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Our previous research has shown that purified peripheral blood monocytes (PRMo) from
individuals who are diagnosed with autism spectrum disorders (ASDs) and have innate
immune abnormalities reveal altered interleukin-183 (IL-1B8)/IL-10 ratios. We also found,
in separate studies, that microRNA (miRNA) expression in PBMo and mitochondrial
respiration in peripheral blood mononuclear cells (PBMCs) differed in the IL-16/IL-10-
based ASD subgroups. This study explored whether serum miRNAs are associated with
both altered innate immune responses and changes in mitochondrial respiration as a link
of regulatory mechanisms for these two common abnormalities in ASD subjects. Serum
mMiRNA levels were examined by high-throughput deep sequencing in ASD and non-ASD
control sera with concurrent measurement of PBMo cytokine production and mitochondrial
respiration by PBMCs. ASD samples were examined as a whole group and with respect to
the previously defined IL-16/IL-10-based ASD subgroups (high, normal, and low groups).
Serum miRNA levels differed between the overall ASD sera (N = 116) and non-ASD control
sera (N = 35) and also differed across the IL-16/IL-10-based ASD subgroups. Specifically,
miRNA levels were increased and decreased in eight and nine miRNAs, respectively, in the
high-ratio ASD subgroup (N = 48). In contrast, the low- (N = 25) and normal- (N = 43) ratio
ASD subgroups only showed decreased miRNAs levels (18 and 10 miRNAs, respectively).
Gene targets of the altered miRNAs in the high and/or low IL-1p/IL-10 ratio ASD subgroups
were enriched in pathways critical for monocyte functions and metabolic regulation. Gene
targets of the altered miRNAs in all the ASD subgroups were enriched in pathways of
neuronal development and synaptic plasticity, along with cell proliferation/differentiation.
ASD subgroup-specific associations were observed between serum miRNA expression
and IL-16/IL-10 ratios, mitochondrial respiration, and monocyte cytokine profiles (IL-10,
CCL2, and TNF-a). In summary, our results indicate that serum levels of select miRNAs
may serve as promising biomarkers for screening and monitoring changes in innate
immunity and mitochondrial respiration in ASD.
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BACKGROUND

Repeated genetic studies suggest that only about 10-20% of
individuals with autism spectrum disorder (ASD) have a well-
defined gene mutation (1). The etiology of ASD, in the great
majority of patients, is believed to be due to complex interactions
of genetic and environmental factors during critical periods of
brain development. Given the diverse effects of such genetic
and environmental factors, it is not surprising that disease
outcome and therapeutic options are highly heterogeneous in
ASD population. However, there are few objective biomarker(s)
useful for assessing clinical outcomes, responses to intervention
measures, and/or the underlying effects of genetic/environmental
factors in ASD. Many individuals with ASD do not respond well
to the first-line behavioral and pharmacological interventions.
The identification of objective biomarkers will be especially
important for such poor responders.

ASD has a high incidence of co-morbid conditions that affect
multiple organs other than the brain. Such co-morbid conditions
are often associated with immune dysfunction and/or inflammation
(2). In fact, there is mounting evidence that chronic inflammation
plays a role in the pathogenesis of ASD (2-4). Individuals with
ASD and immune-mediated inflammation affecting multiple
organs may be referred to as having “inflammatory autism.”

Innate immune abnormalities are one of the most frequently
reported immune problems in children with ASD (5-7). Our
previous research has indicated that a subgroup of children with
ASD show evidence of chronic inflammation associated with innate
immune abnormalities which are best reflected in changes in IL-1£3/
IL-10 ratios produced by ASD PBMo (8). We have also reported
that IL-1f3/IL-10 ratios can be used to categorize children with
ASD into three subgroups: those with high, normal, and low IL-1£3/
IL-10 ratios, as compared to controls. We then further showed that
monocyte cytokine profiles, miRNA expression by PBMo, and
mitochondrial respiration by PBMCs, and behavioral symptoms
differed across the IL-1{3/IL-10-based ASD subgroups (8-10). Our
findings indicate that IL-1{3/IL-10 ratios along with PBMo miRNA
expression may serve as a biomarker for screening alteration in
innate immune responses in ASD. However, these parameters
are not practical for screening measures, since the measurement
of IL-183/IL-10 ratios by PBMo and miRNA expression are time-
consuming, require a large amount of blood, and fresh blood

Abbreviations: Ab, antibody; ABC, aberrant behavior checklist; AC, allergic
conjunctivitis; ADHD, attention deficiency hyperactivity disorder; ADI-R, autism
diagnostic inventory, revisited; ADOS, autism diagnostic observational scale; AED,
anti-epileptic drugs; Ag, antigen; ALR, ATP-linked respiration; ANOVA, analysis of
variance; AR, allergic rhinitis; ASD, autism spectrum disorder; CCL2, CC-chemokine-
ligand-2; CPM, count per minute; CSHQ, Children’s sleep habit questionnaire; DE,
differential expression; ELISA, enzyme linked immune-sorbent assay; ETC, electron
transport chain; FA, food allergy; FDR, false discovery rate; IL, interleukin; LPS,
lipopolysaccharide; MIA, maternal immune activation; miRNA, microRNA; MRC,
maximum respiration capacity; mTOR, mammalian target of rapamycin; NFA, non-
IgE-mediated food allergy; OCR, oxygen consumption rate; PBMCs, peripheral
blood mononuclear cells; PBMo, peripheral blood monocytes; PLR, proton-linked
respiration; PST, prick skin testing; RC, reserve capacity; SAD, specific antibody
deficiency; SD, standard deviation; SSRI, selective serotonin receptor inhibitor;
SPUH, Saint Peter’s University Hospital; TGE, transforming growth factor; TLR, toll-
like receptor; TMM, trimmed mean of M values; TNE tumor necrosis factor; Treg
cells, regulatory T cells; VABS, Vineland adaptive behavioral scale.

samples must be processed rapidly. In addition, these types of
analysis are not readily available in most clinical settings. We thus
turned to serum biomarkers. Serum miRNAs typically require
much smaller amounts of blood and serum samples that can be
stored for prolonged time periods before processing. Thus, miRNA
serum biomarkers, if applicable, would be ideal in screening for
alteration of innate immune responses, with functional assays
acting as second-line measures in pre-screened ASD subjects.

It has been revealed that serum miRNAs can mediate innate
immune responses. Exosomal miRNAs secreted by monocyte/
macrophage lineage cells are stable in body fluid and affect
functions in cells that take up exosomal miRNAs (11-13). Since
exosomal miRNAs cross the blood-brain barrier, they can affect
brain cells. The major cellular sources of serum miRNAs are
platelets and monocyte-macrophage lineage cells (13). In fact,
serum miRNA levels are candidate biomarkers for disease status
in various neuro-inflammatory diseases, including Alzheimer’s
disease, Parkinson’s disease, and multiple sclerosis (11, 14-17).

Considering the above described findings, we hypothesized
that serum miRNA levels are altered in the IL-1f3/IL-10-based
ASD subgroups and are associated with altered monocyte
cytokine profiles and mitochondrial respiration in individuals
with ASD. To test our hypotheses, we examine the association
between serum miRNA levels, PBMo cytokine profiles, and
mitochondrial respiration in PBMCs in individuals with ASD.
Typically developing (TD), non-ASD subjects were served as
controls. The results obtained indicate that serum levels of certain
miRNAs may serve as easily accessible biomarkers for screening
innate immune abnormalities in ASD.

MATERIALS AND METHODS

Study Subjects

The study followed the protocols approved by the Institutional
Review Board, Saint Peter’s University Hospital, New Brunswick,
NJ, United States. In this study, both ASD and non-ASD, TD
subjects were enrolled, and the signed consent forms were
obtained prior to entering the study. Consent was obtained from
parents if participant was a minor (<18 years old) or parents
had custody. For ASD children, we also assessed whether they
had history of food allergy (FA), asthma, allergic rhinitis (AR),
specific antibody deficiency (SAD), or seizure disorders. Subjects
diagnosed with chromosomal abnormalities, other genetic
diseases, or well characterized chronic medical conditions
involving a major organ, were excluded from the study. Subjects
with common minor medical conditions such as AR, mild to
moderate asthma, and eczema were not excluded from the study.
The some study subjects are overlapped with previously published
manuscript (10), but there is no overlap of the data presented.

ASD Subjects

ASD subjects (N = 105) were recruited from the Pediatric
Allergy/Immunology Clinic. Diagnosis of ASD was made at
various autism diagnostic centers, including ours. The ASD
diagnosis was based on the Autism Diagnostic Observation
Scale (ADOS) and/or Autism Diagnostic Interview-Revisited
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(ADI-R), and other standard measures. ASD subjects were also
evaluated for their behavioral symptoms and sleep habits with the
Aberrant Behavior Checklist (ABC) (18) and the Children’s Sleep
Habits Questionnaires (CSHQ) (19), respectively. Information
regarding cognitive ability and adaptive skills were obtained
from previous school evaluation records performed within 1
year of enrollment to the study, using standard measures such as
Woodcock-Johnson III test (for cognitive ability) and Vineland
Adaptive Behavior Scale (VABS) (for adaptive skills) (20).

Non-ASD Controls

TD, non-ASD control subjects (N = 34) were recruited from the
pediatric Allergy/Immunology and General Pediatrics Clinics.
These subjects were not reported to have any medical conditions
included in the exclusion criteria and self-reported not to have
seizure disorders or known immunodeficiency.

Demographic information of the study subjects is summarized
in Table 1. There were no differences between females and males
by two tailed Mann-Whitney test with regard to mitochondrial
respiration parameters, and monocyte cytokine profiles examined
in both ASD and non-ASD groups, as reported before (10).

Diagnosis of FA

IgE-mediated FA was diagnosed with reactions to offending food,
by affecting the skin, GI, and/or respiratory tract immediately
(within 2 h) after intake with positive prick skin testing (PST)
reactivity, and/or presence of food allergen-specific serum IgE. Non-
IgE-mediated FA (NFA) was diagnosed if GI symptoms resolved,
following implementation of a restricted diet (i.e., avoidance of
offending food), and symptoms recurred with re-exposure to
offending food (21). NFA patients are per definition, non-reactive
to PST, and negative for food allergen-specific, serum IgE (21).

Diagnosis of Asthma and AR
AR and allergic conjunctivitis (AC) were diagnosed with positive
PST reactivity, and/or presence of allergen-specific IgE in the

TABLE 1 | Demographics of ASD subjects and non-ASD controls.

ASD' subjects Non-ASD controls

(N =105) (N =35)

Age (years)?

Median, range 10.6 (2.2-21.5) 13.3 (3.9-29.7)

Average + SD 11.3+54 165+7.8
Gender (M:F) 88:17 (83.8%:16.2%) 27:8 (77.1%:22.9%)
Ethnicity AA 7, Asian 23, Asian 3, mixed 4, W 28

mixed 1, W 74

Cognitive activity <1% 78/105 (74.3%) 0
Disturbed sleep 36/105 (34.3%) 0
Gl symptoms 73/105 (69.5%) 0
History of NFA 64/105 (61.0%) 0
Seizure disorders 13/105 (12.4%) 0
Specific antibody 20/105 (19.0%) 0
deficiency
Allergic rhinitis 21/105 (20.0%) Unknown
Asthma 14/105 (13.3%) Unknown

AA, African American; ASD, autism spectrum disorder; F, female; Gl,
gastrointestinal; M, male; NFA, non-IgE-mediated food allergy; SD, standard
deviation; W, Caucasian.

?Age at the time of study enrollment was shown.

serum, accompanied by clinical features consistent with AR and
AC (22, 23). Asthma diagnosis was based on the guidelines from
the Expert Panel Report 3 (24).

Antibody Deficiency Syndrome

SAD was diagnosed by the absence of protective levels of antibody
(Ab) titers (>1.3 ug/ ml) to more than 11 of 14 serotypes of
Streptococcus pneumonia, following a booster dose of Pneumovax®
or PCV13, a standard diagnostic measure for SAD (25).

Sample Collection

Blood samples were obtained by venipuncture. For the non-ASD
control subjects, only one sample was obtained. For select ASD
subjects (N = 10), samples were obtained at two time points
to assess variability of serum miRNA levels. Venipuncture
was conducted by the physician. The site of venipuncture was
numbed by applying a topical lidocaine/prilocaine cream (EMLA
cream®), if requested by parents.

Cell Cultures

PBMCs were isolated by Ficoll-Hypaque density gradient
centrifugation. PBMo were purified by negatively selecting PBMo
depleting T, B, natural killer, and dendritic cells from PBMCs,
using magnetic beads labeled with anti-CD3, CD7, CD16, CD19,
CD56, CD123, and glycophorin A (monocyte separation kit II—
human, Miltenyi Biotec, Cambridge, MA, United States).

PBMo cytokine production was assessed by incubating purified
PBMo (2.5x10° cells/ml) overnight using a panel of agonist of toll-
like receptors (TLRs) to reflect effects of microbial byproducts
commonly encountered in real life. Lipopolysaccharide (LPS), a
TLR4 agonist, is a representative endotoxin, reflecting a common
pathway of innate immune responses by gram negative [G (-)]
bacteria. Zymosan, a TLR2/6 agonist, is a representative innate
immune stimulus from G (+) bacteria and fungi. CL097, a
TLR7/8 agonist, mimics stimuli from ssRNA viruses, common
respiratory pathogens causing respiratory infection, such as
influenza. These stimuli have been widely used for testing innate
immune responses. PBMos were incubated overnight with LPS
(0.1 ug/ml, GIBCO-BRL, Gaithersburg, MD, USA), zymosan
(50 pg/ml, Sigma-Aldrich, St. Luis, Mo), and L097 (water-soluble
derivative of imidazoquinoline, 20 uM, InvivoGen, San Diego,
CA, USA), in RPMI 1640 with additives as previously described
(26). Overnight incubation (16-20h) was adequate to induce the
optimal responses in this setting. The culture supernatant was
used for cytokine assays.

Levels of pro-inflammatory (tumor necrosis factor-a [TNF- a],
IL-1p, IL-6, and IL-12p40) and counter-regulatory [IL-10,
transforming growth factor-8 (TGF-f3) and soluble TNF receptor II
(sSTNEFRII)] cytokines were measured by enzyme-linked immuno-
sorbent assay (ELISA); 10-100 pl/well supernatants were used for
ELISA. The OptEIA™ Reagent Sets (BD Biosciences, San Jose, CA,
USA) were used for ELISA of IL-18, IL-6, IL-10, IL-12p40, and
TNF-a. For sTNFRII, and TGF-8 ELISA, reagents were obtained
from BD Biosciences and R & D (Minneapolis, MN, USA). IL-23
ELISA Kit was purchased from eBiosciences, San Diego, CA. Intra-
and inter-variations of cytokine levels were less than 5%.
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Categorizing ASD Samples on the Basis

of IL-1B/IL-10 Ratios

Previously, we reported that changes in the IL-1f3/IL-10 ratios
best reflect altered cytokine profiles and miRNA expression by
PBMo (8, 9). We divided ASD samples into subgroups based on
the IL-13/IL-10 ratios produced by ASD PBMo, following the
criteria used in our previous study as outlined below (9).

High IL-1B/IL-10 Ratio

IL-13/IL-10 ratios > +2 standard deviation (SD) than control
cells under at least one culture condition and/or > +1SD under
more than two culture conditions.

Normal IL-18/IL-10 Ratio

IL-13/IL-10 ratios between —1SD < IL-1f3/IL-10 ratios < +1SD
under all the culture conditions, or +1SD < IL-1{3/IL-10 ratios <
+2SD under only one culture condition.

Low IL-1B/IL-10 Ratios

IL-1{3/IL-10 ratios < —1SD under at least one culture condition.
As for 10 ASD subjects whose samples were taken at two time

points, most subjects were categorized in the same group with

two time-point analyses. One subject revealed a low ratio at one

time point and a normal ratio at one time point; this subject was

categorized in the low-ratio group.

Assays of Mitochondrial Function

PBMCs (2 x 10° cells) were suspended in biofreezing medium
(90% heat-inactivated fetal calf serum and 10% DMSO) and kept
in —20°C for about 1 h and then transferred to —80°C degree
freezer and kept until shipment. Samples were sent to Dr. R. Frye's
laboratory on dry ice where the Seahorse Extracellular Flux (XF)
96 Analyzer (Seahorse Bioscience, Inc., North Billerica, MA, USA)
was used to measure oxygen consumption ratio (OCR; pMol/min),
which is an indicator of mitochondrial respiration, in real time in
live PBMCs. ATP-linked respiration (ALR), proton leak respiration
(PLR), maximal respiratory capacity (MRC), and reserve capacity
(RC) were obtained by sequentially adding pharmacological
agents and measuring the changes in OCR (27, 28). Measures of
mitochondrial respiration were derived by the sequential addition
of pharmacological agents to the respiring cells. For each parameter,
three repeated OCR measurements were made over an 18-min
period. First, baseline cellular OCR is measured, from which basal
respiration is derived by subtracting non-mitochondrial respiration.
Next oligomycin, an inhibitor of complex V, is added, and the
resulting OCR is used to derive ALR (by subtracting the oligomycin
rate from baseline OCR) and PLR by subtracting the resulting OCR
from non-mitochondrial respiration. Next carbonyl cyanide-p-
trifluoromethoxyphenyl-hydrazon (FCCP), a protonophore, is
added to collapse the inner membrane gradient, driving the eletron
transport chain (ETC) to function to its maximal rate, and MRC
is derived by subtracting non-mitochondrial respiration from
the FCCP OCR. Lastly, antimycin A, a complex III inhibitor, and
rotenone, a complex I inhibitor, are added to shut down ETC
function, revealing the non-mitochondrial respiration. RC is
calculated by subtracting basal respiration from MRC.

Both ALR and MRC are measures of the ability of ETC to
produce ATP, the molecule that carries energy to other areas
of the cell to support vital functions. The ETC is not absolutely
efficient. In fact, the ETC is a major source of the production
of reactive oxygen species (ROS), which can damage the
mitochondria and the cell if produced in excess. In order to
reduce the production of ROS, the ETC can “leak” some of its
energy. This “leak” is measured by PLR and makes the ETC less
efficient at producing energy. In general, PLR should increase
as more ATP is produced since the production of ATP does
create ROS. The ratio of the above described measures of ATP
production, specifically ALR and MRC to PLR, can provide a
measure of the efficiency of the ETC. Theoretically, this ratio
would be very high with very efficient mitochondrial function
and very low in dysfunctional mitochondria where a great
amount of ROS is produced to make energy.

Serum miRNA Sequencing

Small RNA libraries were prepared by using the Small RNA
Library Prep Kit for Illumina (Norgen Biotek Corp., Thorold,
ON, Canada) according to the manufacturer’s instructions.
A 6% Novex® TBE PAGE Gel (Life Technologies, Carlsbad,
CA) was used to separate the indexing PCR product and cut
the specific library band size after staining with SYBR® Gold
Nucleic Acid Gel Stain (Life Technologies). The gel piece
was crushed by centrifugation at 14,000 x g for 2 min in a
Gel Breaker Tube (IST Engineering, Milpitas, CA). Libraries
were quantified by the High Sensitivity DNA Analysis Kits on
the Agilent 2100 Bioanalyzer System (Agilent Technologies,
Santa Clara, CA). Libraries (4 nM) were sequenced on the
Ilumina NextSeq 550 at Norgen Biotek Corp. CA, using
MNlumina’s NextSeq 500/550 High Output v2 Kit (75 cycles).
Sequencing data were converted to the FASTQ format and
then used for read mapping to the hg38 human genome
version on the Genboree Workbench’s exceRpt small RNA-seq
pipeline (v4.6.2) (29). Read quality was assessed after adapter
trimming by FASTQC to filter out poor quality score reads
(lower than 30 on the PHRED scale). The UniVec and human
rRNA sequences are excluded from the reads before mapping
to miRNAs using miRBase version 21. Raw read counts were
further analyzed using R (v3.4.0). Multiple R packages were
used in the analysis including EdgeR (v3.18.1) for filtration
based on a count per million (CPM) corresponding to a
minimum raw count of 5. Read per million was used as a
normalization method where the read of a specific small
miRNA was divided by the total numbers of mapped reads
and multiplied by one million. For statistical analysis in
several groups and assessment of correlation, the trimmed
mean of M-values (TMM) normalization method was used
as TMM normalized read counts (CPM) (30). Differential
expression (DE) between two groups was used to predict the
relative miRNA expression variations between two groups.
TMM normalized counts were used to achieve accurate DE
analysis with reduced false-positive rate (FDR) with the use of
EdgeR statistical software package for DE analysis (31). The
Benjamini-Hochberg procedure was used adjust the FDR.
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Statistical Analysis

For comparison of two sets of numerical data, a two tailed
Mann-Whitney test was used. For comparison of several sets of
numerical data, Kruskal-Wallis test was used. For differences in
frequency between two groups, the Fisher exact test was used. For
differences in frequency among multiple groups, the chi-square
test and the likelihood ratio were used. A linear association
between two data sets was determined by Spearman test. P
value of less than 0.05 was considered nominally significant.
Co-variance analysis was done with the use of general linear
model for a fixed factor or for a variable factor. NCSS 12 (NCSS,
LLC. Kaysville, UT) was used for statistical analysis.

For determining the gene targets of specific miRNAs,
microRNA Data Integration Portal (mirDIP) was used
(http://ophid.utoronto.ca/mirDIP/index.jsp) (32). Putative gene
targets with an integrated score of 0.3 and higher were further
analyzed using Database for Annotation, Visualization, and
Integrated Discovery (DAVID) (https://david.ncifcrf.gov/home.
jsp) (32). Functional annotation analysis was performed to see
enrichment for genes belonging to specific KEGG (33) pathways
and UniProt and Gene Ontology keywords. Only the categories
scored p < 0.05 after Benjamini-Hochberg Multiple hypothesis

correction were considered significant in the initial analysis and
further analyzed by Bonferroni test.

RESULTS

Serum miRNA Levels in ASD and Non-ASD
Control Subjects
High-throughput deep sequencing of serum miRNA in ASD
and non-ASD samples revealed over two-fold differences of
expression (DE) in several miRNAs between ASD and non-
ASD control serum samples (4 up-regulated and 14 down-
regulated). We then analyzed levels of 27 miRNAs in the ASD
sera in comparison with non-ASD controls when expressed
as TMM normalized readouts (CPM) (Table 2). Eighteen
miRNAs are those that revealed significant DEs in the whole
ASD samples as compared to non-ASD controls. Additional
nine miRNAs are those that revealed significant DEs in one
or two ASD subgroups as compared to non-ASD controls with
readouts (>7.0).

In these 27 miRNAs, we determined whether clinical
features including gender, age, ASD severity, and medication

TABLE 2 | miRNA TMM normalized read counts in ASD and non-ASD control sera.

miRNA' ASD subjects

Non-ASD controls Mann-Whitney test

All ASD subjects

miR-206 332.7 £ 296.12
miR-576-3p 90.3 + 86.8
miR-193a-5p 151.0 £ 179.1
miR-27a-5p 17.3+23.8
miR-379-5p 77.2+70.8
miR-134-5p 147.9 £ 150.3
miR-184 32.5+90.3
miR-574.-3p 105 +8.2
miR-382-5p 190.0 + 154.2
miR-223-5p 93.6 £ 87.3
miR-7-5p 1404 £ 1711
miR-103a-3p 624.8 + 319.0
miR-378a-3p 1,633.9 £ 1,666.2
miR-3614-5p 36.6 + 59.5
miR-873-3p 29.3+71.2
miR-4732-5p 130.8 + 118.3
miR 193b-5p 41.4+£76.0
miR-433-3p 175+ 146
ASD high IL-18/IL-10 ratio group

miR-423-5p 53,761.7 £ 60,519
miR-483-5p 161.7 £ 254.3
miR-320b 610.8 + 631.1
miR-20a-5p°® 291.6 + 525.6
miR-320d 156.5 + 222.4
ASD normal IL-1B8/IL-10 ratio group

miR-370-3p 173.1 £ 2431
ASD low IL-1B/IL-10 ratio group

miR-100-5p 10,289.1 + 6,580.2
miR-99b-5p 8,976.9 + 6,580.2
miR-93-5p 171.6 + 1566.1

34.5+73.8 0.004
605.9 + 1,257.3 0.0138
817.0 +1,325.9 0.00025

66.0 £ 101.4 0.0031

223.9 + 260.5 0.001
397.4 + 486.7 0.00013
12.4+£275 0.001
26.3 +74.5 0.215
484.1 + 428.6 0.0001
25.6 +74.5 0.215
312.9 + 345.7 0.0107
1,342.6 = 1,342.1 0.0309
3,491.2 + 3,865.8 0.0103

75.3 +103.6 0.0977

60.2 + 120.1 0.9332

64.8+72.6 0.00018

20.8 +28.2 0.0019

35.1 +44.9 0.25

27,956.6 + 26,599.0 0.0013
84.2 +180.9 0.0337
368.0 + 249.9 0.0021
468.9 + 580.3 0.6736
103.1 £ 106.9 0.027
267.3 + 350.4 0.0887

18,660.4 + 3,324,941 0.8507

15,433.6 + 5,556.1 0.0548
281.6 + 2781 0.1037

"TMM normalized values of miRNAs differentially expressed (DE) in all the ASD subjects and ASD subgroups, as compared to non-ASD controls were shown. In select nine ASD
subjects, serum samples were obtained at two time points as shown in Figure 1 and, in one ASD subject, serum samples were obtained at three time points.

2Expressed as TMM normalized read counts (CPM) + standard deviation (SD).
SmiR-20a-5p was also differentially expressed in the low-ratio ASD subgroup.
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FIGURE 1 | Volcano plots of differential expression of serum miRNAs in all the ASD samples combined, in comparison with non-ASD controls.

Not Highly Deregulated
» Significantly Upregulated

® Not Significantly Deregulated

use, affect serum miRNA levels. Serum miRNAs of two, four,
two, two, and three miRNAs differed according to gender, and
use of neuroleptics, ADHD medications, AEDs, and SSRIs,
respectively. Theseresultswereshownin Supplemental Table1.
Only two miRNAs (miR-193b-5p and miR-320b) revealed
significant associations between miRNA readouts and ages
(p < 0.05) in both ASD subjects and non-ASD subjects. The
clinical parameters did not affect differences between ASD
subjects and non-ASD controls by co-variance analysis (p <
0.05), except for miR-206 which revealed the effects of the use
of AEDs; ASD subjects (N-30) revealed lower miR-206 levels
as compared to ASD subjects without AEDs (Supplemental

Table 1).We also determined if there are any differences on the
basis of ASD severity. In 7/27 miRNAs, there were nominally
significant differences in serum miRNA levels with ASD
severity (Table 3). Four out of seven miRNAs differed in levels
in the whole ASD subjects as compared to non-ASD controls.
Co-variance analysis rejected the effects of ASD severity on
differences in these four miRNA serum levels between ASD
and non-ASD subjects (p < 0.05).

In nine ASD subjects, we obtained serum samples at two time
points, and in one ASD subject, we obtained serum samples at
three time points. This allowed us to examine whether serum
levels of the miRNAs that differed from non-ASD controls
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TABLE 3 | Serum miRNA levels on the basis of ASD severity.

miRNA Severe (N = 68) Moderate (N = 24) Mild (N = 24) Kruskal-Wallis
miR-27a-5p? 20.1 £ 24.7° 9.9+10.5 17.0+29.4 0.0349
miR-382-5p? 178.2 + 160.8 242.4 + 165.3 204.8 + 114.2 0.0353
miR-223-5p? 118.6 £ 95.3 64.0 £ 74.7 80.7 + 65.5 0.0043
miR-103a-3p? 685.5 + 365.0 528.6 + 247.7 549.0 + 181.3 0.0328
miR-20a-5p® 358.9 + 670.9 202.8 + 174.5 189.5 + 85.5 0.0275
miR-370-3p°® 141.2 £ 202 237.8 £ 362.7 198.9 + 191.6 0.0185
miR-93-5p° 193.3 +174.8 132.3 +114.5 149.56 +127.3 0.0155

1Serum miRNA levels were expressed as TMM normalized read counts (CPM) + SD as detailed in the methods section. In nine and one ASD subjects, serum samples were obtained

at two and three time points respectively.

2These serum miRNAs were differently expressed in ASD subjects as compared to non-ASD controls.
3These serum miRNAs were differently expressed in the ASD subgroups as compared to non-ASD controls.

remained at similar levels. The changes in serum levels of five
representative miRNAs that revealed differences in the ASD
subjects as compared to the non-ASD controls are shown
in Figure 2. Although the number of samples is too small for
statistical analysis, approximately 7 of the 10 subjects revealed
stable miRNA levels.

Gene targets of miRNAs with differences in serum
levels between ASD and non-ASD control sera were mainly
associated with cell proliferation and differentiation, but
pathways responsible for synaptic formation and plasticity
(neurotrophin signaling and axon guidance) were also
associated (summarized in Table 7). When the ASD group
was analyzed as a whole, gene targets involving pathways
specific for immune regulation were not identified.

Clinical Characteristics and Serum miRNA
Levels in the IL-1B/IL-10 Ratio-Based ASD
Subgroups

Consistent with our previous results, the IL-1{3/IL-10 ratio—
based ASD subgroups revealed differences in both production of
other cytokines and mitochondrial respiration (Supplemental
Table 2). Clinical characteristics of the IL-113/IL-10 ratio-based
ASD subgroups are consistent with our previous results; the low
IL-1f3/IL-10 ratio ASD subgroup revealed a higher frequency of
history of NFA (p < 0.05, Fisher’s exact test) (Table 4). There was
no differences in frequency of gender, ASD severity, medication
use (neuroleptics, ADHD meds, AEDs, and SSRIs) among
the IL-183/IL-10 ratio-based ASD subgroups by chi-square
test (p > 0.05). There was also no significant age difference
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FIGURE 2 | Changes in levels of five representative miRNA levels (miR-193a-5p, miR-134-5p, miR-382-5p, miR-1003a-3p, miR-378a-3p) at two time points in ASD
subjects. These miRNAs revealed >2-fold DEs as compared to non-ASD control samples (Figure 1).
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TABLE 4 | Demographics and clinical features in the IL-1B/IL-10-based ASD subgroups.

IL-1B/IL-10 ratio-based ASD subgroups

High (N = 46) Normal (N = 37) Low (N = 22)
Age (yr) median (range) 9.8 (2.5-21.5) 11.4 (2.2-21.0) 11.3 (4.3-19.9)
Age (y) Mean = SD 11.1+56 11.5+5.7 11.5+45

Gender (M:F)
Ethnicity
Cognitive activity (< 151%)

39:7 (84.5%:15.2%)
AA 4. Asian 12, W 30.
33/46 (71.7%)

Disturbed sleep 14/46 (30.4%)
Gl symptoms 29/46 (63.0%)
History of NFA? 26/46 (56.5%)

Seizure disorders

Specific antibody deficiency
Allergic rhinitis

Asthma

4/46 (8.7%)

8/46 (17.4%)
11/46 (23.9%)
8/46 (17.4%)

30:7 (81.1%:18.9%)
AA 1, Asian 8, W 27, mixed 1
29/37 (78.4%
11/37 (29.7%
(
(

19:3 (86.4%:13.6%)
AA 2, Asian 3, W 17,
16/22 (72.7%)
11/22 (50.0%)

17/22 (77.3%)
18/22 (77.2%)"
4/22 (18.2%)
6/22 (27.3%)
2/22 (9.1%)
2/22 (9.1%)

27/37 (73.0%
20/37 (54.1%
5/37 (13.5%
6/37 (16.2%
(
(

8/37 (21.6%

)
)
)
4/37 (10.8%)

"Low IL-1B/IL-10 ratio ASD subgroup revealed a higher frequency of hx of NFA than the normal-ratio ASD subgroup (p = 0.048 by Fisher’s exact test).

?see Table 1.

between ASD subgroups and controls by Kruskal-Wallis
test (p > 0.05).

Striking differences in expression of serum miRNA were
found between the IL-1f3/IL-10 ratio-based ASD subgroups.
Specifically, up-regulation of miRNA was observed only in
the high-ratio ASD subgroup by DE analysis, as compared to
non-ASD controls (Table 5 and Figure 3A). In the normal-
and low-ratio ASD subgroups, only downregulation of miRNA
was observed, as compared to non-ASD controls (Table 5 and
Figure 3B, C). More miRNAs were down-regulated in the
low-ratio ASD subgroup than the normal-ratio ASD subgroup
(Table 5). Levels of 11 miRNAs differed among the ASD
subgroups and the non-ASD controls when miRNA levels are
expressed as TMM normalized readouts (CPM) by Kruskal-
Wallis test (Table 6). Serum levels of miR-423-5p and miR-320b
did not differ significantly when all the ASD samples combined
were compared with non-ASD control samples. Since we found
nominally significant differences of serum levels of several
miRNAs with clinical variables (summarized in Supplemental
Table 1), we also analyzed if these co-variant factors affect
serum levels of these miRNAs among the ASD subgroups
shown in Table 6. Covariance analysis rejected the effects of
these variables on differences of serum levels of these miRNAs
among the ASD subgroups (p < 0.05), except for miR-206 which
revealed the effects of AEDs. Likewise, differences of serum

TABLE 5 | Numbers of serum miRNAs that revealed >2-fold variations in
expression in IL-16/IL-10-based ASD subgroups and total ASD samples as
compared to non-ASD controls.

ASD sample groups miRNA miRNA
up-regulated’ down-regulated

High IL-1B/IL-10 ratio (N = 48) 8 9

Normal IL-1B/IL-10 ratio (N = 43) 0 10

Low IL-1B/IL-10 ratio (N = 25) 0 18

All ASD samples (N = 116)? 4 14

"Numbers of miRNA more than two-fold difference by differential expression (DE) in
IL-1B/IL-10-based ASD subgroups vs. non-ASD controls (N = 35).
2Two and three samples were taken from nine and one select ASD subjects.

levels of miRNAs shown in Table 6 among the study groups
were not affected by age by co-variance analysis (p < 0.05).

Pathways Enriched by Target Genes by
Serum miRNAs in the ASD Subgroups

Gene targets of miRNAs that differed between IL-1{3/IL-10 ratio
ASD subgroups and non-ASD controls were also examined.
Targeted genes by each miRNA in this analysis were shown in
the excel spread sheet as a supplement. Then, we determined
whether the genes in a specific pathway are enriched (over-
represented) by genes targeted by miRNAs that revealed >2-fold
DEs in the ASD subgroups, as compared to non-ASD controls.
Table 7 shows the pathways that revealed enrichment in each
ASD subgroup, or in all the ASD samples combined (Bonferroni
test, p < 0.001). The high- and low-ratio ASD subgroups
revealed that miRNA targeted genes enriched are associated
with pathways critical in innate immune responses (Table 7).
In the high-ratio ASD subgroup, miRNA targeted genes were
enriched in pathways with intracellular trafficking secretion,
mTOR, and insulin signaling pathways. In the low-ratio ASD
subgroup, targeted genes were enriched in pathways of biquitin-
mediated proteolysis and adherens junction pathways. In both
the high- and low-ratio ASD subgroups, miRNA target genes are
enriched in pathways that are crucial to monocyte/macrophage
functions (endocytosis, focal adhesion, TGF-3-signaling, and
WNT signaling). Subgroup-specific associations were not
observed in the normal-ratio ASD subgroup (Table 7).

Correlations Between Serum miRNA With
IL-1B/IL-10 Ratios and Monocyte Cytokine
Profiles

We also assessed the linear relationship between serum miRNA
and IL-1f3/IL-10 ratios produced by PBMo and monocyte
cytokine profiles, since immunological pathways targeted
by miRNAs differed between the IL-1£3/IL-10-based ASD
subgroups. Cellular samples were obtained simultaneously at the
time of serum collection.
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FIGURE 3 | Volcano plots of differential expression of serum miRNAs in the IL-1B/IL-10-based ASD subgroups (Panel A, B, and C) as compared to non-ASD controls.

TABLE 6 | Differences in miRNA levels in the IL-1B/IL-10-based ASD subgroups.

ASD IL-1B/IL-10 ratio subgroups Non-ASD Statistics’
Control (N = 35)
High (N = 48) Normal (N = 43) Low (N = 25)
miR-206? 719.6 + 4,634.3 79.7 +124.8 25.1 +26.1 34.5+73.8 0.0063
miR-193a-5p? 2121 £ 245.0 106.2 £ 84.0 110.9 £ 104.7 817.0+1,325.9 0.0001
miR-379-5p 79.2 +90.4 70.1 +50.6 85.6 +57.9 223.9 + 260.5 0.0108
miR-134-5p 15.7 + 156.0 137.2 £ 159.9 147.5 £ 123.8 397.4 + 486.7 0.0012
miR-184 31.5+58.0 44.0 +120.4 14.9 + 23.4 124 £27.5 0.0038
miR-382-5p 206.8 + 178.7 186.7 + 151.1 195.9 + 105.6 484.1 + 428.6 0.0005
miR-103a-3p 578.5 + 349.3 681.3 + 349.1 616.0 + 158.2 1,342.6 £ 1,342.1 0.0261
miR-378a-3p 1,989.9 + 1,904.0 1,5626.5 + 1,725.0 1,135.4 + 680.6 3,491.2 + 3,865.8 0.0106
miR-3614-5p 51.5+76.1 26.2 £ 46.7 25.8+32.8 75.3 £ 103.6 0.0311
miR-423-5p 66,514.8 + 75,815 46,085.5 + 52,774 42,478.9 + 29,528.9 27,956.6 + 26,599 0.0074
miR-320b 715.0 + 460.4 B547.4 + 458.5 519.7 + 247.9 368.0 + 249.9 0.0116

'Kruskal-Wallis test was used for assessing differences. Serum miRNA levels were expressed TMM normalized read counts (CPM) + SD as detailed in the methods section.
2Higher miRNA levels in the normal-ratio ASD subgroup as compared to the low-ratio ASD subgroup by Mann-Whitney test (p < 0.05).
SHigher miRNA levels in the high-ratio ASD subgroup as compared to the normal-ratio ASD subgroup (p < 0.05 by Mann-Whitney test).

Our results revealed significant differences in correlations
between IL-1f3/IL-10 ratios and serum miRNA levels among
the ASD subgroups, as compared to non-ASD controls. We
also found differences in linear correlations between serum
miRNA levels and PBMo cytokine profiles in the IL-1$3/IL-10-
based ASD subgroups. This was most significant for TNF-aq,
IL-10, and CCL2. These results were summarized in Tables
8-11. In the low-ratio ASD subgroup, a majority of miRNAs
that revealed significant correlations with these monocyte
cytokine parameters are down-regulated as compared to non-
ASD controls.

Detailed results of correlations between serum miRNA
levels and IL-1f/IL-10 ratios are shown in Table 8.
In non-ASD controls, positive and negative correlations were
noted between serum levels of several miRNAs and IL-183/

IL-10 ratios in the LPS, zymosan, and CL097 stimulated
cultures. Five, one, and one serum miRNA levels had positive
correlations with p < 0.005 in CL097, zymosan, and LPS
stimulated cultures, respectively (Table 8). Fewer correlations
were observed in the IL-1f3/IL-10-based ASD subgroups, and
observed correlations were mostly positive correlations (Table
8). Only the high IL-1f3/IL-10 ratio ASD subgroup revealed
positive correlations (p < 0.005) in four miRNAs and one
miRNA between miRNA serum levels and the IL-13/IL-10
ratios produced under zymosan and LPS-stimulated cultures,
respectively (Table 8). These miRNAs differed from non-ASD
controls when compared the ASD samples as a whole and not
affected by any clinical co-variables.

Correlations between IL-10 production by PBMo and serum
miRNA levels revealed quite different results. Specifically,
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TABLE 7 | Pathways enriched by miRNA target genes in the IL-1B/IL-10-based
ASD subgroups.

IL-1B/IL-10 ratio Pathways revealed enrichment by miRNA
target genes'

Renal cell carcinoma, melanoma
Intracellular trafficking and secretion?
mTOR signaling pathway?, insulin signaling
pathway?

Ubiquitin-mediated proteolysis?, adherens
junction?

Endocytosis?, focal adhesion?, TGF-B
signaling pathway? WNT signaling pathway?
Chronic myeloid leukemia, pancreatic
cancer, oocyte meiosis

Colorectal cancer

None

Pathways in cancer, prostate cancer, non-
small cell lung cancer, glioma, ErB signaling
pathway

Neurotrophin signaling pathway?,

axon guidance®

MAPK signaling pathway?

High-ratio ASD subgroup only

Low-ratio ASD subgroup only

Both high- and low-ratio ASD
subgroups

Normal-ratio ASD subgroup only*
All ASD samples combined

"Revealed enrichment by target genes by miRNAs that revealed >2-fold DEs as
compared to non-ASD controls by Bonferroni test (p < 0.001).

2Pathways associated with key immune functions and metabolic regulation
3Pathways associated with synaptic formation and neuronal plasticity.

4Normal IL-1B/IL-10 ratio ASD groups—no subgroup specific pathway was found in
this group. Pathways associated are the same as shown in all ASD samples.

negative correlations were mainly observed between IL-10
production by PBMo and serum miRNA levels in the non-
ASD controls, and these correlations were observed in most
culture conditions tested (Table 9). The high- and low-ratio
ASD subgroups revealed much less correlations between IL-10
production and serum levels of miRNAs (Table 9). The normal-
ratio ASD subgroup revealed positive and negative correlations
in several miRNAs between IL-10 production and serum
miRNA levels (Table 9).

As observed with the IL-1£3/IL-10 ratios, significant positive
correlations were observed between TNF-a production by PBMo
and serum levels of multiple miRNAs in non-ASD controls with
many of these correlations having p values <0.005 (Table 10).
These miRNAs revealed significant correlations in most culture
conditions tested (Table 10). In contrast, in the high-ratio ASD
subgroup, a positive correlation was observed only in miR-93-3p
(p < 0.05) between serum miRNA levels and TNF-a production
by PBMo. In the normal- and low-ratio ASD subgroups,
mainly positive correlations were found in less numbers of
miRNAs (Table 10).

Correlations between CCL2 production by PBMo and serum
miRNA levels also differed across the ASD subgroups and non-
ASD controls (Table 11). In the non-ASD controls, correlations
between these two parameters were found in multiple miRNAs,
and these miRNAs revealed associations in multiple culture
conditions (Table 11). In the high and normal IL-1{3/IL-10
ratio ASD subgroups, there were less correlations between
CCL2 production and serum miRNA levels (Table 11). Least
correlations between CCL2 production and serum miRNA
levels were found in the low-ratio ASD subgroup, and these are
mostly positive correlations.

Correlations Between Serum miRNA Levels
and Mitochondrial Respiration by PBMCs
in the IL-18/IL-10-Based ASD Subgroups
We also assessed possible correlations between serum miRNA
levels and mitochondrial respiration by PBMCs to test
our hypotheses that serum miRNAs reflect mitochondrial
respiration. Correlations between mitochondrial parameters
and serum miRNA levels also differed across the IL-1{3/IL-10-
based ASD subgroups and non-ASD controls (Table 12).
Predominant negative correlations were observed between the
parameters of mitochondrial respiration (PLR, ALR, MRC,
and RC) and serum miRNA levels in non-ASD controls, and
some of them revealed p values <0.005 (Table 12). In contrast,
such correlations were less evident in the ASD subgroups.
The exception was negative correlations between PLR/ALR
and serum levels of several miRNAs in the normal-ratio ASD
subgroup (Table 12).

DISCUSSION

Our results revealed alterations in serum miRNA levels in the
IL-13/IL-10-based ASD subgroups. We also found altered
correlations between serum miRNA levels and monocyte
cytokine profiles and mitochondrial respiration across the
IL-13/IL-10-based ASD subgroups. These results are consistent
with our finding that genes targeted by miRNAs that showed
differences in serum levels from non-ASD controls are associated
with pathways, crucial for monocyte functions and metabolic
regulation in the high and low IL-18/IL-10 ratio ASD subgroups.
Although further studies are required, our results indicate that
serum miRNA levels may be promising candidate biomarkers for
screening changes in innate immune responses in ASD.

ASD is a complex developmental disorder. Converging effects
of multiple genetic and environmental factors appear to create the
basis for the pathogenesis of ASD. Mounting evidence from recent
research indicates a role for chronic inflammation in the etiology
and ongoing pathophysiology of ASD (2-4). Considering the
variable clinical features and co-morbid conditions observed in
ASD patients, it is unlikely that chronic inflammation universally
affects all ASD subjects. However, currently, no easily accessible
objective biomarkers exist for screening whether inflammation
plays a role in each individual with ASD. Identification of such
objective biomarker(s) will be tremendously helpful in the
identification and treatment of individuals with ASD who have a
component of chronic inflammation.

When assessing the role of inflammation, findings from ASD
animal models have been very informative and intriguing. In
the maternal immune activation (MIA) model, one of the most
studied animal models of ASD, sterile inflammation is induced
during pregnancy through activation of innate immunity
(34, 35). Offspring exposed to MIA have lasting changes in
cognitive activity and behavioral symptoms into their adulthood
(35-37). Lasting effects of MIA have also been reported in both
innate and adaptive immune responses (36).

As opposed to adaptive immunity, innate immune responses
were thought to be non-specific and transient, lacking memory.
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TABLE 8 | Correlations between IL-1B/IL-10 ratios and serum miRNA levels in IL-B/IL-10-based ASD subgroups and non-ASD controls.

Groups and culture conditions

miRNA revealed correlations with IL-18/IL-10 ratios

Non-ASD controls (N = 35)
Medium
LPS

Zymosan

CLo97

ASD high-ratio subgroup (N = 48)
Medium

LPS
Zymosan

CLO97

ASD normal-ratio subgroup (N = 43)
Medium

LPS

Zymosan

CL097

ASD low-ratio subgroup (N = 25)
Medium

LPS

Zymosan

CL0O97

Positive correlation
No significant correlation
576-3p? (0.3843, p < 0.05)!
134-5p? (0.3426, p < 0.05)
100-5p (0.4706, p < 0.005)
99b-5p (0.3877, p < 0.05)

423-5p (0.4854, p < 0.005)
320d (0.4403, p < 0.01)
370-8p (0.37, p < 0.05)

576-3p? (0.5459, p < 0.001)
193a-5p? (0.416, p < 0.05)
379-5p? (0.3378, p < 0.05)
134-5p? (0.5246, p < 0.005)

382-5p2? (0.5028, p < 0.005)

378a-3p? (0.4675, p < 0.005)
873-3p? (0.3532, p < 0.05)
483-5p (0.5448, p < 0.001)

320b (0.386, p < 0.05)
100-5p (0.4108, p < 0.05)
Positive correlation

576-3p? (0.3842, p < 0.05)
378-3p? (0.3251, p < 0.05)
873-3p? (0.526, p < 0.001)
100-5p (0.3921, p < 0.05)

No significant correlation

193a-5p? (0.4078, p < 0.05

379-5p? (0.4514, p < 0.005
134-322 (0.554, p < 0.0005

382-5p? (0.4565, p < 0.005
223-5p? (0.3686, p < 0.05)
378a-3p? (0.4056, p < 0.05)

433-3p? (0.5614, p < 0.005)

No significant correlation

)
)
)
)

Positive correlation
423-5p (0.3226, p < 0.05)
No significant correlation
4,732-5p? (0.3739, p < 0.05)
93-5p (0.3363, p < 0.05)
483-5p (0.3499, p < 0.05)
320b (0.3682 (p < 0.05)
Positive correlation
873-3p? (0.4661, p < 0.05)
No significant correlation
320d (0.4478, p < 0.05)

379-5p2 (0.5461, p < 0.01)
99b-5p (05496, p < 0.01)

Negative correlation
No significant correlation
27a-5p? (-0.4516, p < 0.001)
223-5p? (-0.4354, p < 0.01)
103a-5p? (-0.3479, p < 0.05)
433-3p? (0.356, p < 0.05)
20a-5p (-0.4006, p < 0.05)
27a-5p? (-0.5993, p <
0.0001)
574-3p? (-0.317, p < 0.05)
223-5p? (-0.4812, p < 0.005)
3,614-5p? (-0.4107, p < 0.05)
20a-5p (-0.3354, p < 0.05)
4,732-5p? (-0.4277, p < 0.05)
193b-5p (-0.3687, p < 0.05)

Negative correlation

No significant correlation
423-5p? (-0.3704, p < 0.05)

423-5p (—0.4065, p < 0.05)
Negative correlation
No significant correlation
No significant correlation
No significant correlation

3,614-5p? (-0.3432, p < 0.05)

Negative correlation
370-3p (-0.4113, p < 0.05)
No significant correlation
No significant correlation
No significant correlation

TAll miRNAs revealed significant positive or negative correlations were shown. Values of correlation coefficient and p-values were shown in ().
°miRNAs revealed significant DEs in all the ASD samples combined as compared to non-ASD controls.

However, recent discoveries of lasting effects of immunological
challenges on innate immunity drastically changed our concept
of innate immune memory. It was found that innate immune cells
have long-term memory following an initial immune challenge,
resulting in exaggerated responses to a secondary stimulus
(38, 39). This is accomplished by the reprograming of both the
metabolic and epigenetic pathways (38, 39). As a result, in contrast

to adaptive immunity, the secondary stimulus can be different
than the first stimulus. The term “trained immunity (TI)” is now
being used, when referring to such changes. TI has been found
to occur in both mature and immature myeloid progenitor cells
(40-43), leading to lasting effects. Prominent metabolic changes
that have been noted to occur with TT include a shift in energy
metabolism from oxidative phosphorylation to aerobic glycolysis
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TABLE 9 | Correlations between serum miRNA levels and IL-10 levels produced by PBMo in IL-1B/IL-10 ratio-based ASD subgroups and non-ASD controls.

Groups and culture conditions

miRNAs revealed correlations with IL-10 levels

Non-ASD controls (N = 35)
Medium

LPS

Zymosan
CL097

ASD high-ratio subgroup (N = 48)
Medium

LPS

Zymosan

CL097

ASD normal-ratio subgroup (N = 43)
Medium

LPS

Zymosan

CLo97

Positive correlation
320d (-0.349, p < 0.05)"

574-3p? (0.3793, p < 0.05)

No significant correlation
No significant correlation

Positive correlation
No significant correlation
No significant correlation
No significant correlation

No significant correlation
Positive correlation
574-3p? (0.3646, p < 0.05)
No significant correlation

103a-3p? (0.3767, p < 0.05)

574-3p? (0.3268 p < 0.05)

Negative correlation
379-5p? (-0.4574, p < 0.01)
134-5p? (-0.4068, p < 0.05)
382-5p? (-0.4145, p < 0.05)
433-3p? (-0.3704, p < 0.05)

379-5p? (-0.4708, p < 0.005)
134-5p? (-0.3412, p < 0.05)
382-5p? (-0.3417, p < 0.05)
483-5p (—0.3809, p < 0.05)
483-5p (—0.3992, p < 0.05)

320d (-0.4011, p < 0.05)
Negative correlation
No significant correlation
433-3p? (-0.366, p < 0.05)
223-5p? (-0.4188, p < 0.01)
93-5p (-0.4218, p < 0.01)
No significant correlation
Negative correlation
No significant correlation
7-5p? (-0.3571, p < 0.05)

4732-5p (-0.3152, p < 0.05)
483-5p (-0.3161, p < 0.05)
100-5p (-0.3501, p < 0.05)
382-5p? (-0.3266, p < 0.05)

93-5p (0.3134, p < 0.05)

ASD low-ratio subgroup (N = 25)
Medium

LPS

Zymosan

CL097

Positive correlation
No significant correlation
No significant correlation
No significant correlation

1842 (0.436, p < 0.05)

Negative correlation
No significant correlation
93-5p (0.500, p < 0.05)

3,614-5p? (-0.48, p < 0.05)
No significant correlation

TAll miRNASs revealed significant positive or negative correlations were shown. Values of correlation coefficient and p-values were shown in ().
°miRNAs revealed significant DEs in all the ASD samples combined as compared to non-ASD controls.

and an increase in cholesterol synthesis and glutaminolysis (43),
which likely leads to changes in mitochondrial respiration.

Various immunological challenges, including microbial
infection, changes in microbiota, and diets, as well as other
environmental factors, are implicated with the induction of TI
(38, 41-43). The key cytokines involved in this process may
vary for each rodent model of T1. For example, in the models of
3-glucan-induced T1, the importance of IL-113 was stressed (41).
In contrast, in BCG-induced rodent models of TI, authors
stressed the role of IFN-y (42). Nevertheless, this concept can
explain the lasting effects of MIA on rodent offspring.

In our previous study, we assessed the link between changes
in mitochondrial respiration in PBMCs and innate immune
responses in ASD. For screening of innate immune responses,
we assessed PBMo cytokine profiles, since PBMo are major
innate immune cells in the peripheral blood. Our results
revealed the adaptive changes in mitochondrial respiration
that we expected, in at least some ASD PBMCs (10). Moreover,
we observed that such changes were associated with differences
in IL-18/IL-10 ratios produced by PBMo and other PBMo
cytokines profiles (10). Expression of miRNA in PBMo also
differed in the IL-1£3/IL-10-based ASD subgroups (9). In our
experience, ASD subjects whose PBMo revealed either high or
low IL-183/IL-10 ratios tended to reveal repeatedly worsening
behavioral symptoms following immune insults (typically

microbial infection). Recent research in TI indicates that
these findings may be explained by maladapted T1I, following
an initial immune challenge. Therefore, assessing changes in
IL-163/IL-10 ratios may be helpful in addressing the role of
innate immunity-induced chronic inflammation and possible
maladapted TT in ASD.

Measurement of IL-1/IL-10 ratios produced by PBMo
requires a fair amount of blood, and for this assay, immune
cells in the blood samples need to be processed promptly. This
makes it difficult to use the IL-1f3/IL-10 ratios by PBMo as a
screening measure. Biomarkers found in the serum are better
at fulfilling the requirements for screening measures. Namely,
serum markers are easy to access, requiring a small amount of
blood, and there is no need for quick processing; serum samples
can be stored frozen for a prolonged time until measurement.
ASD subjects identified by such serum biomarkers could then be
further studied in more detail for innate immune abnormalities.

Recentresearch revealed that serum miRNAs serve as mediators
of innate immunity, affecting functions of cells that have taken up
exosomal miRNAs, with major sources of serum miRNAs being
platelets and monocyte/macrophage lineage cells (13). Previously,
we found altered miRNA expression by PBMo in the IL-1f3/IL-10
ratio-based ASD subgroups (9). It is also known that secreted
miRNAs remain stable as a form of exosome, as opposed to
serum cytokines, which have short half-lives in general. We thus
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TABLE 10 | Correlations between serum miRNA levels and TNF-a levels produced by PBMo in IL-18/IL-10-based ASD subgroups and non-ASD controls.

Groups and culture conditions

miRNAs revealed correlations with IL-10 levels

Non-ASD controls (N = 35)
Medium

LPS

Zymosan

CLo97

ASD high-ratio subgroup (N = 48)
Medium

LPS

Zymosan

CL0O97

ASD normal-ratio subgroup (N = 43)
Medium

LPS

Zymosan

CL097

ASD low-ratio subgroup (N = 25)
Medium

LPS

Zymosan

CLo97

Positive correlation
576-3p? (0.5787, p < 0.0005)"
198a-5p? (0.4173, p < 0.05)
134-5p? (0.3954, p < 0.05)
382-5p? (0.3706, p < 0.05)
7-5p? (0.4124, p < 0.05)
378-5p? (0.4869, p < 0.005)
576-3p? (0.668, p < 0.0001)
193a-5p? (0.3714, p < 0.05)
134-5p? (0.3541, p < 0.05)
382-5p? (0.3456, p < 0.05)
7-5p? (0.3856, p < 0.05)
378-5p? (0.4247, p < 0.05)
100-5p (0.3393, p < 0.05)
576-3p? (0.7227, p < 0.0001)
193a-5p? (0.6793, p < 0.0001)
379-5p? (0.4279, p < 0.05)
134-5p? (0.5231, p < 0.005)
382-5p? (0.6139, p = 0.0001)
7-5p? (0.6866, p < 0.0001)
103a-5p? (0.4311, p < 0.01)
378-5p? (0.7478, p < 0.0001)
3,614-5p? (0.399, p < 0.05)
20a-5p (0.3531, p < 0.05)
93-5p (0.411, p < 0.05)
576-3p? (0.6937, p < 0.0001)
198a-5p? (0.6056, p < 0.0005)
379-5p? (0.4441, p < 0.05)
134-5p? (0.50838, p < 0.005)
382-5p? (0.5621, p < 0.001)
7-5p? (0.6081, p = 0.0001)
103a-5p? (0.6575, p < 0.0001)
3,614-5p? (0.4008, p < 0.05)
20a-5p (0.3694, p < 0.05)
93-5p (0.4606, p < 0.01)
Positive correlation
93-3p (0.3744, p < 0.05)
No significant correlation
No significant correlation
No significant correlation
Positive correlation
No significant correlation
No significant correlation
193a-5p? (0.3847, p < 0.05)
223-5p? (0.3434, p < 0.05)
108a-3p? (0.3107, p < 0.05)
378a-3p? (0.3045, p < 0.05)
93-5p (0.391, p < 0.01)
No significant correlation
Positive correlation
198a-5p? (0.5736, p < 0.005)
193a-5p? (0.5494, p < 0.01)
1842 (0.4449, p < 0.05)
193b-5p? (0.4131, p < 0.05)
193a-5p? (0.407, p < 0.05)
134-5p? (0.5487, p < 0.01)
382-5p? (0.5496, p < 0.01)
433-3p? (0.4243, p < 0.05)
379-5p? (0.4143, p < 0.05)
99b-5p (0.4294, p < 0.05)

Negative correlation
1842 (-0.5056, p < 0.005)
4,732-5p? (-0.5615, p < 0.0005)
193b-5p? (-0.5006, p < 0.005)
423-5p (-0.3845, p < 0.05)
483-5p (—0.3857, p < 0.05)

4,732-5p2 (-0.5304, p < 0.001)
193b-5p? (~0.4634, p < 0.01)
423-5p (-0.3534, p < 0.05)
483-5p (~0.4097, p < 0.05)

2062 (-0.4448, p < 0.01)
1842 (-0.3349, p < 0.05)
4,732-5p2 (-0.7519, p < 0.0001)
193b-5p? (~0.6518, p < 0.0001)
423-5p (~0.6893, p < 0.0001)
483-5p (~0.567, p < 0.0005)
320b (-0.5776, p < 0.005)
320d (~0.3751, p < 0.05)

2062 (~0.4169, p < 0.05)
4,732-5p2 (-0.7037, p < 0.0001)
193b-5p? (~0.6597, p < 0.0001)

423-5p (~0.6694, p < 0.0001)
483-5p (-0.5947, p < 0.0005)
320b (~0.6095, p = 0.0001)
320d (~0.3801, p < 0.05)

Negative correlation
873-3p? (-0.34083, p < 0.05)
873-3p? (-0.3537, p < 0.05)

No significant correlation
423-5p (—0.4038, p < 0.05)
Negative correlation
No significant correlation
No significant correlation
382-5p? (-0.3784, p < 0.05)
370-3p (-0.3236, p < 0.05)

No significant correlation
Negative correlation
No significant correlation
No significant correlation

No significant correlation

2062 (-0.4696, p < 0.05)

TAll miRNAs revealed significant positive or negative correlations were shown. Values of correlation coefficient and p-values were shown in ().

°miRNAs revealed significant DEs in all the ASD samples combined as compared to non-ASD controls.
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TABLE 11 | Correlations between serum miRNA levels and CCL2 levels produced by PBMo in the IL-18/IL-10-based ASD subgroups and non-ASD controls.

Groups and culture conditions

miRNAs revealed correlations with IL-10 levels

Non-ASD (N = 35)
Medium

LPS

Zymosan

CL097

ASD high-ratio subgroup (N = 48)
Medium
LPS

Zymosan

CL097

ASD normal-ratio subgroup (N = 43)
Medium

LPS

Zymosan

CL097
ASD low-ratio subgroup (N = 25)
Medium

LPS
Zymosan

CL097

Positive correlation
223-3p? (0.4021, p < 0.05)
7-5p? (0.3516, p < 0.05)
378a-3p? (0.356, p < 0.05)
20a-5p (0.3751, p < 0.05)
93-5p (0.3724, p < 0.05)
27a-5p? (0.4294, p = 0.01)
223-3p? (0.4508, p < 0.01)
103a-3p? (0.4007, p < 0.05)
433-3p? (0.4608, p < 0.01)
20a-5p (0.5278, p < 0.005)
27a-5p? (0.3892, p < 0.05)
223-3p? (0.3465, p < 0.05)
433-3p? (0.3686, p < 0.05)
20a-5p (0.4367, p < 0.01)

4,732-5p2 (0.4445, p < 0.01)
193b-5p? (0.3763, p < 0.05)
433-3p2 (0.35, p < 0.05)

Positive correlation
No significant correlation
99b-5p (0.4161, p < 0.01)

574-3p? (0.501, p < 0.005)
193a-5p? (0.3715, p < 0.05)

2062 (0.3227, p < 0.05)
99b-5p (0.382, p < 0.05)

Positive correlation
378a-3p? (0.3477, p < 0.05)
193a-5p? (0.3269, p < 0.05)

423-5p (0.3136, p < 0.05)
100-5p (0.41983, p < 0.01)
7-5p? (0.3593, p < 0.05)
378a-3p? (0.4558, p < 0.005)

Positive correlation

193a-5p? (0.4626, p < 0.05)
No significant correlation
576-3p? (0.49883, p < 0.05)
320d (0.4365, p < 0.05)
93-5p (0.473, p < 0.05)
576-3p? (0.5252, p < 0.01)

Negative correlation
423-5p (-0.3457, p < 0.05)
483-5p (—-0.3554, p < 0.05)

320b (-0.4173, p < 0.05)
320d (-0.4859, p < 0.05)

573-3p? (~0.435, p < 0.01)
320d (-0.429, p < 0.05)
100-5p (~0.7611, p < 0.0001)
99b-5p (~0.5002, p < 0.005)

573-3p? (-0.3863, p < 0.05)
4,732-5p? (-0.4074, p < 0.05)
320d (-0.4125, p < 0.05)
100-5p (-0.6933, p < 0.0001)
99b-5p (-0.5254, p < 0.005)
573-3p? (-0.5331, p < 0.001)
193a-5p? (-0.4203, p < 0.05)
378a-3p? (-0.3885, p < 0.05)
873-3p? (-0.3885, p < 0.05)
99b-5p (-0.3562, p < 0.05)
Negative correlation
No significant correlation
576-3p? (-0.3249, p < 0.05)
7-5p? (-0.4198, p < 0.01)
20a-5p (-0.4546, p < 0.005)
379-5p? (-0.4006, p < 0.05
134-5p? (-0.3424, p < 0.05)
433-3p? (-0.371, p < 0.05)
7-5p? (-0.4179, p < 0.01)
20a-5p (-0.3726, p < 0.05)
93-5p (-0.5227, p < 0.001)
Negative correlation
433-3p? (-0.4146, p < 0.01)
433-3p? (-0.3285, p < 0.05)
No significant correlation

433-3p? (-0.3611, p < 0.05)
Negative correlation
No significant correlation

223-5p? (-0.4078, p < 0.05)
No significant correlation

No significant correlation

TAll mIRNASs revealed significant positive or negative correlations were shown. Values of correlation coefficient and p-values were shown in ().
°miRNAs revealed significant DEs in all the ASD samples combined as compared to non-ASD controls.

reasoned that serum miRNA can serve as a surrogate biomarker,
reflecting changes in innate immune responses in ASD. This study
examined serum miRNA levels in ASD and non-ASD controls
and compared these results with PBMo cytokine profiles and
mitochondrial respiration by PBMCs. Mitochondrial respiration
in PBMCs was assessed, since TI-induced metabolic changes
in innate immune cells were expected to affect mitochondrial
respiration, as detailed in the previous paragraph.

When ASD serum samples as a whole were compared to
non-ASD controls, more than two-fold differences in expression
were found in several miRNAs: 4 increased and 14 decreased.
However, when miRNA levels were examined in the IL-1{3/IL-10

ratio-based ASD subgroups, only the high-ratio ASD subgroup
revealed increase in expression of eight miRNAs, as compared
to non-ASD controls. In the normal- and low-ratio ASD
subgroups, the miRNAs that differed from non-ASD controls
were all decreased in expression. The low-ratio ASD subgroup
revealed a decrease of more miRNAs as compared to the normal-
ratio ASD subgroup (18 vs. 10) (Table 5). Since the IL-13/IL-10
ratio-based ASD subgroups revealed changes in parameters of
mitochondrial respiration consistent with our previous findings
(Supplementary Table 2), our results indicated that changes in
serum miRNA levels could reflect changes in IL-1{3/IL-10 ratios
in PBMo and mitochondrial respiration in PBMCs.
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TABLE 12 | Correlations between miRNA levels and mitochondrial respiration by PBMCs.

Groups and OCR parameters

Serum miRNAs revealed correlations with mitochondrial respiration parameters

Non-ASD controls (N = 35)
PLR

ALR

MRC

RC

ASD high-ratio subgroup (N = 48)
PLR

ALR

MRC

RC

ASD normal-ratio subgroup (N = 43)
PLR

ALR

MRC

RC

ASD low-ratio subgroup (N = 25)
PLR

ALR

MRC

RC

Positive correlation
370-3p (0.557, p < 0.005)
99b-5p (0.5127, p < 0.005)

423-5p (0.5767, p < 0.01)
370-3p (0.4186, p < 0.005)

423-5p (05246, p < 0.005)
370-3p (0.3785, p < 0.05)

No significant correlation
Positive correlation
No significant correlation
No significant correlation

No significant correlation
No significant correlation
Positive correlation
574-3p? (0.3506, p < 0.05)

No significant correlation

No significant correlation
No significant correlation
Positive correlation
100-5p (-0.5534, p < 0.05)
No significant correlation
No significant correlation
No significant correlation

Negative correlation
193a-5p? (-0.4417, p < 0.05)
223-5p? (-0.5124, p < 0.005)

20a-5p (-0.4136, p < 0.05)
576-3p? (-0.4115, p < 0.05)
193a-5p? (-0.6035, p < 0.0005)
27a-5p? (-0.5413, p < 0.005)
223-5p? (-0.637, p < 0.0001)

7-5p? (-0.3563, p < 0.05)
108a-3p? (-0.3752, p < 0.05)
378a-3p? (-0.513, p < 0.005)
3,614-5p? (-0.523, p < 0.005)

93-5p (-0.4318, p < 0.05)
576-3p? (-0.375, p < 0.05)
198a-5p? (-0.4962, p < 0.005)
27a-5p? (-0.4451, p < 0.05)
223-5p? (-0.4442, p < 0.05)

7-5p? (-0.3567, p < 0.05)

378a-3p? (-0.448 (p < 0.05)
3,614-5p? (-0.5119, p < 0.005)
93-5p (-0.4222, p < 0.05)
3,614-5p? (-0.36883, p < 0.05)
Negative correlation

No significant correlation
193a-5p? (-0.3923, p < 0.05)
378a-3p? (-0.4223, p < 0.01)

No significant correlation

No significant correlation

Negative correlation

7-5p?(-0.4181, p < 0.01)
378a-3p? (-0.3195, p < 0.05)
4,732-5p? (-0.3318, p < 0.05)

193a-5p? (-0.341, p < 0.05)
378a-3p? (-0.3604, p < 0.05)
No significant correlation
No significant correlation
Negative correlation

No significant correlation

No significant correlation

No significant correlation
382-5p? (-0.4719, p < 0.05)

TAll miRNAs revealed significant positive or negative correlations were shown. Values of correlation coefficient and p-values were shown in ().
°miRNAs revealed significant DEs in all the ASD samples combined as compared to non-ASD controls.

To further address a link between serum miRNA levels and
changes in innate immune responses, we assessed whether
genes targeted by miRNAs whose serum levels were altered in
the IL-163/IL-10-based ASD subgroups are enriched in specific
signaling pathways. miRNA targeted genes were enriched
in pathways of cell proliferation and cell differentiation in all
the IL-13/IL-10 ratio-based ASD subgroups. In addition,
targeted genes are enriched in signaling pathways of neuronal
development and synaptic plasticity (neurotrophin signaling
and axon guidance pathways) in all the ASD subgroups.
Therefore, part of serum miRNA expression in ASD may reflect
altered neuronal development and synaptic plasticity in ASD,
as proposed in the pathogenesis of neuropsychiatric conditions
including ASD (44).

When targeted genes were analyzed in the IL-1{3/IL-10 ratio—
based ASD subgroups, in the high- and low-ratio ASD subgroups,

targeted genes were enriched in signaling pathways of key
monocyte functions such as cell adhesion, migration, secretion,
and immune cell activation/regulation (mTOR pathway, and
TGF-3 signaling pathways). Furthermore, in the high IL-1£/
IL-10 ratio ASD subgroup, targeted genes were also enriched in
pathways of an insulin signaling pathway; this pathway is likely
associated with the reprogramming process in TI. The pathways
critical for monocyte functions were enriched by genes targeted
by miRNAs altered in the high and low IL-13/IL-10 ratio ASD
subgroups, and these pathways are also important for brain
function, as has been best described for the mTOR pathway (45).
Neuronal development is intricately affected by inflammation
(46, 47) and altered innate immune responses have been reported
in other neurodegenerative diseases (48-50). In summary, our
results indicate that changes in serum miRNA levels in ASD
could reflect changes in monocyte functions associated with TI
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and subsequently affect mitochondrial functions in the high and
low IL-1£3/IL-10 ratio ASD subgroups.

We then assessed if there was any linear correlation(s) between
IL-1f3/IL-10 ratios and mitochondrial respiration, with serum
miRNA levels. Consistent with the results of target gene analysis,
we found significant differences in these correlations across the
IL-1{3/11-10-based ASD subgroups as compared to non-ASD
controls. For example, correlations between IL-13/IL-10 ratios
and miRNA levels are much more evident in non-ASD controls
(Table 8). As for correlations between mitochondrial respiration
and serum miRNA levels, we also found close correlations
between mitochondrial parameters and several miRNAs
(negative and positive associations) in non-ASD controls (Table
12). On the other hand, such correlations were less evident in
the ASD subgroups (Table 12). We previously observed that
ASD PBMCs revealed maladaptive changes in mitochondrial
respiration (10), so that changes in serum miRNA levels,
especially in the low IL-13/IL-10 subgroup, can be associated
with such maladaptive changes.

We also evaluated correlations between each of the PBMo
cytokines produced and the serum miRNA levels in the ASD
subgroups and non-ASD controls. Distinct differences were
observed across the IL-1£3/IL-10-based ASD subgroups and
were most evident in TNF-a, IL-10, and CCL2 production.
Specifically, TNF-a production was positively and negatively
correlated with multiple serum miRNA levels in non-ASD
controls (Table 10), but correlations between these two
parameters were less apparent in the ASD subgroups. There
were predominant negative correlations between IL-10
levels and serum miRNAs in the non-ASD controls, while
much less correlations were noted in the high- and low-ratio
ASD subgroups (Table 9). In the non-ASD controls, CCL2
production was negatively and positively correlated with serum
levels of several miRNAs, while in the low IL-13/IL-10 ratio
ASD subgroup, mostly positive correlations were observed
(Table 11). Less of an correlation was also observed between
CCL2 production and serum miRNA levels in the normal-
and high-ratio ASD subgroups (Table 11). CCL2 is a major
chemokine produced by monocytes, and changes in plasma
levels of CCL2 have been reported in ASD (51, 52). It is of note
that in non-ASD controls, miRNAs that revealed correlations
with monocyte cytokine parameters revealed correlations in
multiple culture conditions.

Taken together, our results indicate that IL-1{3/IL-10 ratio-
based ASD subgroup-specific associations exist between
levels of several serum miRNAs and PBMo cytokine profiles.
Combining the findings with target gene analysis, our
results indicate that certain serum miRNA levels may reflect
reprogramming or TI of innate immunity in ASD, most
likely in the high and low IL-16/IL-10 ratio ASD subgroups.
miRNAs that revealed marked differences in associations with
IL-18/IL-10 ratios, production of TNF-a, IL-10, and CCL2 by
PBMo across the ASD subgroups were detected in relatively
high amounts in the serum (miR134-5p, miR-382-5p, miR-
103a-5p, miR-378-3p, mi-423-5p, miR100-5p, and miR 99b-
5p) (Table 2). The first five miRNAs also revealed differences

among the ASD subgroups (Table 6), and these results were not
affected by clinical variables. These miRNAs may be candidate
biomarkers for assessing innate immune abnormalities
associated with TI in ASD subjects.

As summarized in the demographic information of the IL-1£3/
IL-10 ratio-based ASD subgroups (Table 4), ASD subjects in
the low IL-183/IL-10 ratio subgroup had a higher frequency of
non-IgE-mediated FA, than normal ASD groups, consistent with
our previous results (9, 10). We also observed that ASD subjects
with low IL-16/IL-10 ratios are often sicker and vulnerable
to multiple, unrelated immune insults. In these subjects,
maladapted TI may play an important role. Future prospective
and longitudinal studies involving a larger number of ASD
subjects will provide interesting and important information on
how serum miRNA levels are associated with changes in innate
immune responses (possibly TI). Findings of such studies may
lead to the application of currently available immunomodulating
agents for the treatment of certain ASD patients.

DATA AVAILABILITY

Clinical features of the ASD are available through NDAR data
base (https://ndar.nih.gov/). The additional datasets generated for
this study are available on request to the corresponding author.

ETHICS STATEMENT

The study followed the protocols approved by the Institutional
Review Board, Saint Peter’s University Hospital, New
Brunswick, NJ, United States. In this study, both ASD and
non-ASD TD subjects were enrolled, and the signed consent
forms were obtained prior to entering the study. Consent was
obtained from parents if participant was a minor (<18 years
old) or parents had custody.

Although this study involves children and young adults
diagnosed with ASD, the involved procedures per se were
considered to be minimally hazardous, since this study only
involved venipuncture, chart review, and request of filling out
questionnaires by parents.

AUTHOR CONTRIBUTIONS

HJ was responsible for the study design, recruitment of the study
subjects, collection of clinical information and blood samples,
analysis of the overall data, and preparation of most of this
manuscript. LG conducted cytokine production assays with the use
of purified monocytes and also prepared samples for mitochondrial
function for shipping to RF’s laboratory and miRNA extraction
from serum samples. GT conducted gene target analysis and
contributed manuscript preparation from the view of molecular
geneticist. SR and SB conducted assays for mitochondrial respiration
with the use of PBMCs and helped prepare a manuscript. RF
supervised SR and SB and discussed with HJ extensively, regarding
data analysis and helped manuscript preparation.

Frontiers in Psychiatry | www.frontiersin.org

16

September 2019 | Volume 10 | Article 614


https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org
https://ndar.nih.gov/

Jyonouchi et al.

Serum microRNAs and Innate Immunity in ASDs

FUNDING

This study was supported by funding from Autism Research
Institute, San Diego, CA, Jonty Foundation, St. Paul, MN, and
the Governor’s Council for Medical Research and Treatment of
Autism, DHHS, Trenton, NJ.

ACKNOWLEDGMENTS

We are thankful for grant office staff for helping conducting this
study as well as Marcand Lisa Huguenin for helping us submitting

REFERENCES

1. Turner TN, Eichler EE. Therole of de novo noncoding regulatory mutations
in neurodevelopmental disorders. Trends Neurosci (2019) 42(2):115-27.
doi: 10.1016/j.tins.2018.11.002

2. Siniscalco D, Schultz S, Brigida AL, Antonucci N. Inflammation and neuro-
immune dysregulations in autism spectrum disorders. Pharmaceuticals
(Basel) (2018) 11(2):56. doi: 10.3390/ph11020056

3. Cristiano C, Lama A, Lembo E Mollica MP, Calignano A, Mattace Raso G.
Interplay between peripheral and central inflammation in autism spectrum
disorders: possible nutritional and therapeutic strategies. Front Physiol
(2018) 9:184. doi: 10.3389/fphys.2018.00184

4. Jiang NM, Cowan M, Moonah SN, Petri WA, Jr. The impact of systemic
inflammation on neurodevelopment. Trends Mol Med (2018) 24(9):794-804.
doi: 10.1016/j.molmed.2018.06.008

5. Gupta S, Ellis SE, Ashar FN, Moes A, Bader JS, Zhan J, et al. Transcriptome
analysis reveals dysregulation of innate immune response genes and
neuronal activity-dependent genes in autism. Nat Commun (2014) 5:5748.
doi: 10.1038/ncomms6748

6. Jyonouchi H. Immunological abnormalities in autism spectrum disorders.
Adv Neuroimmune Biol (2013) 4(3):141-59. doi: 10.3233/NIB-130061

7. McCarthy MM, Wright CL. Convergence of sex differences and the
neuroimmune system in autism spectrum disorder. Biol Psychiatry (2017)
81(5):402-10. doi: 10.3233/NIB-130061

8. Jyonouchi H, Geng L, Buyske S. Interleukin-1f/interleukin10 ratio produced
by monocytes as a biomarker of neuroinflammation in autism. J Clin Cell
Immunol (2017a) 8:1000503. doi: 10.4172/2155-9899.1000503

9. Jyonouchi H, Geng L, Streck DL, Dermody JJ, Toruner GA. MicroRNA

expression changes in association with changes in interleukin-1ss/

interleukin10 ratios produced by monocytes in autism spectrum disorders:
their association with neuropsychiatric symptoms and comorbid conditions

(observational study). ] Neuroinflammation (2017b) 14(1):229. doi: 10.1186/

512974-017-1003-6

Jyonouchi H, Geng L, Rose S, Bennuri SC, Frye RE. Variations in mitochondrial

respiration differ in IL-13/IL-10 ratio based subgroups in autism spectrum

disorders. Front Psychiatry (2019) 10:1-15. doi: 10.3389/fpsyt.2019.00071

Chen HH, Handel N, Ngeow ], Muller J, Huhn M, Yang HT, et al. Inmune

dysregulation in patients with PTEN hamartoma tumor syndrome: analysis

of FOXP3 regulatory T cells. J Allergy Clin Immunol (2017) 139(2):607-20
e615. doi: 10.1016/j.jaci.2016.03.059

Guay C, Regazzi R. Exosomes as new players in metabolic organ cross-talk.

Diabetes Obes Metab (2017) 19(Suppl 1):137-46. doi: 10.1111/dom.13027

Roy S. miRNA in macrophage development and function. Antioxid Redox

Signal (2016) 25(15), 795-804. doi: 10.1089/ars.2016.6728

Burgos K, Malenica I, Metpally R, Courtright A, Rakela B, Beach T, et al.

Profiles of extracellular miRNA in cerebrospinal fluid and serum from

patients with Alzheimer’s and Parkinson’s diseases correlate with disease

status and features of pathology. PLoS One (2014) 9(5), €94839. doi: 10.1371/

journal.pone.0094839

Denk J, Oberhauser F, Kornhuber ], Wiltfang J, Fassbender K, Schroeter

ML, et al. Specific serum and CSF microRNA profiles distinguish sporadic

10.

11.

clinical data to NDAR. We are also thankful for Norgen research
team (Norgen Biotek Corp, Thorold, ON, Canada) for deep
sequencing serum miRNA and analysis of the data including
cluster analysis (heat map), principal component analysis, and
volcano plot analysis.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fpsyt.2019.00614/
full#supplementary-material

behavioural variant of frontotemporal dementia compared with Alzheimer
patients and cognitively healthy controls. PLoS One (2018) 13:¢0197329. doi:
10.1371/journal.pone.0197329

Ebrahimkhani S, Vafaee F, Young PE, Hur SSJ, Hawke S, Devenney E, et al.
Exosomal microRNA signatures in multiple sclerosis reflect disease status.
Sci Rep (2017) 7:14293. doi: 10.1038/s41598-017-14301-3

Vistbakka ], Sumelahti ML, Lehtimaki T, Elovaara I, Hagman S. Evaluation
of serum miR-191-5p, miR-24-3p, miR-128-3p, and miR-376¢-3 in multiple
sclerosis patients. Acta Neurol Scand (2018) 138(2):130-6. doi: 10.1111/
ane.12921

Aman MG, Singh NN, Stewart AW, Field CJ. The aberrant behavior checklist:
a behavior rating scale for the assessment of treatment effects. Am | Ment
Defic (1985) 89(5):485-91. doi: 10.1037/t10453-000

Owens JA, Spirito A, McGuinn M. The Children’s Sleep Habits Questionnaire
(CSHQ): psychometric properties of a survey instrument for school-aged
children. Sleep (2000) 23(8):1043-51. doi: 10.1093/sleep/23.8.1d

Sparrow SB, Chicetti DV, Vineland. Adaptive behavior scales survey form
manual. Cirde Pines, MN: American Guidance Service (1985).

Boyce JA, Assaad A, Burks AW, Jones SM, Sampson HA, Wood RA, et al.
Guidelines for the diagnosis and management of food allergy in the United
States: report of the NIAID-sponsored expert panel. J Allergy Clin Immunol
(2010) 126(6 Suppl), S1-58. doi: 10.1016/j.jaci.2010.10.007

Butrus S, Portela. R. Ocular allergy: diagnosis and treatment. Ophthalmol
Clin North Am (2005) 18(4):485-92. doi: 10.1016/j.0hc.2005.07.007

Nassef M, Shapiro G, Casale TB. Identifying and managing rhinitis and its
subtypes: allergic and nonallergic components—a consensus report and
materials from the Respiratory and Allergic Disease Foundation. Curr Med
Res Opin (2006) 22(12):2541-8. doi: 10.1185/030079906X158057

Expert Panel Report 3 (EPR-3). Guidelines for the Diagnosis and
Management of Asthma-Summary Report 2007. J Allergy Clin Immunol
(2007) 120(5 supple):S94-138. doi: 10.1016/j.jaci.2007.09.029

Orange S, Ballow M, Stiehm ER, Ballas ZK, Chinen J, De La Morena M,
et al. Use and interpretation of diagnostic vaccination in primary
immunodeficiency: a working group report of the Basic and Clinical
Immunology Interest Section of the American Academy of Allergy,
Asthma & Immunology. ] Allergy Clin Immunol (2012) 130(3 Suppl):S1-24.
doi: 10.1016/j.jaci.2012.07.002

Jyonouchi H, Geng L, Ruby A, Zimmerman-Bier. B. Dysregulated innate
immune responses in young children with autism spectrum disorders:
their relationship to gastrointestinal symptoms and dietary intervention.
Neuropsychobiology (2005) 51(2):77-85. doi: 10.1159/000084164

Burger BJ, Rose S, Bennuri SC, Gill PS, Tippett ML, Delhey L, et al. Autistic
siblings with novel mutations in two different genes: insight for genetic
workups of autistic siblings and connection to mitochondrial dysfunction.
Front Pediatr (2017) 5:219. doi: 10.3389/fped.2017.00219

Rose S, Frye RE, Slattery J, Wynne R, Tippett M, Pavliv O, et al. Oxidative stress
induces mitochondrial dysfunction in a subset of autism lymphoblastoid cell
lines in a well-matched case control cohort. PLoS One (2014) 9(1):e85436.
doi: 10.1371/journal.pone.0085436

Subramanian SL, Kitchen RR, Alexander R, Carter BS, Cheung KH, Laurent
LC, et al. Integration of extracellular RNA profiling data using metadata,

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Frontiers in Psychiatry | www.frontiersin.org

17

September 2019 | Volume 10 | Article 614


https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpsyt.2019.00614/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2019.00614/full#supplementary-material
https://doi.org/10.1016/j.tins.2018.11.002
https://doi.org/10.3390/ph11020056
https://doi.org/10.3389/fphys.2018.00184
https://doi.org/10.1016/j.molmed.2018.06.008
https://doi.org/10.1038/ncomms6748
https://doi.org/10.3233/NIB-130061
https://doi.org/10.3233/NIB-130061
https://doi.org/10.4172/2155-9899.1000503
https://doi.org/10.1186/s12974-017-1003-6
https://doi.org/10.1186/s12974-017-1003-6
https://doi.org/10.3389/fpsyt.2019.00071
https://doi.org/10.1016/j.jaci.2016.03.059
https://doi.org/10.1111/dom.13027
https://doi.org/10.1089/ars.2016.6728
https://doi.org/10.1371/journal.pone.0094839
https://doi.org/10.1371/journal.pone.0094839
https://doi.org/10.1371/journal.pone.0197329
https://doi.org/10.1038/s41598-017-14301-3
https://doi.org/10.1111/ane.12921
https://doi.org/10.1111/ane.12921
https://doi.org/10.1037/t10453-000
https://doi.org/10.1093/sleep/23.8.1d
https://doi.org/10.1016/j.jaci.2010.10.007
https://doi.org/10.1016/j.ohc.2005.07.007
https://doi.org/10.1185/030079906X158057
https://doi.org/10.1016/j.jaci.2007.09.029
https://doi.org/10.1016/j.jaci.2012.07.002
https://doi.org/10.1159/000084164
https://doi.org/10.3389/fped.2017.00219
https://doi.org/10.1371/journal.pone.0085436

Jyonouchi et al.

Serum microRNAs and Innate Immunity in ASDs

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

biomedical ontologies and linked data technologies. J Extracell Vesicles
(2015) 4(1):27497. doi: 10.3402/jev.v4.27497

Robinson MD, Oshlack A. A scaling normalization method for differential
expression analysis of RNA-seq data. Genome Biol (2010) 11:R25. doi:
10.1186/gb-2010-11-3-r25

Robinson MD, McCarthy DJ, Smyth GK. A bioconductor package for
differentail expression analysis of digital gene expression data. Bioinformatics
(2010) 26(1):139-40. doi: 10.1093/bioinformatics/btp616

Huang DW, Sherman BT, Tan Q, Collins JR, Alvord WG, Roayaei J, et al.
The DAVID Gene Functional Classification Tool: a novel biological module-
centric algorithm to functionally analyze large gene lists. Genome Biol (2007)
8:R183. doi: 10.1186/gb-2007-8-9-r183

Kanehisa M, Furumichi M, Tanabe M, Sato Y, Morishima K. KEGG: new
perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Res
(2017) 45:D353-61. doi: 10.1093/nar/gkw1092

Careaga M, Murai T, Bauman MD. Maternal immune activation and autism
spectrum disorder: from rodents to nonhuman and human primates. Biol
Psychiatry (2017) 81(5):391-401. doi: 10.1016/j.biopsych.2016.10.020

Estes ML, McAllister AK. Maternal immune activation: implications for
neuropsychiatric disorders. Science (2016) 353(6301), 772-7. doi: 10.1126/
science.aag3194

Rose DR, Careaga M, Van de Water J, McAllister K, Bauman MD,
Ashwood. P. Long-term altered immune responses following fetal priming
in a non-human primate model of maternal immune activation. Brain Behav
Immun (2017) 63(7):60-70. doi: 10.1016/j.bbi.2016.11.020

Straley ME, Van Oeffelen W, Theze S, Sullivan AM, O’Mahony SM,
Cryan JE et al. Distinct alterations in motor & reward seeking behavior
are dependent on the gestational age of exposure to LPS-induced maternal
immune activation. Brain Behav Immun (2017) 63(7):21-34. doi: 10.1016/j.
bbi.2016.06.002

Netea MG, Joosten LA, Latz E, Mills KH, Natoli G, Stunnenberg HG, et al.
Trained immunity: a program of innate immune memory in health and
disease. Science (2016) 352(6284):aaf1098. doi: 10.1126/science.aaf1098
Song WM, Colonna M. Immune training unlocks innate potential. Cell
(2018) 172(1):3-5. doi: 10.1016/j.cell.2017.12.034

Bekkering S, Arts RJW, Novakovic B, Kourtzelis I, van der Heijden C, Li Y,
et al. Metabolic induction of trained immunity through the mevalonate
pathway. Cell (2018) 172:135-46 e139. doi: 10.1016/j.cell.2017.11.025

Christ A, Gunther P, Lauterbach MAR, Duewell P, Biswas D, Pelka K, et al.
Western diet triggers NLRP3-dependent innate immune reprogramming.
Cell (2018) 172, 162-75:e114. doi: 10.1016/j.cell.2017.12.013

Kaufmann E, Sanz J, Dunn JL, Khan N, Mendonca LE, Pacis A, et al. BCG
educates hematopoietic stem cells to generate protective innate immunity against
tuberculosis. Cell (2018) 172(1), 176-90 e119. doi: 10.1016/j.cell.2017.12.031

43. Mitroulis I, Ruppova K, Wang B, Chen LS, Grzybek M, Grinenko T, et al.
Modulation of myelopoiesis progenitors is an integral component of trained
immunity. Cell (2018) 172(1):147-61 e112. doi: 10.1016/j.cell.2017.11.034
Forrest MP, Parnell E, Penzes P. Dendritic structural plasticity and
neuropsychiatric disease. Nat Rev Neurosci (2018) 19:215-34. doi: 10.1038/
nrn.2018.16

Ryskalin L, Limanaqi F, Frati A, Busceti CL, Fornai E mTOR-related brain
dysfunctions in neuropsychiatric disorders. Int ] Mol Sci (2018) 19(8):2226.
doi: 10.3390/ijms19082226

Anthoney N, Foldi I, Hidalgo A. Toll and toll-like receptor signalling in
development. Development (2018) 145. doi: 10.1242/dev.156018

Savitz J, Harrison NA. Interoception and inflammation in psychiatric
disorders. Biol Psychiatry Cogn Neurosci Neuroimaging (2018) 3(6):514-24.
doi: 10.1016/j.bpsc.2017.12.011

Garre JM, Yang G. Contributions of monocytes to nervous system disorders.
J Mol Med (2018) 96(9):873-83. doi: 10.1007/s00109-018-1672-3

Pare A, Mailhot B, Levesque SA, Lacroix S. Involvement of the IL-1 system
in experimental autoimmune encephalomyelitis and multiple sclerosis:
breaking the vicious cycle between IL-1beta and GM-CSE. Brain Behav
Immun (2017) 62(5):1-8. doi: 10.1016/j.bbi.2016.07.146

Wang MM, Miao D, Cao XP, Tan L, Tan L. Innate immune activation in
Alzheimer’s disease. Ann Transl Med (2018) 6(5):177. doi: 10.21037/
atm.2018.04.20

44,

45.

46.

47.

48.

49.

50.

51. Han YM, Cheung WK, Wong CK, Sze SL, Cheng TW, Yeung MK, et al.
Distinct cytokine and chemokine profiles in autism spectrum disorders.
Front Immunol (2017) 8:11. doi: 10.3389/fimmu.2017.00011

52. Shen Y, Ou J, Liu M, Shi L, Li Y, Xiao L, et al. Altered plasma levels of

chemokines in autism and their association with social behaviors. Psychiatry
Res (2016) 244(10):300-5. doi: 10.1016/j.psychres.2016.07.057.

Conflict of Interest Statement: SR and RF are listed as collaborators in the
BioROSA Technologies, Inc.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2019 Jyonouchi, Geng, Toruner, Rose, Bennuri and Frye. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Psychiatry | www.frontiersin.org

18

September 2019 | Volume 10 | Article 614


https://www.frontiersin.org/journals/psychiatry#articles
https://www.frontiersin.org/journals/psychiatry
www.frontiersin.org
https://doi.org/10.3402/jev.v4.27497
https://doi.org/10.1186/gb-2010-11-3-r25
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1186/gb-2007-8-9-r183
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1016/j.biopsych.2016.10.020
https://doi.org/10.1126/science.aag3194
https://doi.org/10.1126/science.aag3194
https://doi.org/10.1016/j.bbi.2016.11.020
https://doi.org/10.1016/j.bbi.2016.06.002
https://doi.org/10.1016/j.bbi.2016.06.002
https://doi.org/10.1126/science.aaf1098
https://doi.org/10.1016/j.cell.2017.12.034
https://doi.org/10.1016/j.cell.2017.11.025
https://doi.org/10.1016/j.cell.2017.12.013
https://doi.org/10.1016/j.cell.2017.12.031
https://doi.org/10.1016/j.cell.2017.11.034
https://doi.org/10.1038/nrn.2018.16
https://doi.org/10.1038/nrn.2018.16
https://doi.org/10.3390/ijms19082226
https://doi.org/10.1242/dev.156018
https://doi.org/10.1016/j.bpsc.2017.12.011
https://doi.org/10.1007/s00109-018-1672-3
https://doi.org/10.1016/j.bbi.2016.07.146
https://doi.org/10.21037/atm.2018.04.20
https://doi.org/10.21037/atm.2018.04.20
https://doi.org/10.3389/fimmu.2017.00011
https://doi.org/10.1016/j.psychres.2016.07.057
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Serum microRNAs in ASD: Association With Monocyte Cytokine Profiles and Mitochondrial Respiration

	Background

	Materials and Methods

	Study Subjects

	ASD Subjects

	Non-ASD Controls

	Diagnosis of FA

	Diagnosis of Asthma and AR

	Antibody Deficiency Syndrome


	Sample Collection

	Cell Cultures

	Categorizing ASD Samples on the Basis 
of IL-1ß/IL-10 Ratios

	High IL-1ß/IL-10 Ratio

	Normal IL-1ß/IL-10 Ratio

	Low IL-1ß/IL-10 Ratios


	Assays of Mitochondrial Function

	Serum miRNA Sequencing

	Statistical Analysis


	Results

	Serum miRNA Levels in ASD and Non-ASD Control Subjects

	Clinical Characteristics and Serum miRNA Levels in the IL-1ß/IL-10 Ratio-Based ASD Subgroups

	Pathways Enriched by Target Genes by Serum miRNAs in the ASD Subgroups

	Correlations Between Serum miRNA With IL-1ß/IL-10 Ratios and Monocyte Cytokine Profiles

	Correlations Between Serum miRNA Levels and Mitochondrial Respiration by PBMCs in the IL-1ß/IL-10-Based ASD Subgroups


	Discussion

	Data Availability

	Ethics Statement

	Author Contributions

	Funding

	Acknowledgments

	Supplement﻿ary Material

	References



