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Abstract

Maternal inflammation during gestation is associated with a later diagnosis of neurodevelopmental disorders
including autism spectrum disorder (ASD). However, the specific impact of maternal immune activation (MIA) on
placental and fetal brain development remains insufficiently understood. This study aimed to investigate the effects
of MIA by analyzing placental and brain tissues obtained from the offspring of pregnant C57BL/6 dams exposed

to polyinosinic: polycytidylic acid (poly I: C) on embryonic day 12.5. Cytokine and mRNA content in the placenta
and brain tissues were assessed using multiplex cytokine assays and bulk-RNA sequencing on embryonic day

17.5. In the placenta, male MIA offspring exhibited higher levels of GM-CSF, IL-6, TNFq, and LT-q, but there were

no differences in female MIA offspring. Furthermore, differentially expressed genes (DEG) in the placental tissues

of MIA offspring were found to be enriched in processes related to synaptic vesicles and neuronal development.
Placental mRNA from male and female MIA offspring were both enriched in synaptic and neuronal development
terms, whereas females were also enriched for terms related to excitatory and inhibitory signaling. In the fetal

brain of MIA offspring, increased levels of IL.-28B and IL-25 were observed with male MIA offspring and increased
levels of LT-a were observed in the female offspring. Notably, we identified few stable MIA fetal brain DEG, with no
male specific difference whereas females had DEG related to immune cytokine signaling. Overall, these findings
support the hypothesis that MIA contributes to the sex- specific abnormalities observed in ASD, possibly through
altered neuron developed from exposure to inflammatory cytokines. Future research should aim to investigate how
interactions between the placenta and fetal brain contribute to altered neuronal development in the context of
MIA.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelop-
mental condition that presents with repetitive behaviors
and social impairment in diagnosed individuals [43]. As
of 2020, 1 in 36 children are diagnosed with ASD by the
age of 8 in the United States [46]. ASD is more common
in males than females, with a ratio of 4:1, suggesting that
there are sex-dependent variables at play [19, 70]. The
exact etiology for many ASD cases is largely unknown,
however, genetic and environmental risk factors are
thought to contribute to its pathophysiology. There are
hundreds of heritable and de novo single gene variants
that have been linked with ASD [2]. However, the pres-
ence of common variant ASD risk genes per se, is not an
absolute indicator that an individual will develop ASD
[22]. More recently, the attention has shifted towards the
interactions of genes and the analysis of gene pathways,
as well as epigenetic and environmental factors that may
influence the transcriptome [2, 61].

Evidence suggests that environmental factors likely play
a major role in the development of ASD. During devel-
opment, exposure to toxins or disruption of the immune
system may alter brain structure and function and lead
to neurodevelopmental disorders (NDD) [24, 59]. Inflam-
mation during pregnancy, whether due to infection,
exposure to allergens or pollution, or inflammatory dis-
ease, is associated with a higher risk of NDD in the off-
spring [31, 31, 53]. Epidemiological studies have shown
that women hospitalized with an infection during preg-
nancy have an increased likelihood of having a child with
ASD [5, 34]. Similarly, animal models of maternal infec-
tion using polyinosinic: polycytidylic acid (poly (I: C)) or
lipopolysaccharide (LPS) have shown altered behavior
and brain development in the offspring [15, 27, 31, 32, 58,
60].

Cytokines are immune signaling molecules that play a
major role in the inflammatory response. More recently,
cytokines have also been implicated in fetal neurodevel-
opment, including processes such as neuronal migra-
tion, proliferation, differentiation, synapse function, and
glia activation [19]. For example, chemokines, such as
CXCR4, play an important role in progenitor cell migra-
tion and proliferation [44]. Tumor necrosis factor (TNFa)
can mediate synaptic plasticity and strength during
development, as well as receptor trafficking that impacts
excitatory and inhibitory synapses [7, 63, 64]. Due to
the dual role cytokines have in both immunity and CNS
development, cytokine disturbances during gestation
can alter neurodevelopment [19]. Increased maternal
pro-inflammatory cytokines IFNy, IL-4, and IL-5 have
been associated with a higher risk of having a child with
ASD [25]. Moreover, Jones et al., found that mothers of
children with ASD and comorbid intellectual disability
have inflammatory profiles characterized by increases
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in GM-CSE, IL-6, IENy, and IL-1a [35]. Individuals with
ASD also had elevated levels of pro-inflammatory cyto-
kines in the amniotic fluid [1]. Neonatal blood spot data
also shows dysregulated cytokine levels in children later
diagnosed with ASD [36, 38]. Maternal immune acti-
vation (MIA) models, whether induced via infectious
agents or maternal conditions, have been associated with
ASD-like behaviors in adult offspring and altered levels
of cytokines in the brain [23, 54, 57, 65, 66].

In this study we set out to determine what conse-
quences, if any, viral infection-based inflammation dur-
ing pregnancy can have on the developing placenta and
fetal brain in mice. We used multiplex cytokine analysis
and bulk RNA sequencing of mouse fetal tissues to assess
the impact of MIA on offspring neurodevelopment using
the viral mimic poly I: C.

Methods

Animals

C57BL/6 mice were purchased from Taconic Biosciences
and maintained at University of California, Davis at the
UC Davis Sacramento campus, Sacramento, CA. Mice
were housed in ventilated cages on a 12-hour light/dark
cycle with same sex littermates at 23 °C. Food and water
was provided ad libitum. All procedures were performed
with approval by University of California Davis Institu-
tional Animal Care and Use Committee and according
to guidelines established by National Institute of Health
Guide for the Care and Use of Laboratory Animals.

Maternal immune activation

8-10 week-old female C57BL/6 mice were paired with
males. Insemination was confirmed by the presence of
a vaginal plug the following morning, marking the ges-
tational time as embryonic day (ED) 0.5. On embryonic
day 12.5, pregnant dams were intraperitoneally adminis-
tered 20 mg/kg y-irradiated poly I: C (Sigma) to stimu-
late maternal immune activation. Control groups were
administered saline. On ED17.5, fetal brains and placenta
were collected during the murine light cycle and flash
frozen and stored at -80 until cytokine and RNA analysis.

Tissue collection

5 days following the poly I: C injection on ED17.5, preg-
nant dams were euthanized using CO,. The uterine horn
was dissected out and placenta and fetal brains were
taken from each of the offspring and flash frozen with
dry ice. Tissues were lysed and the total protein was mea-
sured using a Bradford assay. Biological sex of fetal sam-
ples was determined using PCR genotyping of the SRY
gene. Total protein concentration was measured using a
Bradford assay.



Osman et al. Journal of Neuroinflammation (2024) 21:118

Multiplex bead-based cytokine analysis

Cytokines in the lysed tissues were quantified using a
multiplex mouse T};17 bead-based assay. To account for
litter effect, 1 male and 1 female from a total of 8 litters
per treatment group were used for cytokine analysis (i.e.
n=16 MIA offspring vs. n=16 saline controls). The fol-
lowing cytokines were quantified: CD40 Ligand (CD40L),
Granulocyte-macrophage colony stimulating factor
(GM-CSE), Interferon gamma (IFN-y), Interleukin 1-beta
(IL-1p), IL-2, IL-4, IL-5, IL-6, IL-10, IL-12 (p70), IL-13,
IL-15,IL-17 A, IL-17E/IL-25, IL-17 E, IL-21, IL-22, IL-23,
IL-27, 1L-28B, IL-31, IL-33, macrophage inflammatory
protein 3-alpha (MIP-3a/CCL20), tumor necrosis fac-
tor alpha (TNF-a), and lymphotoxin (LT-«). Each tissue
sample was diluted to a standardized concentration of
80 pg and run in duplicate. 25 ul of sample, standard, or
quality control was loaded into each well and incubated
overnight with antibody-coupled magnetic beads. After
overnight incubation, the plate was washed using a Bio-
Plex handheld magnet (Bio-Rad Laboratories, Hercules,
CA, USA). The plate was then incubated for one hour
with biotinylated detection antibody and 30 min with
streptavidin-phycoerythrin before reading on a Bio-Rad
Bio-Plex 200 plate reader (Bio-Rad Laboratories, Hercu-
les, CA, USA). The minimum limit of detection is as fol-
lows: IL-17E/IL-25: 357.3 pg/mL; GM-CSF: 19.8 pg/mL;
IFNy: 1.5 pg/mL; MIP-3a:/CCL20: 9.4 pg/mL; IL-1 B: 3.3
pg/mL; IL-2: 1.5 pg/mL; IL-4: 0.4 pg/mL; IL-5: 5.1 pg/mL;
IL-6: 3.3 pg/mL; IL-21: 35.8 pg/mL; IL-22: 0.5 pg/mL; IL-
28B: 29.3 pg/mL; IL-10: 5.6 pg/mL; IL-23: 70.4 pg/mL; IL-
12p70: 12.9 pg/mL; IL-27: 498.6 pg/mL; IL-13: 32.1 pg/
mL; IL-15: 8.6 pg/mL; IL-17 A: 18.6 pg/mL; IL-17 F: 5.2
pg/mL; IL-33: 14.9 pg/mL; IL-31: 25.8 pg/mL; LT-a: 137.1
pg/mL; TNF-a: 1.3 pg/mL; CD40L: 14.6 pg/mL. Concen-
trations that fell below the minimum level of detection
were given a value of half the limit of detection. Analytes
where more than 60% of samples were above the level of
detection were included in further statistical analysis. All
fetal brain samples were in range, however, in the pla-
centa, analytes below levels of detection and not included
were as follows: IL-1f, IL-4, IL-5, IL-12p70, IL-13, IL-15,
IL-17 A, IL-17 F, IL-21, IL-22, IL-25/IL-17E, and CD40L.

Bulk RNA sequencing

RNA was isolated from fetal brain (n=32; 16 males and
16 females, per treatment group) and placentas (n=32;
16 males and 16 females, per treatment group) from 16
litter, per treatment groups using RNA/DNA Miniprep
Plus Zymogen Kit (Cat#D7003). To ensure purity, RNA
was further treated with DNAsel for 15 minutes. RNA
quantification was done using a Qubit. Chemical purity
was determined using a Nanodrop, where the absorbance
ratios fell between 1.6 and 2.1(260/280) and above 1.3
(260/230). cDNA libraries were prepared according to
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the Lexogen manual, using 500 ng of total input RNA per
sample and 12 cycles of PCR amplification. 64 unique,
dual index barcodes were used and samples were then
pooled. Samples were exonuclease VII treated and sub-
mitted for QuantSeq 3° mRNA single-end sequencing on
the HiSeq4000 to generate 100 bp single-end reads.

RNA-seq analysis

Raw sequencing reads were assessed for quality control
using FastQC and multiqc (PreTrim_multiqc.html). Umi
indexes were added using umi2index (Lexogen) and then
trimmed to remove adapter contamination, polyA read
through and low-quality reads using BBDuk. All samples
were then re-assessed for quality using FastQC and mul-
tigc (PostTrim_multigc.html). Samples were aligned to
the mouse genome (mm10) using STAR. Aligned bam
files were then filtered for only unique UMIs using col-
lapse_UMI_bam (Lexogen) (STARAlignment.html). Fil-
tered bam files were sorted and indexed using samtools.
Reads per gene were then counted using FeatureCounts
at the gene id levels with -s 1 designated for stranded
RNAseq. Counts were then read into R for statistical
analysis using EdgeR and LimmaVoom. To remove low-
expressing genes, only genes with greater than 1 count
per million (CPM) reads in at least 16 of the total librar-
ies were included in the analysis (Figure S1). The remain-
ing 16,546 genes were then normalized using Trimmed
Mean of M-values (TMM) to correct for library composi-
tion using calcNormFactors, method=TMM (Figure S2).
The resulting CPM values were then fed into Voom using
a design matrix with factors for treatment, sex and tissue
(combined into one group variable) with uterine horn
position as a covariate (~0+group+uterine.horn.posi-
tion). Within subjects correlation for dam was removed
by feeding the results of duplicateCorrelation into ImFit
and including dam identification as a blocking factor.
Individual contrast comparisons for each sex or collapsed
across sex (brain saline vs. poly I: C, placenta saline vs.
poly I: C, brain saline vs. placenta saline and brain poly I:
C vs. placenta poly I: C) were then called using contrasts.
fit followed by eBayes. The contribution of each factor
to the overall gene expression profile was assessed using
Multi-Dimensional Scaling plots (Figure S3-S5).

Data availability

Fastq files and counts files for each sample are avail-
able on NCBI GEO at GSE248222 and analysis code is
available on the Ciernia Lab github: https://github.com/
ciernialab.

Statistical analysis

For cytokine analysis, cytokine levels were assessed via
Luminex and entered into Graphpad Prism (v 9.4.1)
for statistical analysis. Outliers were identified using
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ROUT, with a Q=1%. Outlier free data was used mov-
ing forward. Data was determined to be non-para-
metric. Prior to outlier removal, the n count in each
treatment group was n=8 males and n=8 females. For
data, stratified by sex, Kruskal-Wallis test with Dunn’s
test was performed to account for multiple compari-
son testing, with a p-value of p<0.05 as significant. All
p-values were calculated to 4 decimal places. Data is
represented as Median and IQR (25th -75th percentile).
For RNA-Seq analysis, differentially expressed genes
(DEG) were identified for each comparison of interest
using the decideTests function with a Benjamini Hoch-
berg (BH) correction and method=separate. Significant
differentially expressed genes (BH corrected p<0.05)
between treatments were compared across tissues using
VennDiagram. The web-based application Pathway, Net-
work and Gene-set Enrichment Analysis (PANGEA)
was used for gene ontology (GO) and Kytoo Encyclo-
pedia of Genes and Genomes (KEGG) pathway analysis
with a background of all genes in the analysis [30]. Sex
was included as a variable in the analysis and results are
reported both aggregated across sex and separated by
sex (as discussed above). Each comparison was corrected
for using Benjamini Hochberg to q<0.05. The code for
analyses is accessible at: https://github.com/ciernialab/
Ashwood-MIA-RNAseq-2023/tree/main.

Results

MIA offspring have increased cytokines in the placenta
Ty17 cytokines are typically produced as a response to
extracellular infection and have important roles in brain
development and behavior [15, 28, 45, 75]. Interestingly,
T17 related cytokines and the cells that produce them
are essential for MIA induced behavioral changes, such
as reduced social interactions and repetitive behav-
ior, in rodent offspring [15]. Due to the data surround-
ing Ty17 involvement in ASD, we chose to investigate
T17 related cytokine levels in MIA offspring. Placentas
were collected at ED17.5 and analyzed for differences
in Ty17 cytokines. Male MIA offspring showed signifi-
cant increases in GM-CSF (saline median=14.76 pg/mL;
poly I C median=25.30 pg/mL; p=0.0246), 1L-6 (saline
median=1.65 pg/mL; poly I. C median=47.35 pg/mL;
p=0.0466), LT-a (saline median=280,444 pg/mL; poly I:
C median=357,924 pg/mL; p=0.0118) and TNFa (saline
median=2.27 pg/mL; poly I. C=4.89 pg/mL; p=0.0115;)
(Fig. 1a and b; Table 1.) Female offspring showed no sig-
nificant difference in placental cytokines compared to
the control group (Fig. 1b; Table 2). Together, these data
demonstrate that exposure to poly I: C during pregnancy
can cause an increase in placental cytokines stable after 5
days and this phenomenon is sex dependent.
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MIA offspring have increased cytokines in the fetal brain
Due to behavioral abnormalities seen in MIA offspring
and their relationship with neuroinflammation, we
assessed the cytokine content of MIA offspring fetal
brains [15, 27, 31, 32]. Sex-dependent changes were
seen in the offspring brains. In males, IL-28B (saline
median=42.55 pg/mL; poly I: C median=100.9 pg/mL;
p=0.0087), and IL-25 (saline median=25.75 pg/mL; poly
I: C median=33.75 pg/mL; p=0.0326) were significantly
increased in MIA offspring (Fig. 2a and b; Table 3). LT-«
was increased in the MIA female offspring only (saline
median=50.0 pg/mL; poly I: C median=62.75 pg/mL;
p=0.0406) (Fig. 2a and b; Table 4). These results suggest
that immune activation during pregnancy can affect the
levels of proinflammatory cytokines in offspring brains
and that there is sex dependent response.

MIA offspring placenta have DEG enriched in biological
processes essential for neurodevelopment

Our analysis of the placenta from MIA offspring revealed
a total of 47 DEG, with 15 decreased and 32 increased
in MIA 5 days following poly I: C injection on E17.5
compared to saline samples (Fig. 3a). Upon compar-
ing enrichment terms between increased and decreased
genes, distinct GO terms emerged. Among increased
DEG, many of the significantly enriched terms were
related to neuronal processes, such as ‘neuron projec-
tion, ‘dopamine receptor signaling pathway’ and ‘axon
initial segment’ (Supplemental File 2), all of which were
enriched in genes that regulate synaptic vesicle traffick-
ing (neuronal vesicle trafficking associated 2; NsgI and
Nsg2) and cytoskeletal movement (Ephbl and Stmn4).
The term ‘dopamine receptor signaling pathway* was also
enriched, alongside DEG associated with excitatory and
inhibitory neurotransmitter activity (Gabrg2, Lrrc7, and
Gnaol). After correction for multiple testing, no signifi-
cantly enriched GO term or KEGG pathway was found
among the decreased DEG, though the GO term ‘posi-
tive regulation of synapse assembly’ encompassing genes
such as cut-like homeobox 2 (Cux2), Slit and NTRK-like
family member 4 (Slitrk4) and adhesion G-protein-cou-
pled receptor L1 (Adgrll) trended towards significance
(adjusted p-value=0.09) (Supplementary File 2). When
the data was stratified by sex, 56 placental DEG (34
increased, 22 decreased) were found between male MIA
and male saline offspring placenta and 28 placental DEG
(17 increased, 11 decreased) between female MIA and
female saline offspring placenta (Fig. 3b and c). Increased
male DEG were related to nervous system development
(‘central nervous system neuron development, ‘neural
precursor cell proliferation’ and ‘cell projection’), which
all consisted of genes involved in synaptic communica-
tion (Discs large MAGUK Scaffold Protein 4; Dig4, Nsg2)
and the cytoskeleton (Spectrin beta, non-erythrocytic
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Fig. 1 Male MIA offspring have increased cytokines in the placenta. (A) Heat map of Kruskal-Wallis p-values adjusted for multiple comparisons (Dunn’s

test) of all cytokines analyzed within the range of detection in the placenta.

Color intensity is varied based on adjusted p-value result. (B) Cytokines found

to be significant when compared to saline controls in the placenta analyzed via Kruskal-Wallis test with Dunn’s multiple comparisons test. Significance
was determined if adjusted p < 0.05. Data is shown as box and whisker plots with median and IQR (25th -75th percentiles), with tails at 5th and 95th per-

centiles. Significance is shown as * = p<0.05; ** = p<0.01

2; Sptbn2, FYVE, RhoGEG and ph domain contain-
ing 2;Fyve, microtubule associated protein 2; Map2).
Decreased DEG in male MIA offspring were enriched
in the GO Biological Process terms related to protein
localization (‘protein localization to cell surface’) and
DNA repair (‘positive regulation of DNA repair’), which
included genes involved in tissue growth and repair
(fibroblast growth factor 10; Fgf10, and junctional adhe-
sion molecule 3; Jam3) (Fig. 3d). In female offspring, GO
and KEGG terms from increased DEG were related to
neurotransmitter signaling and synaptic vesicles (‘gluta-
matergic synapse, ‘Long-term potentiation, ‘Adrenergic
signaling in cardiomyocytes, and ‘cytoplasmic vesicle
membrane’), as well as neuronal development and con-
nectivity (‘nervous system development’ and ‘Axon
guidance’) (Fig. 3e). Decreased female DEG were also
associated with cell membranes and synapses (Fig. 3e). In
summary, these results suggest that offspring exposed to
MIA during gestation have disrupted neuronal develop-
ment that is observable in the placenta.

MIA offspring fetal brain have DEG enriched in biological
processes essential for neurodevelopment

Next, we assessed the impact of MIA on the developing
fetal brain transcriptome. In response to poly I: C treat-
ment, after 5 days, we identified 5 DEG, with 4 increased
and 1 decreased in expression for MIA relative to saline
(Fig. 4). Moreover, few sex effects were observed between
treatment groups (8 increased DEG in female MIA vs.
saline offspring, but none in male MIA vs. saline off-
spring) (Fig. 3b and c). While some significant GO terms
were identified in female MIA offspring (‘Amoebiasis;
‘Cytokine-cytokine receptor interaction’ and ‘Human
T-cell leukemia virus 1 infection’), all were driven by the
genes interleukin 1 receptor type 1 (IlIrl) and trans-
forming growth factor beta 3 (7gfb3) (Fig. 3c). To sum-
marize, MIA fetal brains 5 days post poly I: C treatment
mostly impact female offspring and genes involved in the
immune response.
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Table 1 Statistics of male placenta cytokines. Data is
represented as Median and IQR (25th -75th percentiles)

Cytokine Saline PolyI: C P-value

IFNy 7.75 17.44 041
(0.75-22.93) (8.94-29.80)

CCL20 470 492 0.34
(4.70-4.70) (4.70-19.71)

IL-2 5.30 8.23 018
(1.24-7.57) (4.31-9.80)

IL-6 1.65 47.35 0.04*
(1.65-1.65) (8.55-165.8)

IL-10 2.80 744 0.14
(2.80-5.69) (3.39-22.05)

IL-23 35.20 2979 0.08
(35.20-35.20) (35.20-17,823)

IL-27 510.1 804.9 0.11
(138.3-555.5) (491.8-825.0)

IL-28B 80.56 104.7 0.27
(49.95-107.7) (78.66-134.0)

IL-31 59.07 3820 0.07
(12.9-212.9) (127.8-456.7)

IL-33 745 818 027
(4.09-7.45) (246-12.81)

TNFa 227 4.89 0.01*
(1.61-3.10) (3.43-6.59)

LT-a 280,444 357,924 0.01*
(175,445—-326,094) (303,291-379,754)

GM-CSF 14.76 2530 0.02*
(11.49-20.91) (17.89-27.79)

Table 2 Statistics of female placenta cytokines. Data is

represented as Median and IQR (25th -75th percentiles)

Cytokine Saline Poly IC P-value

IFNy 12.70 9.16 0.98
(6.18-23.78) (5.19-26.05)

CCL20 470 470 044
(4.70-4.70) (4.70-20.79)

IL-2 6.12 582 0.76
(3.12-8.36) (3.75-10.94)

IL-6 1.65 53.30 032
(1.65-51.41) (165-111.1)

I-10 280 339 041
(2.80-9.19) (2.80-16.32)

IL-23 2,832 4,267 0.85
(35.20-8,851) (35.20-17,048)

IL-27 5327 667.9 0.08
(459.4-583.2) (448.2-725.9)

IL-28B 100.2 98.67 0.84
(72.18-132.2) (92.65-136.3)

IL-31 129.0 136.8 071
(27.48-229.4) (12.90-352.4)

IL-33 241 7.98 0.17
(0.29-7.45) (1.80-14.09)

TNFa 400 441 0.76
(2.39-4.76) (2.02-5.46)

LT-a 294,768 348,105 0.09
(271,323 -322,030) (298,066-367,092)

GM-CSF 20.91 22.39 0.80
(15.54-26.01) (1941-23.85)
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Discussion

The maternal immune environment during pregnancy is
an important factor in fetal brain development. Inflam-
mation during pregnancy can lead to alterations in
behavior and neurodevelopment in the offspring. We
hypothesized that we would see changes in cytokine lev-
els and gene expression in offspring of dams exposed to
the viral mimic poly I: C during pregnancy. Due to the
high prevalence of ASD in males as compared to females,
we also expected to see sex dependent effects on fetal
brain and placenta cytokine levels and transcriptomics.
Indeed, we saw increases in cytokines in both the pla-
centa and brains of male MIA offspring, and no signifi-
cant changes in the female MIA group. We also observed
altered gene expression in the placenta and fetal brain of
MIA offspring and with a sex dependent effect seen in
the mRNA data between male treatment groups. Overall,
our findings show that MIA causes changes in the fetal
environment that impact neuroinflammation and neu-
rodevelopment at 5 days post inflammatory event (Sum-
mary Fig. 5).

Fetal programming is the process by which environ-
mental stress and epigenetic changes during pregnancy
alter fetal organ development. This concept suggests
that altered maternal health, including immune func-
tion, can result in more adverse health outcomes for the
offspring, with the placenta playing an essential role [12,
39]. During pregnancy, the placenta relays signals from
the mother to the developing fetus and acts to supply the
fetal organs, especially the brain, with necessary nutri-
ents [11]. As a result, the placenta can participate in the
transfer of inflammatory cytokines from the maternal
circulation to the developing fetus, though this method
of transfer appears dependent on the type of cytokine
studied. In an MIA model with pregnant rats, radiola-
beled maternal IL-6 crossed placental tissues into fetal
circulation during mid-gestation, whereas IL-1f transfer
was minimal [17, 26]. Moreover, the placenta is a signifi-
cant endocrine organ itself and is capable of producing its
own inflammatory mediators upon exposure to inflam-
mation [29, 37, 76]. Another possibility for increased
placental inflammation may be that it is reflecting the
immune signature being delivered to the fetus and/or the
fetal immune response itself. In male MIA offspring, we
observe increased placental GM-CSF, TNFa, LT-qa, and
IL-6 and increased IL-28 and IL-25 in the brain. It is pos-
sible that there is a relationship between these tissues as
there tended to be more elevated placental cytokines in
the MIA group, whereas there are fewer increased cyto-
kines in the fetal brain. This suggests that placental trans-
fer of inflammatory cytokines to the fetus may occur but
limited to certain cytokines. Further studies need to be
done in order to show a correlation between inflamma-
tion in the placenta and fetal brain.
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Saline vs. PolylC Adjusted p-values

GM-CSF
IFNy
cCL20
IL-2
IL-4
IL-5
IL-6
IL-21
IL-22
IL-10
IL-12 p70
IL-27
IL-13
1L-15
IL-17a
IL-17f
IL-33
IL-31
TNFa
CD40L
LT-a
IL-25
IL-28B
IL-23
IL-18

1 0.85

1 0.65

1 0.45

1 0.25

0.05

Female
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Fig. 2 Cytokine increase in MIA fetal brains is sex-dependent. (A) Heat map of Kruskal-Wallis p-values adjusted for multiple comparisons (Dunn'’s test) of
all cytokines analyzed within the range of detection in the fetal brain. Color intensity is varied based on adjusted p-value result. (B) Cytokines found to be
significant when compared to saline controls in the fetal brain analyzed via Kruskal-Wallis test with Dunn’s multiple comparisons test. Significance was
determined if adjusted p <0.05. Data is shown as box and whisker plots with median and IQR (25th -75th percentiles), with tails at 5th and 95th percen-

tiles. Significance is shown as * = p <0.05; ** = p<0.01

In the placenta of MIA male offspring, we saw signifi-
cant increases in the pro-inflammatory cytokines IL-6,
TNFa, and LT-a as well as the myeloid growth and differ-
entiation factor GM-CSE. IL-6, a pro-inflammatory cyto-
kine, can cross the placental barrier and is necessary to
elicit the neurodevelopmental and behavioral effects seen
in MIA offspring [76, 79]. Along with IL-6, TNFaq, can
also alter synaptic plasticity and inhibit long term poten-
tiation in the hippocampus [9, 62, 67]. TNFa mediates
inflammatory processes during infection or autoimmu-
nity. In the brain, TNFa regulates synaptic plasticity and
long-term potentiation in the hippocampus, and in cases
of disease, can be neurotoxic by inducing neuronal den-
dritic loss in the brain [63, 78]. GM-CSF has functions
that range from increasing cellular proliferation to per-
petuating inflammatory immune responses and is found
to be increased in the brains of ASD patients [41, 73].

Our fetal brain data show sex-dependent increases
in IL-25, IL-28B and LT-a. IL-28B is an interferon with
antiviral properties [74]. Little is known about a pos-
sible function of IL-28B in neurodevelopment or neu-
roinflammation. IL-25, also known as IL-17E, can have

both pro-inflammatory and anti-inflammatory effects
[18]. Despite being part of the IL-17 family, IL-25 acts
more similarly to a Ty2 cytokine, inducing IL-4, IL-5,
and IL-13 expression [50]. Increases in T};2 cytokines are
seen in ASD and have previously been associated with
improved cognitive outcomes [3, 4, 49]. LT-a, formerly
known as TNEFp, was significantly increased in male pla-
centas and female fetal brains of MIA offspring. LT-a
is a pro-inflammatory, cytotoxic cytokine secreted by
lymphocytes and can be secreted by microglia [10, 42].
LT-a has been shown to be involved in regulating cere-
bral microvasculature and inflammatory processes in
the CNS [33, 56, 71]. LT-a induces mRNA expression of
adhesion molecules ICAM-1, VCAM-1, P-selectin and
E-selectin in brain endothelial cells and this expression
is further increased with IFNy [71]. Elevated LT-a con-
centration can therefore have important implications
for fetal brain development, specifically in neurodevel-
opmental events that require adhesion, such as corti-
cal lamination events. Unexpectedly, we do not find this
reflected in the sequencing analysis, with the exception of
increased Tgfb3 in the female MIA brains. Tgfb3, which
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Table 3 Statistics of male brain cytokines. Data is represented as
Median and IQR (25th -75th percentiles)
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Table 4 Statistics of female brain cytokines. Data is represented
as Median and IQR (25th -75th percentiles)

Cytokine Saline Poly IC P-value Cytokine Saline Poly IC P-value

IFNy 14.15 15.15 048 IFNy 15.65 16.5 0.15
(13.08-16.38) (13.45-17.58) (13.0-16.23) (14.0-17.38)

CCL20 1215 129 0.29 CCL20 12.75 12.15 0.94
(11.5-13.73) (12.13-15.08) (10.6-14.1) (12.0-14.0)

=18 204 209 0.69 IL-1B 20.5 209 0.13
(19.25-21.5) (19.63-21.5 (19.63-20.88) (20.5-21.75)

IL-2 27.25 27.25 0.90 IL-2 259 269 0.88
(22.63-30.38) (22.63-30.38) (23.88-28.98) (22.73-28.0)

-4 16.0 16.65 0.14 IL-4 14.8 155 037
(14.0-16.5) (16.0-17.83) (13.0-17.63) (15.0-16.88)

IL-5 10.25 11.25 0.10 IL-5 10.0 10.5 0.93
(10.0-10.95) (10.25-11.95) (9.78-11.43) (9.5-11.38)

IL-6 155 15.65 0.36 IL-6 16.25 155 0.81
(14.33-16.0) (14.98-17.95) (14.13-16.5) (14.63-17.63)

IL-10 20.15 24.15 0.22 IL-10 17.5 25.15 0.27
(15.93-21.0) (19.1-64.2) (14.88-23.08) (17.7-33.1)

IL-12p70 344 37.55 0.29 IL-12p70 37.75 39.0 0.37
(32.1-32.38) (35.08-41.13) (32.48-38.88) (33.98-42.75)

IL-13 154 16.8 0.34 IL-13 164 16.55 0.70
(14.5-17.63) (15.55-18.13) (13.63-18.25) (15.0-17.5)

IL-15 220 23.25 0.87 IL-15 25.25 244 094
(20.98-25.88) (21.25-25.48) (20.25-27.25) (21.5-26.38)

IL-17a 105 105 0.99 IL-17 A T 10.65 022
(10.0-11.23) (10.13-10.88) (11.0-11.73) (9.93-11.75)

IL-17F 314 334 042 IL-17F 32.95 32.65 0.88
(29.98-32.88) (28.5-37.38) (29.63-36.38) (29.38-35.88)

IL-21 306.7 297.9 0.50 IL-21 2804 3155 0.16
(296.7-328.9) (262.1-319.3) (250.1-314.3) (291.6-332.7)

IL-22 16.25 183 0.14 IL-22 17.5 16.75 094
(15.13-16.88) (15.63-21.83) (14.88-23.08) (15.48-18.55)

I-23 15.75 184 0.06 IL-23 18.5 16.05 0.50
(15.0-17.83) (16.5-20.6) (15.28-19.88) (14.63-18.88)

IL-25/IL17E 25.75 33.75 0.03* IL-25/IL17E 31.65 31.25 0.93
(25.13-32.88) (32.13-39.18) (27.7-33.25) (29.5-33.38)

IL-27 29.65 325 0.19 IL-27 324 27.65 0.59
(22.5-32.38) (25.38-36.48) (25.63-34.43) (22.98-33.98)

IL-28B 4255 100.9 <0.01** IL-288 75.0 88.25 0.1
(27.98-91.18) (93.88-126.5) (58.13-88.98) (79.0-116.7)

IL-31 24.0 254 0.29 IL-31 25.15 22.55 >0.99
(18.55-26.2) (19.75-28.5) (20.98-25.88) (19.33-26.73)

IL-33 335 349 0.52 IL-33 32.75 34.25 0.20
(30.45-36.13) (31.38-37.25) (30.5-33.88) (32.63-38.6)

TNFa 11.65 129 0.08 TNFa 13.0 1275 059
(11.13-12.83) (11.85-13.88) (12.5-13.45) (11.85-14.13)

LTa 57.25 63.65 0.78 LTa 50.0 62.75 0.02*
(54.63-65.95) (53.35-7548) (45.75-56.38) (52.88-64.68)

GM-CSF 154 16.25 0.35 GM-CSF 16.9 15.15 0.0777
(15.0-16.38) (14.88-16.5) (15.63-18.18) (14.5-16.88)

CD4oL 269 27.25 0.86 CD40L 27.1 280 0.1657
(23.88-29.5) (26.13-28.23) (25.38-27.73) (26.75-29.05)

encodes for the cytokine TGFB3, and can induce cell dif-
ferentiation and adhesion and may contribute to develop-
ment itself [47]. It is likely that dysregulated TGFB3 may
be a part of a larger cytokine dysregulation within the
female fetal brain, as increased [/Ir1 was also observed,

and encodes for a receptor involved in IL-1la mediated
pro-inflammatory reactions. These results support the
idea that adhesion molecules may be dysregulated in
ASD as a consequence of inflammation. Dysregulated
adhesion molecules have long been documented in the
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p<0.05

context of ASD. Increased expression in adhesion gene
molecules may be related to findings of increased cortical
lamination in a similar MIA model at 5 days post poly I:
C injection at ED17.5 in MIA offspring [13]. It is hypoth-
esized that differences in brain development within
the MIA model may result from changes in alterations
within the neural progenitor cell (NPC) compartment
[69]. Long-lasting neurodevelopmental changes driven
by in utero exposure to inflammatory cytokines appear to
stem from changes in neural stem cell populations [21].
It is possible that exposure to inflammatory cytokines
changes the adhesive properties of NPC and other cells

within the cortex, disrupting normal cortical lamina-
tion events. Abnormal cortical layering in patients with
tuberous sclerosis complex (TSC) mutations, also a syn-
dromic form of ASD, are observed, alongside increased
expression of inflammatory and adhesion related genes
[8]. Moreover, genome-wide association studies have
revealed associations between single-nucleotide poly-
morphisms in cadherin 9 and cadherin 10 genes and ASD
[70]. In the plasma of children with ASD, levels of soluble
PECAM and P-selectin were found to be lower than in
typically developing children [52]. The disrupted expres-
sion of adhesion molecules during brain development
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Fig. 4 Differentially expressed genes in the fetal brains of MIA offspring. Volcano plot of DEG found in the fetal brain of MIA offspring compared to saline
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p <0.05 between conditions

can potentially lead to abnormal neuronal migration and
altered connectivity. Consequently, neuronal cells and
their ability to form synaptic/puncta adherent junctions
with other cells may be negatively impacted [68].

Among the upregulated placental DEG, pathway
analysis showed that these were involved in many
terms related to synaptic vesicles and neurodevelop-
ment. Several genes implicated in excitatory and inhibi-
tory signaling (Gabrg2, Gnaol, and Kcng3), synaptic
vesicle-mediated transport (Syt9 and Stx1b)and recep-
tor recycling(Nsgl and Ankrdi3b) were upregulated. In
addition to synaptic dysregulation, the KEGG pathway
analysis of increased placental DEG in MIA offspring,
revealed an enrichment of genes involved in neuro-
nal structures such as axons and dendrites, and genes

involved in regulating cytoskeletal activity (Map2, Pfu4,
Stmn4, and Dcx) and axonal growth (Dpys15 and Slitrk4)
in both sexes. Several of the MIA increased placental
genes were also associated with various CNS disorders,
such as epilepsy (Gnaol and Scn3a). It is well understood
that placental production of neurotransmitters, such as
serotonin and a variety of catecholamines, aids in fetal
neurodevelopment [55]. However, the expression of ner-
vous system related genes in the placenta and how that
relates to development in gestation is poorly understood.
In a mouse model exposed to polycholorinated biphenyl
during gestation, increased demethylation in synapse and
cell adhesion genes were noted in the placenta as well as
altered neurodevelopment [40]. These data suggest that
there may be a role for CNS gene expression in placenta
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during neurodevelopment. Placental development is
dependent on its adherence to the uterine wall and is in
part mediated by syncytiotrophoblasts (SCT). Recently,
SCT were identified to be enriched in genes related to
neuronal projection, axons and synapses [48]. Thus, it
is possible for gene programs related to nervous system
processes, specifically those that regulate adherence and
synapses, to also be involved in placental function. Fgf10
and Jam3, two genes that were differentially expressed in
the placenta of male offspring, are shown to be involved
in trophoblast function and placenta development. The
FGF10 protein is involved in trophoblast invasion and
migration, making it important in formation of the pla-
centa [51, 77]. Jam3 expression was shown to be impor-
tant in trophoblast fusion, as well as differentiation [14].
Some DEG found in the MIA placenta have previously
been shown to alter placental development, but many
placental DEG may also be involved in altered fetal neu-
rodevelopment. In the current study, the placentas of
male and female MIA offspring had increased expres-
sion of genes related to cytoskeletal and synaptic activity,
which may be reflective of dysregulated placental devel-
opment in MIA offspring. Furthermore, female offspring
were also enriched in terms related to excitatory signal-
ing. Others have found that gestational MIA alters the
switch between excitatory and inhibitory signaling in off-
spring, potentially driven by IL-1R1 activity [16]. Altered
placental production of allopregnanolone in females, a
hormone that regulates gamma-aminobutyric acid recep-
tors and therefore the excitatory/inhibitory balance,
also contributes to altered behavior [6]. Therefore, it is

possible that gestational MIA results in a female specific
effect on the placental programs involved in the excit-
atory and inhibitory systems.

This study was limited by the inability to predict behav-
iors associated with the fetal tissue measurements.
Although we have seen altered behavior in previous
studies using poly I: C MIA, this current study had no
behavioral data. This study also did not have assays that
measured maternal serum cytokine data so any mater-
nal cytokine levels that may have impacted the fetal tis-
sue cytokine levels and gene expression are unknown.
The timing of the study is also limited in that tissues were
taken 5 days post-injection, so any immediate inflamma-
tory changes prior to this time are unknown and warrant
further investigation. Our study results may therefore
vary from other MIA studies due to this timeline to
look at stable changes in DEG and cytokines after 5 days
rather than immediate responses (within 2—3 h) post a
poly I: C exposure.

Conclusion

Maternal inflammation during pregnancy is frequently
regarded as a causative factor of altered neurodevelop-
ment and subsequent NDD diagnosis. Our data show a
distinct profile of cytokines and gene expression in the
mouse placenta and fetal brain of MIA offspring that
arises as a result of mid-gestational poly I: C exposure.
We also observed an increased sex-dependent cytokine
response in the placenta and fetal brains of male MIA oft-
spring, further supporting the notion that male offspring
are more susceptible to gestational perturbations. Our
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findings demonstrate that MIA offspring exhibit dysregu-
lated genes related to synaptic vesicles, neuronal devel-
opment, adhesion and metabolic processes in fetal brains
and placenta, which may contribute to the observed
structural and neuronal connectivity issues frequently
found in NDD.

Abbreviations

ASD Autism spectrum disorder

MIA Maternal immune activation

poly (:C)  Polyinosinic: polycytidylic acid

IL interleukin

DEG differentially expressed genes

NDD neurodevelopmental disorder

LPS lipopolysaccharide

TNF Tumor necrosis factor

CNS central nervous system

IFN interferon

ED embryonic day

GM-CSF granulocyte-macrophage colony stimulating factor
MIP macrophage inflammatory protein

T lymphotoxin

CPM counts per million

TMM trimmed mean of M-values

BH Benjamini Hochber

PANGEA pathway network and gene-set enrichment analysis
GO gene ontology

KEGG Kytoo encyclopedia of genes and genomes

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512974-024-03106-7.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3

Supplementary Material 4

Acknowledgements
We would like to thank the undergraduate interns who contributed to this
work.

Author contributions

HCO participated in data collection, analysis, interpretation, manuscript
drafting and revisions. RM participated in, data collection, analysis,
interpretation, manuscript drafting and revisions. DR participated in overall
project conceptualization, participated in managed mouse colony husbandry,
performed tissue preparation, experiment design for all experiments, data
collection, analysis, interpretation for assay. MER edited manuscript and
worked on transcriptome analysis. AV participated in methodology, data
analysis, manuscript revisions and editing. PA designed the study, project
conception, methodology, project administration, supervision, contributions
to interpretation of the data, manuscript revisions and editing, funding
acquisition.

Funding

This material is based upon work supported by National Institute of
Environmental Health Sciences (R21ES035492: R21ES035969) the National
Institutes of Child Health (ROTHD090214), and the National Institute of Mental
Health (R21MH116383, ROTMH118209), and Canadian Institutes of Health
Research [CRC-RS 950-232402, AWD-025853 to AC]; Natural Sciences and
Engineering Research Council of Canada [RGPIN-2019-04450, DGECR-2019-
00069 to AC] and Michael Smith Health Research Foundation [AWD-005509
to AC]. MR was supported by the Marshall Fellowship and the Michael Smith
Health Research Foundation[AWD-023127].

Page 12 of 14

Data availability

Availability of data and materials: The datasets used and/or analyzed during
the current study are available from the corresponding author on reasonable
request.Fastq files and counts files for each sample are available on NCBI GEO
at GSE248222 and analysis code is available on the Ciernia Lab github: https://
github.com/ciernialab.

Declarations

Ethics approval and consent to participate

The studies involved animal models and were reviewed and approved by
University of California, Davis Institutional Animal Care and Use Committee
(IACUC) and according to guidelines established by National Institute of
Health Guide for the Care and Use of Laboratory Animals.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 21 December 2023 / Accepted: 21 April 2024
Published online: 07 May 2024

References

1. Abdallah MW, Larsen N, Grove J, Ngrgaard-Pedersen B, Thorsen P, Mortensen
EL, Hougaard DM. Amniotic fluid inflammatory cytokines: potential markers
of immunologic dysfunction in autism spectrum disorders. World J Biol
Psychiatry. 2013;14(7):528-38.

2. AnJY,Claudianos C. Genetic heterogeneity in autism: from single gene to a
pathway perspective. Neurosci Biobehavioral Reviews. 2016;68:442-53.

3. Ashwood P, Krakowiak P, Hertz-Picciotto |, Hansen R, Pessah IN, Van de Water
J. Altered T cell responses in children with autism. Brain Behav Immun.
2011a;25(5):840-9.

4. Ashwood P, Krakowiak P, Hertz-Picciotto |, Hansen R, Pessah |, Van de Water J.
Elevated plasma cytokines in autism spectrum disorders provide evidence of
immune dysfunction and are associated with impaired behavioral outcome.
Brain Behav Immun. 2011b;25(1):40-5.

5. Atladéttir HO, Thorsen P, @stergaard L, Schendel DE, Lemcke S, Abdallah M,
Parner ET. Maternal infection requiring hospitalization during pregnancy and
autism spectrum disorders. J Autism Dev Disord. 2010;40:1423-30.

6.  Bakalar D, O'Reilly JJ, Lacaille H, Salzbank J, Ellegood J, Lerch JP, SasakiT,
Imamura Y, Hashimoto-Torii K, Vacher C-M, Penn AA. Lack of placental neuros-
teroid alters cortical development and female somatosensory function. Front
Endocrinol. 2022;13:972033. https://doi.org/10.3389/fendo.2022.972033.

7. Beattie EC, Stellwagen D, Morishita W, Bresnahan JC, Ha BK, Von Zas-
trow M, Malenka RC. Control of synaptic strength by glial TNFa. Science.
2002;295(5563):2282-5.

Boer K, Crino PB, Gorter JA, Nellist M, Jansen FE, Spliet WG, et al. Gene
expression analysis of tuberous sclerosis complex cortical tubers reveals
increased expression of adhesion and inflammatory factors. Brain Pathol.
2010;20(4):704-19.

9. Boulanger LM. Immune proteins in brain development and synaptic plastic-
ity. Neuron. 2009;64(1):93-109.

10. Buhrmann C, Shayan P, Aggarwal BB, et al. Evidence that TNF- (lymphotoxin
a) can activate the inflammatory environment in human chondrocytes.
Arthritis Res Ther. 2013;15:R202.

11. Burton GJ, Fowden AL. The placenta: a multifaceted, transient organ. Philo-
sophical Trans Royal Soc B: Biol Sci. 2015;370(1663):20140066.

12. Burton GJ, Fowden AL, Thornburg KL. Placental origins of chronic disease.
Physiol Rev. 2016;96(4):1509-65.

Canales CP, Estes ML, Cichewicz K, Angara K, Aboubechara JP, Cameron
S, Prendergast K, Su-Feher L, Zdilar I, Kreun EJ, Connolly EC, Seo JM, Goon
JB, Farrelly K, Stradleigh TW, van der List D, Haapanen L, de Water JV, Vogt
D, Nord AS. Sequential perturbations to mouse corticogenesis following
in utero maternal immune activation. eLife. 2021;10:e60100. https://doi.
org/10.7554/elife.60100.


https://doi.org/10.1186/s12974-024-03106-7
https://doi.org/10.1186/s12974-024-03106-7
https://doi.org/10.3389/fendo.2022.972033
https://doi.org/10.7554/elife.60100
https://doi.org/10.7554/elife.60100

Osman et al. Journal of Neuroinflammation

22.

23.

24,

25,

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

4,

(2024) 21:118

Chen C-P, Wang LK, Chen C-Y, Chen C-Y, Kuo Y-H, Wu Y-H. Decreased
junctional adhesion molecule 3 expression induces reactive oxygen species
production and apoptosis in trophoblasts. Biol Reprod. 2022;107(5):1264-78.
Choi GB, Yim YS, Wong H, Kim S, Kim H, Kim SV, et al. The maternal interleukin-
17a pathway in mice promotes autism-like phenotypes in offspring. Science.
2016;351:933-9. https://doi.org/10.1126/science.aad0314.

Corradini |, Focchi E, Rasile M, Morini R, Desiato G, Tomasoni R, Lizier M,
Ghirardini E, Fesce R, Morone D, Barajon |, Antonucci F, Pozzi D, Matteoli M.
Maternal Immune activation delays excitatory-to-inhibitory gamma-amino-
butyric acid switch in offspring. Biol Psychiatry. 2018;83(8):680-91.

Dahlgren J, Samuelsson A, Jansson T, Holmang A. Interleukin-6 in the
maternal circulation reaches the rat fetus in mid-gestation. Pediatr Res.
2006;60(2):147-51.

Deng C, Peng N, Tang Y, Yu N, Wang C, Cai X, Lu L. Roles of IL-25 in

type 2 inflammation and autoimmune pathogenesis. Front Immunol.
2021;12:691559.

Deverman BE, Patterson PH. Cytokines and CNS development. Neuron.
2009,64(1):61-78.

Fombonne E. Epidemiology of pervasive developmental disorders. Pediatr
Res. 2009,65(6):591-8.

Gallagher D, Norman AA, Woodard CL, Yang G, Gauthier-Fisher A, Fujitani M,
Vessey JP, Cancino Gl, Sachewsky N, Woltjen K, Fatt MP, Morshead CM, Kaplan
DR, Miller FD. Transient maternal IL-6 mediates long-lasting changes in neural
stem cell pools by deregulating an endogenous Self-Renewal Pathway. Cell
Stem Cell. 2013;13(5):564-76.

GauglerT, Klei L, Sanders SJ, Bodea CA, Goldberg AP, Lee AB, Buxbaum JD.
Most genetic risk for autism resides with common variation. Nat Genet.
2014,46(8):881-5.

Giulivi C, Napoli E, Schwartzer J, Careaga M, Ashwood P. (2013). Gestational
exposure to a viral mimetic poly (i: C) results in long-lasting changes in
mitochondrial function by leucocytes in the adult offspring. Mediators of
Inflammation, 2013.

Goines PE, Ashwood P. Cytokine dysregulation in autism spectrum disorders
(ASD): possible role of the environment. Neurotoxicol Teratol. 2013;36:67-81.
Goines PE, Croen LA, Braunschweig D, Yoshida CK, Grether J, Hansen R,
Kharrazi M, Ashwood P, Van de Water J. (2011). Increased midgestational IFN-
y, IL.-4 and IL-5 in women bearing a child with autism: A case-control study.
Molecular autism, 2, 13.

Girard S, Guillaume S. Transplacental Transfer of Interleukin 1 receptor agonist
and antagonist following maternal Immune activation. Am J Reprod Immu-
nol. 2015;75:8-12.

Haddad FL, Patel SV, Schmid S. Maternal immune activation by poly I: Cas a
preclinical model for neurodevelopmental disorders: a focus on autism and
schizophrenia. Neurosci Biobehavioral Reviews. 2020;113:546-67.

Higgins SC, Jarnicki AG, Lavelle EC, Mills KH. TLR4 mediates vaccine-induced
protective cellular immunity to Bordetella pertussis: role of IL.-17-producing T
cells. J Immunol. 2006;177:7980-9.

Hsiao EY, Patterson PH. Activations of the maternal immune sysytem
induces endocrine changes in the placenta via IL-6. Brain Behav Immun.
2011;25:604-15.

Hu'Y, Comjean A, Attrill H, Antonazzo G, Thurmond J, Chen W, Li F, Chao

T, Mohr SE, Brown NH, Perrimon N. PANGEA: a new gene set enrichment
tool for Drosophila and common research organisms. Nucleic Acids Res.
2023,51(W1):W419-26.

Hughes HK, Ko M, Rose E, D., Ashwood P. Immune dysfunction and autoim-
munity as pathological mechanisms in autism spectrum disorders. Front Cell
Neurosci. 2018;12:405.

Hughes HK, Moreno RJ, Ashwood P. Innate immune dysfunction and
neuroinflammation in autism spectrum disorder (ASD). Brain Behav Immun.
2023;108:245-54.

James Bates RE, Browne E, Schalks R, Jacobs H, Tan L, Parekh P, Reynolds R.
Lymphotoxin-alpha expression in the meninges causes lymphoid tissue
formation and neurodegeneration. Brain. 2022;145(12):4287-307.

Jiang HY, Xu LL, Shao L, Xia RM, Yu ZH, Ling ZX, Ruan B. Maternal infection
during pregnancy and risk of autism spectrum disorders: a systematic review
and meta-analysis. Brain Behav Immun. 2016;58:165-72.

Jones KL, Croen LA, Yoshida CK, Heuer L, Hansen R, Zerbo O, DeLorenze GN,
Kharrazi M, Yolken R, Ashwood P, Van de Water J. Autism with intellectual
disability is associated with increased levels of maternal cytokines and che-
mokines during gestation. Mol Psychiatry. 2017;22(2):273-9.

Kim DHJ, losif AM, Ramirez-Celis A, Ashwood P, Ames JL, Lyall K, Berger

K, Croen LA, Van de Water J. Neonatal immune signatures differ by sex

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

53.

54.

55.

56.

57.

58.

59.

Page 13 of 14

regardless of neurodevelopmental disorder status: macrophage migration
inhibitory factor (MIF) alone reveals a sex by diagnosis interaction effect.
Brain Behav Immun. 2023;111:328-33.

Koga K, Mor G. Toll-like receptors at the maternal-fetal interface in normal
pregnancy and pregnancy disorders. Am J Reproductive Immunol.
2010;63:587-600.

Krakowiak P, Goines PE, Tancredi DJ, Ashwood P, Hansen RL, Hertz-Picciotto |,
Van de Water J. Neonatal cytokine profiles Associated with Autism Spectrum
Disorder. Biol Psychiatry. 2017,81(5):442-51.

Kratimenos P, Penn AA. Placental programming of neuropsychiatric disease.
Pediatr Res. 2019;86(2):157-64.

Laufer BI, Neier K, Valenzuela AE, Yasui DH, Schmidt RJ, Lein PJ, LaSalle

JM. Placenta and fetal brain share a neurodevelopmental disorder DNA
methylation profile in a mouse model of prenatal PCB exposure. Cell Rep.
2022;38(9):110442. https://doi.org/10.1016/j.celrep.2022.110442.

Li X, Chauhan A, Sheikh AM, Patil S, Chauhan V, Li XM, Malik M. Elevated
immune response in the brain of autistic patients. J Neuroimmunol.
2009;207(1-2):111-6.

Lindhout IA, Murray TE, Richards CM, Klegeris A. Potential neurotoxic activity
of diverse molecules released by microglia. Neurochem Int. 2021;148:105117.
Lord C, Brugha TS, Charman T, Cusack J, Dumas G, Frazier T, Veenstra-
VanderWeele J. Autism spectrum disorder. Nat Reviews Disease Primers.
2020;6(1):1-23.

Lu M, Grove EA, Miller RJ. (2002). Abnormal development of the hippocampal
dentate gyrus in mice lacking the CXCR4 chemokine receptor. Proceedings of
the National Academy of Sciences, 99(10), 7090-7095.

Lu'YJ, Gross J, Bogaert D, Finn A, Bagrade L, Zhang Q, Kolls JK, Srivastava A,
Lundgren A, Forte S, Thompson CM, Harney KF, Anderson PW, Lipsitch M,
Malley R. Interleukin-17A mediates acquired immunity to pneumococcal
colonization. PLoS Pathog. 2008;4:21000159.

Maenner, M. J. (2023). Prevalence and characteristics of autism spectrum
disorder among children aged 8 years—Autism and Developmental Disabili-
ties Monitoring Network, 11 sites, United States, 2020. MMWR. Surveillance
Summaries, 72.

Meyers EA, Kessler JA. TGF-B Family Signaling in neural and neuronal dif-
ferentiation, Development, and function. Cold Spring Harb Perspect Biol.
2017;9(8):a022244. https://doi.org/10.1101/cshperspect.a022244.

Marsh B, Blelloch R. Single nuclei RNA-seq of mouse placental labyrinth
development. eLife. 2020;9:e60266. https://doi.org/10.7554/elife.60266.

Masi A, Glozier N, Dale R, Guastella AJ. The immune system, cytokines, and
biomarkers in autism spectrum disorder. Neurosci Bull. 2017;33:194-204.
McGeachy MJ, Cua DJ, Gaffen SL. The IL-17 family of cytokines in health and
disease. Immunity. 2019;50(4):892-906.

Natanson-Yaron S, Anteby EY, Greenfield C, Goldman-Wohl D, Hamani Y,
Hochner-Celnikier D, Yagel S. FGF 10 and sprouty 2 modulate trophoblast
invasion and branching morphogenesis. Mol Hum Reprod. 2007;13(7):511-9.
Onore CE, Nordahl CW, Young GS, Van de Water JA, Rogers SJ, Ashwood P.
Levels of soluble platelet endothelial cell adhesion molecule-1 and P-selectin
are decreased in children with autism spectrum disorder. Biol Psychiatry.
2012;72(12):1020-5.

Patterson PH. Maternal infection and immune involvement in autism. Trends
Mol Med. 2011;17(7):389-94.

Pendyala G, Chou S, Jung Y, Coiro P, Spartz E, Padmashri R, Dunaevsky A.
Maternal immune activation causes behavioral impairments and altered
cerebellar cytokine and synaptic protein expression. Neuropsychopharma-
cology. 2017;42(7):1435-46.

Rosenfeld CS. Placental serotonin signaling, pregnancy outcomes, and regu-
lation of fetal brain development. Biol Reprod. 2020;102(3):532-8.

Schllter D, Kwok LY, Litjen S, Soltek S, Hoffmann S, Kérner H, Deckert M. Both
lymphotoxin-a and TNF are crucial for control of Toxoplasma Gondii in the
central nervous system. J Immunol. 2003;170(12):6172-82.

Schwartzer JJ, Careaga M, Chang C, Onore CE, Ashwood P. (2015). Allergic
fetal priming leads to developmental, behavioral and neurobiological
changes in mice. Translational Psychiatry, 5(4), e543.

Schwartzer JJ, Careaga M, Onore CE, Rushakoff JA, Berman RF, Ashwood P.
Maternal immune activation and strain specific interactions in the develop-
ment of autism-like behaviors in mice. Transl Psychiatry. 2013;3:6240. https://
doi.org/10.1038/tp.2013.16.

Sealey LA, Hughes BW, Sriskanda AN, Guest JR, Gibson AD, Johnson-Williams
L, Bagasra O. Environmental factors in the development of autism spectrum
disorders. Environ Int. 2016;88:288-98.


https://doi.org/10.1126/science.aad0314
https://doi.org/10.1016/j.celrep.2022.110442
https://doi.org/10.1101/cshperspect.a022244
https://doi.org/10.7554/elife.60266
https://doi.org/10.1038/tp.2013.16
https://doi.org/10.1038/tp.2013.16

Osman et al. Journal of Neuroinflammation

60.

62.

63.

64.

65.

66.

67.

68.

69.

(2024) 21:118

Simdes LR, Sangiogo G, Tashiro MH, Generoso JS, Faller CJ, Dominguini D, Bar-
ichello T. Maternal immune activation induced by lipopolysaccharide triggers
immune response in pregnant mother and fetus, and induces behavioral
impairment in adult rats. J Psychiatr Res. 2018;100:71-83.

Siu MT, Weksberg R. (2017). Epigenetics of autism spectrum disorder. Neuro-
epigenomics Aging Disease, 63-90.

Stampanoni Bassi M, lezzi E, Mori F, Simonelli |, Gilio L, Buttari F, Rizzo FR. Inter-
leukin-6 disrupts synaptic plasticity and impairs tissue damage compensa-
tion in multiple sclerosis. Neurorehabilit Neural Repair. 2019;33(10):825-35.
Stellwagen D, Beattie EC, Seo JY, Malenka RC. Differential regulation of AMPA
receptor and GABA receptor trafficking by tumor necrosis factor-a. J Neuro-
sci. 2005,25(12):3219-28.

Stuick ED, Christensen RN, Huie JR, Tovar CA, Miller BA, Nout YS, Ferguson AR.
(2012). Tumor necrosis factor alpha mediates gaba a receptor trafficking to
the plasma membrane of spinal cord neurons in vivo. Neural plasticity, 2012.
Tamayo JM, Osman HC, Schwartzer JJ, Pinkerton KE, Ashwood P. Charac-
terizing the neuroimmune environment of offspring in a novel model of
maternal allergic asthma and particulate matter exposure. J Neuroinflamm.
2023;20(1):252.

Tamayo JM, Rose D, Church JS, Schwartzer JJ, Ashwood P. Maternal allergic
asthma induces prenatal Neuroinflammation. Brain Sci. 2022;12(8):1041.
TancrediV, D’Antuono M, Cafe C, Giovedi S, Bue MC, D'Arcangelo G, Onofri

F, Benfenati F. The inhibitory effects of interleukin-6 on synaptic plasticity in
the rat hippocampus are associated with an inhibition of mitogen-activated
protein kinase ERK. J Neurochem. 2000;75:634-43.

Togashi H, Sakisaka T, Takai Y. Cell adhesion molecules in the central nervous
system. Cell Adhes Migr. 2009;3(1):29-35.

Tsukada T, Sakata-Haga H, Shimada H, Shoji H, Hatta T. Mid-pregnancy
maternal immune activation increases Pax6-positive and Thr2-positive neural
progenitor cells and causes integrated stress response in the fetal brain in a
mouse model of maternal viral infection. IBRO Neurosci Rep. 2021;11:73-80.
https://doi.org/10.1016/j.ibneur.2021.07.003.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

Page 14 of 14

Wang K, Zhang H, Ma D, Bucan M, Glessner JT, Abrahams BS, Hakonarson

H. Common genetic variants on 5p14. 1 associate with autism spectrum
disorders. Nature. 2009;459(7246):528-33.

Weiser S, Miu J, Ball HJ, Hunt NH. Interferon-y synergises with tumour
necrosis factor and lymphotoxin-a to enhance the mRNA and protein
expression of adhesion molecules in mouse brain endothelial cells. Cytokine.
2007;37:84-91.

Werling DM, Parikshak NN, Geschwind DH. Gene expression in human brain
implicates sexually dimorphic pathways in autism spectrum disorders. Nat
Commun. 2016;7(1):10717.

Wicks IP, Roberts AW. Targeting GM-CSF in inflammatory diseases. Nat Rev
Rheumatol. 2016;12(1):37-48.

Witte K, Witte E, Sabat R, Wolk K. IL-28A, IL-28B, and IL-29: promising cyto-
kines with type I interferon-like properties. Cytokine Growth Factor Rev.
2010;21(4):237-51.

Wong H, Hoeffer C. Maternal IL-17A in autism. Exp Neurol. 2018;299:228-40.
Wu WL, Hsiao EY, Yan Z, Mazmanian SK, Patterson PH. The placental interleu-
kin-6 signaling controls fetal brain development and behavior. Brain Behav
Immun. 2017,62:11-23.

Yang QE, Giassetti MI, Ealy AD. Fibroblast growth factors activate mitogen-
activated protein kinase pathways to promote migration in ovine trophoblast
cells. Reprod (Cambridge England). 2011;141(5):707-14.

Ye L, Huang, Zhao L, LiY, Sun L, Zhou Y, Zheng JC. IL-1 and TNF-a induce
neurotoxicity through glutamate production: a potential role for neuronal
glutaminase. J Neurochem. 2013;125(6):897-908.

Zaretsky MV, Alexander JM, Byrd W, Bawdon RE. Transfer of inflammatory
cytokines across the placenta. Obstet Gynecol. 2004;103(3):546-50.

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


https://doi.org/10.1016/j.ibneur.2021.07.003

	﻿Impact of maternal immune activation and sex on placental and fetal brain cytokine and gene expression profiles in a preclinical model of neurodevelopmental disorders
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Animals
	﻿Maternal immune activation
	﻿Tissue collection
	﻿Multiplex bead-based cytokine analysis
	﻿Bulk RNA sequencing
	﻿RNA-seq analysis
	﻿Data availability
	﻿Statistical analysis

	﻿Results
	﻿MIA offspring have increased cytokines in the placenta
	﻿MIA offspring have increased cytokines in the fetal brain
	﻿MIA offspring placenta have DEG enriched in biological processes essential for neurodevelopment
	﻿MIA offspring fetal brain have DEG enriched in biological processes essential for neurodevelopment

	﻿Discussion
	﻿Conclusion
	﻿References


