristics, we have also included important information regarding the past medi-
cal histories, medication or anti-inflammatory use, and pre-existing inflammatory conditions of the mothers 
included in the study. We present crucial information about infection rates in the first 20 weeks of pregnancy, 
all of which presents a major confounder to accurate analysis if this information is absent. Our methods were 
robust, and we identified two key issues of multiplex assay sensitivity and advanced sample age, and remedied 
the former through utilisation of ultrasensitive single analyte plates.
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Conclusion
In conclusion, in a carefully characterised maternal-child cohort study we did not replicate the findings of similar 
mid-gestational studies, but did find some evidence of mid-gestational cytokine aberrations (downregulated 
IL-4) in the mothers of children with ASD. Reduced levels of IL-4 are linked to a pro-inflammatory state dur-
ing pregnancy and negative obstetric and foetal outcomes. All studies to date have had similar and significant 
limitations. Future studies should focus on minimising the time between sample acquisition and analysis, use of 
best practice for initial sample handling, and early identification and characterisation of cases and their mothers. 
Future analysis should be serial and include investigation of samples taken from early in pregnancy. The first 
trimester, and particularly 8–12 weeks’ gestation is a crucial period for organogenesis and differentiation, and 
analysis from this period will help complete the picture of gestational cytokine fluctuations and their effect on 
neurodevelopment.

Data availability
The datasets used and analysed during the current study are available from the corresponding author on reason-
able request.

Received: 8 May 2021; Accepted: 15 October 2021

References
 1. Birtwell, K. B. Social, Cognitive, and Behavioral Development of Children and Adolescents with Autism Spectrum Disorder. In 

Autism Spectrum Disorder (ed. McDougle, C.) (Oxford Press, 2016).
 2. Lord, C., Elsabbagh, M., Baird, G. & Veenstra-Vanderweele, J. Autism spectrum disorder. Lancet (London, Engl). 392(10146), 

508–520 (2018).
 3. Magiati, I. et al. Anxiety symptoms in young people with autism spectrum disorder attending special schools: Associations with 

gender, adaptive functioning and autism symptomatology. Autism Int. J. Res. Pract. 20(3), 306–320 (2016).
 4. American Psychiatic Association. DSM-V. 5th ed. (Washington DC 2013).
 5. Hallmayer, J. et al. Genetic heritability and shared environmental factors among twin pairs with autism. Arch. Gen. Psychiatry 

68(11), 1095–1102 (2011).
 6. Ronald, A. et al. Genetic heterogeneity between the three components of the autism spectrum: A twin study. J. Am. Acad. Child 

Adolesc. Psychiatry 45(6), 691–699 (2006).
 7. Kim, Y. S. et al. Prevalence of autism spectrum disorders in a total population sample. Am. J. Psychiatry 168(9), 904–912 (2011).
 8. Christensen, D. L. et al. Prevalence and characteristics of autism spectrum disorder among children aged 8 years: Autism and 

developmental disabilities monitoring network, 11 sites, United States, 2012. Morb. Mortal. Wkly. Rep. Surveill. Summ. 65(3), 1–23 
(2016).

 9. Schaefer, G. B. & Mendelsohn, N. J. Clinical genetics evaluation in identifying the etiology of autism spectrum disorders: 2013 
guideline revisions. Genet. Med. 15(5), 399–407 (2013).

 10. Ho, K. S. et al. Clinical performance of an ultrahigh resolution chromosomal microarray optimized for neurodevelopmental 
disorders. Biomed. Res. Int. 2016, 3284534 (2016).

 11. Sandin, S. et al. The familial risk of autism. JAMA 311(17), 1770–1777 (2014).
 12. Ahmad, S. F. et al. Dysregulation of the expression of HLA-DR, costimulatory molecule, and chemokine receptors on immune 

cells in children with autism. Int. Immunopharmacol. 65, 360–365 (2018).
 13. Lee, L. C. et al. HLA-DR4 in families with autism. Pediatr. Neurol. 35(5), 303–307 (2006).
 14. Janecka, M. et al. Advanced paternal age effects in neurodevelopmental disorders-review of potential underlying mechanisms. 

Transl. Psychiatry 7(1), e1019 (2017).
 15. Sandin, S. et al. The heritability of autism spectrum disorder. JAMA 318(12), 1182–1184 (2017).
 16. Banerjee, S., Bhat, M. & Riordan, M. Genetic aspects of autism spectrum disorders: insights from animal models. Front. Cell. 

Neurosci. 8, 58 (2014).
 17. Hoeffer, C. A. & Klann, E. mTOR signaling: At the crossroads of plasticity, memory and disease. Trends Neurosci. 33(2), 67–75 

(2010).
 18. Caglayan, A. O. Genetic causes of syndromic and non-syndromic autism. Dev. Med. Child Neurol. 52(2), 130–138 (2010).
 19. Choi, G. B. et al. The maternal interleukin-17a pathway in mice promotes autism-like phenotypes in offspring. Science (New York, 

NY). 351(6276), 933–939 (2016).
 20. Estes, M. L. & McAllister, A. K. Maternal immune activation: Implications for neuropsychiatric disorders. Science (New York, NY). 

353(6301), 772–777 (2016).
 21. Careaga, M., Murai, T. & Bauman, M. D. Maternal immune activation and autism spectrum disorder: From rodents to nonhuman 

and human primates. Biol. Psychiat. 81(5), 391–401 (2017).
 22. Boulanger-Bertolus, J., Pancaro, C. & Mashour, G. A. Increasing role of maternal immune activation in neurodevelopmental 

disorders. Front. Behav. Neurosci. 12, 230 (2018).
 23. Minakova, E. & Warner, B. B. Maternal immune activation, central nervous system development and behavioral phenotypes. Birth 

Def. Res. 110(20), 1539–1550 (2018).
 24. Akintunde, M. E. et al. Increased production of IL-17 in children with autism spectrum disorders and co-morbid asthma. J. 

Neuroimmunol. 286, 33–41 (2015).
 25. Ashwood, P., Wills, S. & Van de Water, J. The immune response in autism: A new frontier for autism research. J. Leukocyte Biol. 

80(1), 1–15 (2006).
 26. Al-Ayadhi, L. Y. & Mostafa, G. A. Elevated serum levels of interleukin-17A in children with autism. J. Neuroinflamm. 9, 158 (2012).
 27. Bryn, V. et al. Cytokine profile in autism spectrum disorders in children. J. Mol. Neurosci. MN. 61(1), 1–7 (2017).
 28. Ahmad, S. F. et al. Upregulation of interleukin (IL)-31, a cytokine producing CXCR1 peripheral immune cells, contributes to the 

immune abnormalities of autism spectrum disorder. J. Neuroimmunol. 349, 577430–577431 (2020).
 29. Ahmad, S. F. et al. Elevated IL-16 expression is associated with development of immune dysfunction in children with autism. 

Psychopharmacology 236(2), 831–838 (2019).
 30. Goines, P. E. et al. Increased midgestational IFN-gamma, IL-4 and IL-5 in women bearing a child with autism: A case-control 

study. Mol. Autism 2, 13 (2011).
 31. Jones, K. L. et al. Autism with intellectual disability is associated with increased levels of maternal cytokines and chemokines 

during gestation. Mol. Psychiatry 22(2), 273–279 (2017).
 32. Mouridsen, S. E., Rich, B., Isager, T. & Nedergaard, N. J. Autoimmune diseases in parents of children with infantile autism: A 

case-control study. Dev. Med. Child Neurol. 49(6), 429–432 (2007).



16

Vol:.(1234567890)

Scientific Reports |        (2021) 11:22315  | https://doi.org/10.1038/s41598-021-01662-z

www.nature.com/scientificreports/

 33. Comi, A. M., Zimmerman, A. W., Frye, V. H., Law, P. A. & Peeden, J. N. Familial clustering of autoimmune disorders and evalu-
ation of medical risk factors in autism. J. Child Neurol. 14(6), 388–394 (1999).

 34. Gardosi, J., Francis, A., Turner, S. & Williams, M. Customized growth charts: Rationale, validation and clinical benefits. Am. J. 
Obstet. Gynecol. 218(2s), S609–S618 (2018).

 35. Apgar, V. A proposal for a new method of evaluation of the newborn infant. Anesthesia Analgesia 120(5), 1056–1059 (2015).
 36. Cohen, S. Perceived stress in a probability sample of the United States. The social psychology of health. The Claremont Symposium on 

Applied Social Psychology 31–67 (Sage Publications, Inc, 1988).
 37. Kenny, L. C. et al. Early pregnancy prediction of preeclampsia in nulliparous women, combining clinical risk and biomarkers: the 

Screening for Pregnancy Endpoints (SCOPE) international cohort study. Hypertension 64(3), 644–652 (2014).
 38. Masi, A. et al. Cytokine aberrations in autism spectrum disorder: A systematic review and meta-analysis. Mol. Psychiatry 20(4), 

440–446 (2015).
 39. Conway, F. & Brown, A. S. Maternal immune activation and related factors in the risk of offspring psychiatric disorders. Front. 

Psychiatry 10, 430 (2019).
 40. Kugelberg, E. Neuroimmunology: IL-17A mediates a path to autism. Nat. Rev. Immunol. 16(4), 205 (2016).
 41. Dabitao, D., Margolick, J. B., Lopez, J. & Bream, J. H. Multiplex measurement of proinflammatory cytokines in human serum: 

Comparison of the Meso Scale Discovery electrochemiluminescence assay and the Cytometric Bead Array. J. Immunol. Methods 
372(1–2), 71–77 (2011).

 42. Günther, A., Becker, M., Göpfert, J., Joos, T. & Schneiderhan-Marra, N. Comparison of bead-based fluorescence versus planar 
electrochemiluminescence multiplex immunoassays for measuring cytokines in human plasma. Front. Immunol. 11, 2486 (2020).

 43. Motulsky, H. J. & Brown, R. E. Detecting outliers when fitting data with nonlinear regression: A new method based on robust 
nonlinear regression and the false discovery rate. BMC Bioinform. 7, 123 (2006).

 44. Baio, J. et al. Prevalence of autism spectrum disorder among children aged 8 years: Autism and developmental disabilities monitor-
ing network, 11 sites, United States, 2014. Morb. Mortal. Wkly Rep. Surveill. Summ. 67(6), 1–23 (2018).

 45. Palmer, N. et al. Association of sex with recurrence of autism spectrum disorder among siblings. JAMA Pediatr. 171(11), 1107–1112 
(2017).

 46. Chan, Y. H. Biostatistics 104: correlational analysis. Singapore Med. J. 44(12), 614–619 (2003).
 47. Rea, L., Parker, R. A. & Allen, R. Designing and Conducting Survey Research (John Wiley and Sons, 2016).
 48. de Jager, W., Bourcier, K., Rijkers, G. T., Prakken, B. J. & Seyfert-Margolis, V. Prerequisites for cytokine measurements in clinical 

trials with multiplex immunoassays. BMC Immunol. 10(1), 52 (2009).
 49. Zhou, X., Fragala, M. S., McElhaney, J. E. & Kuchel, G. A. Conceptual and methodological issues relevant to cytokine and inflam-

matory marker measurements in clinical research. Curr. Opin. Clin. Nutr. Metab. Care 13(5), 541–547 (2010).
 50. Goines, P. & Van de Water, J. The immune system’s role in the biology of autism. Curr. Opin. Neurol. 23(2), 111–117 (2010).
 51. Ashwood, P. et al. Associations of impaired behaviors with elevated plasma chemokines in autism spectrum disorders. J. Neuroim-

munol. 232(1–2), 196–199 (2011).
 52. Blauvelt, A. Ixekizumab: a new anti-IL-17A monoclonal antibody therapy for moderate-to severe plaque psoriasis. Expert Opin. 

Biol. Ther. 16(2), 255–263 (2016).
 53. Wendling, D., Racadot, E. & Wijdenes, J. Treatment of severe rheumatoid arthritis by anti-interleukin 6 monoclonal antibody. J. 

Rheumatol. 20(2), 259–262 (1993).
 54. Irwin, J. L. et al. Maternal gestational immune response and autism spectrum disorder phenotypes at 7 years of age in the seychelles 

child development study. Mol. Neurobiol. 56(7), 5000–5008 (2019).
 55. Croft, M. & Swain, S. L. Recently activated naive CD4 T cells can help resting B cells, and can produce sufficient autocrine IL-4 to 

drive differentiation to secretion of T helper 2-type cytokines. J. Immunol. 154(9), 4269–4282 (1995).
 56. Nelms, K., Keegan, A. D., Zamorano, J., Ryan, J. J. & Paul, W. E. The IL-4 receptor: Signaling mechanisms and biologic functions. 

Annu. Rev. Immunol. 17, 701–738 (1999).
 57. Wang, W., Wang, L. & Zha, B. The roles of STAT6 in regulating B cell fate, activation, and function. Immunol. Lett. 233, 87–91 

(2021).
 58. Jonakait, G. M. The effects of maternal inflammation on neuronal development: Possible mechanisms. Int. J. Dev. Neurosci. Off. J. 

Int. Soc. Dev. Neurosci. 25(7), 415–425 (2007).
 59. Lin, H., Mosmann, T. R., Guilbert, L., Tuntipopipat, S. & Wegmann, T. G. Synthesis of T helper 2-type cytokines at the maternal-

fetal interface. J Immunol. 151(9), 4562–4573 (1993).
 60. Marzi, M. et al. Characterization of type 1 and type 2 cytokine production profile in physiologic and pathologic human pregnancy. 

Clin. Exp. Immunol. 106(1), 127–133 (1996).
 61. Omu, A. E., Al-Qattan, F., Diejomaoh, M. E. & Al-Yatama, M. Differential levels of T helper cytokines in preeclampsia: Pregnancy, 

labor and puerperium. Acta Obstet. Gynecol. Scand. 78(8), 675–680 (1999).
 62. Peng, Y., Yin, S. & Wang, M. Significance of the ratio interferon-γ/interleukin-4 in early diagnosis and immune mechanism of 

unexplained recurrent spontaneous abortion. Int. J. Gynaecol. Obstetr. Off. Organ Int. Fed. Gynaecol. Obstetr. 154, 39–43 (2020).
 63. Chatterjee, P., Chiasson, V. L., Bounds, K. R. & Mitchell, B. M. Regulation of the anti-inflammatory cytokines interleukin-4 and 

interleukin-10 during pregnancy. Front. Immunol. 5, 253 (2014).
 64. Bauman, M. D. et al. Activation of the maternal immune system during pregnancy alters behavioral development of rhesus monkey 

offspring. Biol. Psychiat. 75(4), 332–341 (2014).
 65. Smith, S. E., Li, J., Garbett, K., Mirnics, K. & Patterson, P. H. Maternal immune activation alters fetal brain development through 

interleukin-6. J. Neurosci. Off. J. Soc. Neurosci. 27(40), 10695–10702 (2007).
 66. Wong, H. & Hoeffer, C. Maternal IL-17A in autism. Exp. Neurol. 299(Pt A), 228–240 (2018).
 67. Parker-Athill, E. C. & Tan, J. Maternal immune activation and autism spectrum disorder: Interleukin-6 signaling as a key mecha-

nistic pathway. Neurosignals 18(2), 113–128 (2010).
 68. Knuesel, I. et al. Maternal immune activation and abnormal brain development across CNS disorders. Nat. Rev. Neurol. 10(11), 

643–660 (2014).
 69. Estes, M. L. & McAllister, A. K. Maternal TH17 cells take a toll on baby’s brain. Science (New York, NY). 351(6276), 919–920 (2016).
 70. Dinarello, C. A. Historical insights into cytokines. Eur. J. Immunol. 37(Suppl 1), S34-45 (2007).
 71. Zhang, J. M. & An, J. Cytokines, inflammation, and pain. Int. Anesthesiol. Clin. 45(2), 27–37 (2007).
 72. Turner, M. D., Nedjai, B., Hurst, T. & Pennington, D. J. Cytokines and chemokines: At the crossroads of cell signalling and inflam-

matory disease. Biochem. Biophys. Acta. 1843(11), 2563–2582 (2014).
 73. Suzuki, K. et al. Plasma cytokine profiles in subjects with high-functioning autism spectrum disorders. PLoS ONE 6(5), e20470 

(2011).
 74. Ricci, S. et al. Altered cytokine and BDNF levels in autism spectrum disorder. Neurotox. Res. 24(4), 491–501 (2013).
 75. Chez, M. G., Dowling, T., Patel, P. B., Khanna, P. & Kominsky, M. Elevation of tumor necrosis factor-alpha in cerebrospinal fluid 

of autistic children. Pediatr. Neurol. 36(6), 361–365 (2007).
 76. Eftekharian, M. M. et al. Cytokine profile in autistic patients. Cytokine 108, 120–126 (2018).
 77. Ashwood, P. et al. Elevated plasma cytokines in autism spectrum disorders provide evidence of immune dysfunction and are 

associated with impaired behavioral outcome. Brain Behav. Immun. 25(1), 40–45 (2011).



17

Vol.:(0123456789)

Scientific Reports |        (2021) 11:22315  | https://doi.org/10.1038/s41598-021-01662-z

www.nature.com/scientificreports/

 78. Kordulewska, N. K. et al. Serum cytokine levels in children with spectrum autism disorder: Differences in pro- and anti-inflam-
matory balance. J. Neuroimmunol. 337, 577066–577071 (2019).

 79. Nishimoto, N. & Kishimoto, T. Interleukin 6: From bench to bedside. Nat. Clin. Pract. Rheumatol. 2(11), 619–626 (2006).
 80. Wei, H. et al. IL-6 is increased in the cerebellum of autistic brain and alters neural cell adhesion, migration and synaptic formation. 

J. Neuroinflamm. 8, 52 (2011).
 81. Heuer, L. S. et al. An exploratory examination of neonatal cytokines and chemokines as predictors of autism risk: The early markers 

for autism study. Biol. Psychiat. 86(4), 255–264 (2019).
 82. Kutuk, M. O. et al. Cytokine expression profiles in Autism spectrum disorder: A multi-center study from Turkey. Cytokine 133, 

155152 (2020).
 83. Murphy, S. P. et al. Interferon gamma in successful pregnancies. Biol. Reprod. 80(5), 848–859 (2009).
 84. Moaaz, M., Youssry, S., Elfatatry, A. & El Rahman, M. A. Th17/Treg cells imbalance and their related cytokines (IL-17, IL-10 and 

TGF-β) in children with autism spectrum disorder. J. Neuroimmunol. 337, 577071 (2019).
 85. Ahmad, S. F. et al. Involvement of CD45 cells in the development of autism spectrum disorder through dysregulation of granu-

locyte-macrophage colony-stimulating factor, key inflammatory cytokines, and transcription factors. Int. Immunopharmacol. 83, 
106466 (2020).

 86. Abdallah, M. W. et al. Amniotic fluid inflammatory cytokines: potential markers of immunologic dysfunction in autism spectrum 
disorders. World J Biol. Psychiatry Off. J World Fed Soc Biol Psychiatry 14(7), 528–538 (2013).

 87. Masi, A., Glozier, N., Dale, R. & Guastella, A. J. The immune system, cytokines, and biomarkers in autism spectrum disorder. 
Neurosci. Bull. 33(2), 194–204 (2017).

 88. Abdallah, M. W. et al. Amniotic fluid MMP-9 and neurotrophins in autism spectrum disorders: An exploratory study. Autism Res. 
Off. J. Int. Soc. Autism Res. 5(6), 428–433 (2012).

 89. Nørgaard-Pedersen, B. & Hougaard, D. M. Storage policies and use of the Danish Newborn Screening Biobank. J. Inherit. Metab. 
Dis. 30(4), 530–536 (2007).

 90. Crane, L., Chester, J. W., Goddard, L., Henry, L. A. & Hill, E. Experiences of autism diagnosis: A survey of over 1000 parents in 
the United Kingdom. Autism Int. J. Res. Pract. 20(2), 153–162 (2016).

 91. Iadarola, S. et al. Services for children with autism spectrum disorder in three, large urban school districts: Perspectives of parents 
and educators. Autism Int. J. Res. Pract. 19(6), 694–703 (2015).

 92. North Lee ASD services C, Ireland. Parents’ Perspectives: An Evaluation of the North Lee Autism Spectrum Disorder Service. 
Report (2016).

 93. Pierce, K. et al. Evaluation of the diagnostic stability of the early autism spectrum disorder phenotype in the general population 
starting at 12 months. JAMA Pediatr. 173(6), 578–587 (2019).

Author contributions
M.C. wrote the manuscript, prepared all tables and Fig. 1. M.C. and S.C. performed all experiments jointly. 
G.O’K. performed statistical analysis and prepared Figs. 2, 3, 4, 5, 6, 7, 8, 9, 10. S.C., G.O’K., L.G., and D.M. 
reviewed and amended the document at each redraft. All authors reviewed the manuscript and authorised the 
final submission.

Funding
For this study, MC was supported by a Clinical Research Fellowship (D/19/1) grant from the National Chil-
dren’s Research Centre, Children’s Hospital Ireland at Crumlin, Dublin 12, Ireland. The Irish Research Council 
(GOIPG/2017/1350) funded SC.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Mid-gestation cytokine profiles in mothers of children affected by autism spectrum disorder: a case–control study
	Methods
	Study population. 
	Clinical diagnosis. 
	Demographic variables. 
	Ethical approval and consent to participate. 
	Bio-fluid collection. 
	Cytokine analysis. 
	MSD multiplex V-plex assay. 
	MSD S-plex IL-17A ultrasensitive assay. 
	Statistical analysis. 

	Results
	Cohort characteristics. 
	Cytokine analysis. 
	MSD multiplex V-plex. 
	MSD S-plex ultrasensitive assay. 
	Post hoc analysis to examine the effect of storage duration on sample quality. 

	Discussion
	Interleukin-4. 
	Animal-based studies. 
	Human studies. 
	Previous literature on gestational samples analysis in ASD. 
	Limitations. 
	Strengths. 

	Conclusion
	References


