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A B S T R A C T

The maternal polyinosinic:polycytidylic acid (poly(I:C)) animal model is frequently used to study how maternal
immune activation may impact neuro development in the offspring. Here, we present the first systematic review
and meta-analysis on the effects of maternal poly(I:C) injection on immune mediators in the offspring and provide
an openly accessible systematic map of the data including methodological characteristics.

Pubmed and EMBASE were searched for relevant publications, yielding 45 unique papers that met inclusion
criteria. We extracted data on immune outcomes and methodological characteristics, and assessed the risk of bias.
The descriptive summary showed that most studies reported an absence of effect, with an equal number of studies
reporting an increase or decrease in the immune mediator being studied.

Meta-analysis showed increased IL-6 concentrations in the offspring of poly(I:C) exposed mothers. This effect
appeared larger prenatally than post-weaning. Furthermore, poly(I:C) administration during mid-gestation was
associated with higher IL-6 concentrations in the offspring. Maternal poly(I:C) induced changes in IL-1β, Il-10 and
TNF-α concentrations were small and could not be associated with age of offspring, gestational period or sampling
location. Finally, quality of reporting of potential measures to minimize bias was low, which stresses the
importance of adherence to publication guidelines.

Since neurodevelopmental disorders in humans tend to be associated with lifelong changes in cytokine con-
centrations, the absence of these effects as identified in this systematic review may suggest that combining the
model with other etiological factors in future studies may provide further insight in the mechanisms through
which maternal immune activation affects neurodevelopment.
1. Introduction

It was observed as early as 1985 that the seasonal birthrates of people
suffering from schizophrenia differ from those of the general population
(Bradbury and Miller, 1985). Those born during the winter and spring
have an increased risk of schizophrenia and other psychiatric disorders,
suggesting the existence of risk factors for neurodevelopmental deficits
that correlate with seasonal change (Torrey et al., 1997). One popular
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contender was infectious agents, which are known for showing seasonal
variance. Indeed, a wide variety of infectious diseases have been linked
to neurodevelopmental disorders, including but not limited to, influenza,
Toxoplasma gondii, rubella, herpes simplex type 2 and infection in general
(Brown et al., 2000; Brown et al., 2004; Brown et al., 2005; (Brown et al.,
2014; Canetta et al., 2014; Parboosing et al., 2013; Mortensen et al.,
2007; Mortensen et al., 2010). Because this connection did not appear to
be limited to any specific pathogen, it has instead been hypothesized that
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Table 1
Objectives and inclusion and exclusion criteria for study selection.

Objectives Inclusion criteria Exclusion criteria

Subjects: all mammals. In vivo studies in which
pregnant animals of any
species are injected
with poly(I:C), with
outcomes assessed in
the female or male
offspring at any pre- or
postnatal age.

Human, ex vivo and in vitro
studies; studies in GMOs.

Type of intervention:
poly(I:C) injection(s)
during any stage of
pregnancy.

All types of studies
which characterize the
effect of any dose or
frequency of maternal
poly(I:C) injection on
the offspring; regardless
whether drug or
treatment intervention
is being tested.

Administration of poly(I:C)
outside the gestational
period.

Control: an animal of
which the mother has
not been exposed to
poly(I:C) but has
received a sham
equivalent.

Studies including an
appropriate control
group (e.g. saline
injection).

Studies not including an
adequate control group
(and controls for double-hit
and co-treatment studies, if
applicable).

Outcomes:
immunological
outcomes.

Studies reporting
cytokine gene or
protein expression
levels.

Any other (immunological)
outcomes (e.g. behavioral
outcomes, metabolic
outcomes); genetic
analyses; omics studies (e.g.
transcriptomics,
proteomics).
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the maternal immune response to the pathogen, or “maternal immune
activation”, is the driving force behind the detrimental effects on neu-
rodevelopment in the offspring (Solek et al., 2018).

While a relationship has been established between maternal immune
activation and neurodevelopmental disorders using epidemiological
studies, such studies are poorly suited to study the mechanisms that
accommodate this link. There are several potential mechanisms through
which maternal immune activation could influence fetal neuro-
development, each of which may be fully or partially responsible for the
increased risk for neurodevelopmental disorders. Since neuro-
developmental disorders are typically difficult to treat, understanding
their etiology and working towards a form of prevention is very worth-
while. One possible mechanism through which maternal immune acti-
vation may influence fetal development could be the alteration of
cytokine concentrations in the fetus, as cytokines are well known to play
a role in the functioning and development of both the nervous and im-
mune system (Deverman and Patterson, 2009; McAfoose and Baune,
2009). However, substantial in vitro and in vivowork is necessary to come
to a full understanding of the mechanisms through which maternal im-
mune activation acts as a risk factor for neurodevelopmental disorders.

For this purpose, several animal models for maternal immune acti-
vation have been developed, using live pathogens or immunogens such as
lipopolysaccharide. One of the best established maternal immune acti-
vation models however is the maternal polyinosinic:polycytidylic acid
(poly(I:C)) model, which uses a synthetic analogue of double-stranded
RNA, poly(I:C), to mimic a viral infection during pregnancy. The
poly(I:C) model is considered to have good construct, face and predictive
validity. Poly(I:C) binds to the toll-like receptor 3, retinoic-acid-inducible
protein 1 and melanoma-differentiation-associated gene 5, which results
in the release of pro-inflammatory cytokines and initiates the inflam-
matory cascade in a fashion similar to a viral infection (Linehan et al.,
2018; Takeuchi and Akira, 2007). In addition, like prenatal infection,
injection with poly(I:C) has been shown to cause a multitude of behav-
ioral and cognitive deficits in the offspring that can be alleviated by
antipsychotic drug treatment (Ozawa et al., 2006; Zuckerman et al.,
2003; Zuckerman and Weiner, 2005).

While the maternal poly(I:C) model has been used to study the effect
of maternal immune activation on neurodevelopment and behavior for
over fifteen years, a systematic review (SR) and meta-analysis (MA) that
objectively summarizes and synthesizes the currently available, often
conflicting findings has not yet been performed. Given the presumed role
of immune mediators in the detrimental effects of maternal immune
activation, a first step towards a better understanding of how neuro-
development may be affected is comparing the immunological profiles of
offspring from poly(I:C)-treated pregnant animals to those of the
offspring of vehicle-treated pregnant animals.

Since there is a large variability in experimental set-up of animal
studies, this meta-analysis has an exploratory purpose. The analyses
mainly focus on evaluating heterogeneity between studies and estab-
lishing the relationship between study characteristics and the direction of
effects induced by maternal poly(I:C), rather than focusing on the pooled
effect sizes per se. Results may be used to generate new hypotheses and
guide the design of future studies.

The current systematic review was performed by collecting all rele-
vant papers through a search in electronic scientific databases. We pro-
ceeded by inventorying study characteristics, assessing study quality and
extracting immune outcomes. When possible, these outcomes were
further analyzed and visualized. Given the anticipated differences in
outcome measurements and methodological characteristics we used
standardized mean differences, a random effects model and subgroup
analysis to study factors influencing the effect of maternal poly(I:C) in the
offspring. Predefined factors for subgroup analyses were species, the
gestational period during which poly(I:C) was injected, age of offspring
at outcome assessment and sampling location. Together, this provided a
comprehensive summary and analysis of the available evidence, which
may help decide on methods and directions for future research.
2

2. Materials and Methods

This systematic review was performed based on a preregistered pro-
tocol (CAMARADES, 2014). After the initial search the scope of the re-
view was limited to changes in cytokines in the offspring and
accompanying changes were then documented in the SYRCLE protocol
(Supplementary file S1). No changes to the protocol were made after
beginning the extraction phase.

a. Exclusion criteria: to reduce heterogeneity, studies involving pre- or
postnatal comorbidities (i.e. double hit models), studies involving
treatments to prevent or reduce the negative impact of poly(I:C) on
the offspring (i.e. co-treatments), and studies involving genetically
modified organisms (GMO) were excluded, unless these studies also
contained groups that met the inclusion criteria.

b. Risk of bias assessment: the SYstematic Review Centre for Laboratory
animal Experimentation (SYRCLE) risk of bias tool was used instead
of the more limited criteria formulated in the preregistered protocol
(Hooijmans et al., 2014).

c. Data analysis/synthesis: the meta-analysis was limited to outcome
measures reported in at least 10 independent studies to ensure suf-
ficient statistical power and translatability.
2.1. Literature search and selection

2.1.1. Search strategy
A literature search in two major biomedical databases, PubMed and

EMBASE, was completed including all papers published up until August
6, 2019. The search strategy was based on the search components
“poly(I:C)”, “maternal exposure” and “animal model”. A full search string
can be found in supplementary file S1.

2.1.2. Study selection
Papers were selected based on the pre-specified inclusion and

exclusion criteria according to the objectives of this systematic review



Fig. 1. Overview of the distribution of data within this review.
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(summarized in Table 1). These criteria were applied by two independent
observers (BH, JFC, TRO) in two phases: 1) a pre-screening phase where
papers were selected on the basis of title and abstract information; 2)
when title and abstract information was not sufficient for the dismissal of
a study, the full text was read for a better judgement. Discrepancies in
study selection between observers were solved by discussion and, in the
case of a continuing disagreement, consultation with a third investigator
(LG). Only studies or reviews containing original data were included and
no studies were excluded based on language. To minimize bias in the
subsequent steps of this systematic review authors were not contacted at
this stage, with the only exception of contacting authors to clarify
whether specific data belonged to wildtype animals (Pratt et al., 2013).
Selected papers were then included for the extraction of study charac-
teristics, outcome data and risk of bias assessment.
2.2. Extraction of study characteristics

The following study characteristics were extracted by one investi-
gator and a second investigator randomly checked the data entered by
the first investigator (BH, JFC, TO).

2.2.1. Animal model characteristics
Species, strain, and sex of the offspring, poly(I:C) dose, vehicle, route

of administration, gestational day of poly(I:C) injection, frequency of
administration and sham equivalent.

2.2.2. Outcome characteristics
Type of immunological outcome (cytokine name, protein/gene

expression), sampling location, offspring’s age at the time of outcome
assessment.
2.3. Study quality assessment

SYRCLE’s Risk of bias tool was applied using three scoring categories:
high/unclear/low risk of bias (Hooijmans et al., 2014). In case insuffi-
cient information was reported to judge the risk of bias, it was scored as
“unclear”. As part of the application of the tool, we included
unit-of-analysis errors and the combination of different measurements or
cohorts as a replacement for the category “other”. For the item “selective
outcome reporting”, two databases for preregistration of preclinical
studies were consulted: Animal Study Registry (German Centre for the
Protection of Laboratory Animals, 2019) and Preclinicaltrials (Pre-
clinicaltrials.eu, 2019). Study quality was assessed by two independent
3

researchers and discrepancies were solved by discussion (BH, JFC).
2.4. Extraction of outcome data

Descriptive (significantly increased/no effect/significantly decreased
cytokine levels compared to control group, and non-detectable levels)
and quantitative data (mean, SEM or SD, and sample size) for control and
poly(I:C) groups as reported in the paper were collected by one investi-
gator and a second investigator randomly checked the data entered by
the first investigator (BH, JFC, TRO). For sample sizes, priority was given
to information found in the Results section over the Materials and
Methods. When outcome measures were only presented graphically, data
were extracted with a digital ruler (Universal Desktop Ruler, AV
PSoft.com). Authors were contacted in case of missing or unclear data.
If authors were unable to provide the requested information, outcome
measures for that study were excluded from the analysis and potentially
the systematic review as a whole, depending on the type of information
that was missing and if useable data remained.

The extracted study characteristics and outcome data were converted
to the required formatwhen this was necessary for analysis. For descriptive
summaries and meta-analysis, timing of poly(I:C) administration and off-
spring’s age were expressed as days. When sample sizes were reported as
ranges, the most conservative value was applied to calculate SD.
2.5. Data synthesis and meta-analysis

To provide a comprehensive overview of the available evidence, the
following selections were applied. The outcome data, quality assessment
and study characteristics of any included study can be found in the sys-
tematic map (Supplementary file S2). The outcome of any parameter that
was measured in at least 5 individual studies is also presented in the
descriptive tables, sorted by outcome direction (increased, decreased or
no effect). Parameters that had protein concentrations measured in at
least 10 individual studies were quantitatively analyzed in the meta-
analysis. Fig. 1 provides an overview of where data is presented.

Data included in the meta-analysis was analyzed using Comprehen-
sive Meta-Analysis V3 (Biostat, Inc) in order to pool and visually repre-
sent the outcomes. Measurements that were below detection limits were
excluded from this assessment. To prevent biological duplicates, only a
single sample was included per animal. Gene expression data was
excluded from the analysis and when multiple brain sample locations
were available, prioritization went as following: Frontal cortex/hippo-
campus/cingulate cortex/basal ganglia/cerebellum. Two samples of one

http://AVPSoft.com
http://AVPSoft.com


Fig. 2. Flow chart for study selection.
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animal were however included if these were categorized in different
subgroups, such as blood and brain samples. While not entirely inde-
pendent values, these were treated as such. Standardizedmean difference
(SMD) was used as an effect size measure because included papers had
varying units of measurement and species. I2 was used as the measure to
express statistical heterogeneity.

Planned subgroup analyses were performed for species, age at
outcome assessment, gestational period of poly(I:C) injection, sampling
location and species. Age of outcome assessment was divided into groups
of prenatal, pre-weaning and post-weaning measurements. Gestational
period of poly(I:C) administration was divided into groups representing
thirds of the pregnancy, defined as early, mid and late gestation. A sub-
group was considered eligible for processing if it contained at least five
experiments originating from at least three individual papers. Compari-
sons between subgroups were made using t-tests, with Holm-Bonferroni
correction for multiple testing.

The possibility of publication bias was evaluated by plotting the
SMD’s of processed parameters against 1/√n, as is recommended for
funnel plots using SMD (Zwetsloot et al., 2017). Plots were visually
inspected for asymmetry.
4

3. Results

3.1. Search results and selection

Fig. 2 shows the selection procedure for papers. The electronic search
retrieved 730 hits, 310 of which were duplicates and 375 of which were
not eligible for inclusion. The remaining 45 papers were included,
collectively containing 1259 measurements of cytokines and chemo-
kines. The authors of 13 papers were contacted to obtain missing data,
from 10 of which a response was received and by 8 of which the
requested data was provided.

3.2. Description of included studies

Table 2 shows the general characteristics of the 45 included papers, as
well as the parameters measured and sampling locations. Because indi-
vidual studies may perform several measurements with different char-
acteristics, some entries show multiple values.

All studies but one were performed in rodents. Mice were the most
frequently used species (31 studies) and C57BL/6 was the most



Table 2
Study characteristics.

Article Species Strain Sex Age Poly(I:C)
dose (mg/
kg)

Route Day of
injection
(GD)

Sampling
locations

n Parameters

Arrode-Brus�es
et al. (2012)

Mice C57BL/6J M&F Prenatal (G16 þ
3 h, G17)

2 IP 16 Brain 9–10 CXCL1, CXCL5,
CXCL9, CXCL10,
Eotaxin, G-CSF, GM-
CSF, IFN-ɣ, IL-1α, IL-
1β, IL-2, IL-3, IL-4, IL-
5, IL-6, IL-7, IL-9, IL-
10, IL-12 (p40), IL-12
(p70), IL-13, IL-15,
IL-17, LIF, MCP-1,
MCSF, MIP-1α, MIP-
1β, MIP-2, RANTES,
TNF-α, VEGF

Arsenault et al.
(2014)

Mice C57BL/6 M&F Prenatal (G18)/
Pre-weaning
(P10)

5 IV 15–17 Brain, plasma 11-17
(G18),
5-10 (P10)

CD68, GM-CSF, IFN-
ɣ, IL-1α, IL-1β, IL-2,
IL-3, IL-4, IL-5, IL-6,
IL-10, IL-12 (p70), IL-
17, MCP-1, MIP-α,
RANTES, TNF-α

Clark et al.
(2019)

Rats Wistar M Post-weaning
(P36, P61)

5 IV 15 Brain 5–11 IFN-ɣ, IL-1β, IL-4, IL-
6, IL-10, TNF-α

Connor et al.
(2012)

Mice C57BL/6J NR Prenatal (G12.5,
G17.5)

5 IV 12.5/17.5 Brain 3–4 IL-6

Corradini et al.
(2018)

Mice C57BL/6 NR Prenatal(G9 þ 3
h, G9 þ 6 h,
G10)/Post-
weaning (P90)

2 IP 9 Brain, whole
fetus

4-10
(prenatal),
NR (P90)

IL-1β, IL-6, IL-17,
TGF-β-1, TNF-α

Ding et al.
(2019)

Rats Sprague
Dawley

M&F Post-weaning
(P40, P60)

10 IV 9 Hip, PFC 7–8 IL-1β, IL-6, TNF-α

Duchatel et al.
(2018)

Rats Wistar M&F Post-weaning
(P70-84)

4 IV 10/19 CiC 12 IL-1β, TNF-α

Ehninger
(2014)

Mice C57BL6/
Ncrl (M)
�
C57BL6/J
(F)

NR Prenatal (G12.5
þ 2 h, G12.5 þ
6.5 h)

20 IP 12.5 Brain �4 AXL, CD30, CD30L,
CD40, CCL1, CCL17,
CCL25, CCL27,
CXCL1, CXCL4,
CXCL5, CXCL9,
CXCL10, CXCL12,
CXCL13, CXCL16,
Eotaxin, Eotaxin-2,
Fas ligand,
Fractalkine, G-CSF,
GM-CSF, IFN-ɣ,
IGFBP-3, IGFBP-5,
IGFBP-6, IL-1α, IL-1β,
IL-2, IL-3, IL-3R-β, IL-
4, IL-5, IL-6, IL-9, IL-
10, IL-12 (p40), IL-12
(p70), IL-13, IL-17, L-
selectin, Leptin, LEP-
R, Lymphotactin,
MCP-1, MCP-5,
MCSF, MIP-1α, MIP-
1ɣ, MIP-2, MIP-3α,
MIP-3β, P-selectin,
RANTES, SCF, TIMP-
1, TNF-α, TNF-R1,
TNF-R2, TPO, VCAM-
1

Garay et al.
(2013)

Mice C57BL/6J M&F Pre-weaning (P0,
P7, P14)/Post-
weaning (P30,
P60)

20 IP 12.5 CiC, Hip, FC,
serum

5–6 CXCL1, Eotaxin, G-
CSF, GM-CSF, IFN-ɣ,
IL-1α, IL-1β, IL-2, IL-
3, IL-4, IL-5, IL-6, IL-
9, IL-10, IL-12 (p40),
IL-12 (p70), IL-13, IL-
17, MCP-1, MIP-1α,
MIP-1β, RANTES,
TNF-α

Gilmore et al.
(2005)

Rats Sprague
Dawley

NR Prenatal(G16,
G17)/Pre-
weaning (P1, P7)

20 IP 16 Brain, liver/
spleen, PFC

9 TNF-α

Giovanoli et al.
(2013)

Mice C57BL/6 M&F Post-weaning
(P41, P70)

1 IV 9 Hip, plasma 10–13 IL-1β, IL-6, IL-10,
TNF-α

Mice C57BL/6J M 5 IV 17 Hip, plasma 10–13

(continued on next page)
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Table 2 (continued )

Article Species Strain Sex Age Poly(I:C)
dose (mg/
kg)

Route Day of
injection
(GD)

Sampling
locations

n Parameters

Giovanoli et al.
(2015)

Post-weaning
(P30,150a,660a)

IL-1β, IL-4, IL-6, TNF-
α

Giovanoli et al.
(2016)

Mice C57BL/6N M Post-weaning
(P40, P90)

5 IV 9 Hip, plasma 8–10 IL-1β, IL-4, IL-6, TNF-
α

Han et al.
(2011)

Rats Sprague
Dawley

M Post-weaning
(P44)

0.5 IP 15–18 Serum 6 TNF-α

Han et al.
(2017)

Mice ddY NR Post-weaning
(P70)

5 IP 12–17 Hip, nucleus
accumbens,
CA1, CA3,
dentate gyrus

5–6 C1q

Hollins et al.
(2018)

Rats Wistar M Pre-weaning
(P7)/Post-
weaning (P84)

5 IV 10,19 Colon 6 IL-1β, IL-6, TNF-α

Horv�ath et al.
(2019)

Mice C57BL/6 M Prenatal (G12.5) 3 IP 12.5 Brain 6 CXCL1, IL-1α, IL-1β,
IL-6, IL-10, TNF-α

Hu et al. (2019) Rats Sprague
Dawley

NR Prenatal (G17)/
Pre-weaning (P0)

10 IV 17 PFC �3 ISG15

Hui et al.
(2018)

Mice C57BL/6 M&F Post-weaning
(P80-90)

5 IP 9.5 Cer, CeC, Hip 4–5 CD45, IL-1β, IL-6,
Fractalkine,
Fractalkine receptor,
TGF-β-1, TNF-α,
TREM-2, Ym1

Krstic et al.
(2012)

Mice C57BL/6J NR Pre-weaning
(P21)/Post-
weaning (P90-
150, P450)

5 IV 17 Hip, NeC,
plasma

4–7 IL-1α, IL-1β, IL-6,
TNF-α

Lipina et al.
(2013)

Mice C57BL/6J NR Prenatal (G9) 2.5/5 IV 9 Brain 8 IL-6

MacDowell
et al., 2017

Mice C56BL/6J M&F Post-weaning
(�P81)

5 IP 9.5 PFC 9–11 Fractalkine, IFN-α-1,
IFN-β, IL-1β, IL-6, IL-
10, PPAR-ɣ, TGF-β-1,
TNF-α

Mandal et al.
(2013)

Mice C57BL/6 M&F Post-weaning
(P56-70)

10 IP 12 Plasma 5–8 IL-6, IL-10

Mattei et al.
(2014)

Rats Wistar M Post-weaning
(P128)

4 IV 15 Cer, Hip 5 IL-1β, TNF-α, TNF-R1,
TNF-R2

Meyer et al.
(2005)

Mice C57BL6/J ND Prenatal (G9) 2.5/5/10 IVc 9 Brain 7–10 IFN-ɣ, IL-1β, IL-2, IL-
10

Meyer et al.
(2006)

Mice C57BL6/J NR Prenatal (G9 þ 3
h, G9 þ 6 h, G17
þ 3 h, G17 þ 6 h)

5 IV 9/17 Brain 4–6 IL-1β, IL-6, IL-10,
TNF-α

Meyer et al.
(2008)

Mice FVB NR
(G9),
M&F
(P100)

Prenatal (G9)/
Post-weaning
(P100)

2 IV 9 Brain, CPu,
FC (medial),
Hip (dorsal),
Hip (ventral)

20 (G9),
10 (P100)

IL-1β, IL-6, IL-10,
TNF-α

Missault et al.
(2014)

Rats Wistar-
Hannover

NR Prenatal (G9,
G15)

2/4/8 SC 9 Central
nervous
system

3–8 IL-1β, IL-6, IL-10,
TNF-α

Mueller et al.,
(2019) b

Mice C57BL6/N NR Prenatal (G12) 5 IV 12 Brain 6–7 CXCL1, IL-1β, IL-6, IL-
10, IL-17, MCP-1,
TNF-α

Murray et al.
(2019)

Rats Wistar M&F Prenatal (G21) 10 IP 15 Plasma 17–20 IL-6

Nakamura et al.
(2019)

Mice C57BL/6 NR
(G17.5)
M&F
(P91)

Prenatal (G17.5)/
Post-weaning
(P91-98)

20 IP 17.5 Brain, FC, Hip 4–15 Furin, IL-1β, IL-6, IL-
6R-α, TGF-β-1, TGF-
β-2, TNF-α

Oh-Nishi et al.
(2016)

Rats Wistar M Pre-weaning
(P3)/Post-
weaning (P63-
112)

4 IP 15–18 Serum 6 (P3), 7
(P63-112)

Ig-κ light chain, IL-1β,
IL-6, TNF-α

Openshaw et al.
(2019)

Mice C57BL/6 M&Fd Prenatal (G12.5) 20 SC 12.5 Brain 4 CXCL1, CXCL9,
CXCL10, FGF-2, GM-
CSF, IFN-ɣ, IL-1α, IL-
1β, IL-2, IL-4, IL-5, IL-
6, IL-10, IL-12 (p40),
IL-13, IL-17, MCP-1,
MIP-1α, RANTES,
TNF-α, VEGF-A

Pacheco-Lopez
et al. (2013)

Mice C57BL/6J M Post-weaning
(P30, P70)

5 IV 9 Plasma 8–9 IFN-ɣ, IL-1β, IL-2, IL-
6, IL-10, TNF-α

Pratt et al.
(2013)

Mice C57BL/6J NR Prenatal (G16) 20 IP 12.5 Brain
(CD11bþ

cells)

4–6 CXCL5, Eotaxin, GM-
CSF, IL-1α, IL-1β, IL-
4, IL-6, IL-9, IL-10,

(continued on next page)
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Table 2 (continued )

Article Species Strain Sex Age Poly(I:C)
dose (mg/
kg)

Route Day of
injection
(GD)

Sampling
locations

n Parameters

MCP-1, MCSF, MIP-
1β, RANTES, TNF- α

Ratnayake et al.
(2014)

Spiny
mice

NA NR Prenatal (G20 þ
2 h, G21)

5 SC 20 Brain 5 IL-6, TNF-α

Rose et al.
(2017)

Rhesus
monkeys

NA M&F Post-weaning
(~P395,
~P1338)

0.25e Injectionc 43,44,46/
100,101,103

Plasma 11–13 G-CSF, GM-CSF, IFN-
ɣ, IL-1β, IL-2, IL-4, IL-
5, IL-6, IL-8, IL-10, IL-
12 (p40), IL-13, IL-
17, MCP-1, MIP-1α,
MIP-1β, TNF-α

Tsukada et al.
(2015)

Mice C57BL/6J ND Prenatal (G12.5
þ 3 h, G13.5)

4/20 IP 12.5 CSF 3–4 LIF

Volk et al.
(2015)

Mice C57BL/6J M&F Post-weaning
(P56)

20 IP 11-13/15-17 PFC 14–16 IFITM1, IFITM2,
IFITM3, IFN-β, IL-1β,
IL-6, Schnurri-2

Volk et al.
(2019)

Mice C57BL/6J M&F Post-weaning
(P60)

20 IP 11-13/15-17 PFC 14–16 CD40, IL-1R-1, LTβR,
TNF-R1, TNF-R2

Vuillermot
et al. (2017)

Mice C57BL/6N NR Prenatal (G9) 5 IV 9 Brain 6 IL-1β, IL-6, TNF-α

Wang et al.
(2019)

Mice C57BL/6J M Prenatal (G14.5) 20 IP 12.5 Brain 6 IL-1β, IL-6, IL-17,
TNF-α

Wu et al. (2015) Mice C57BL/6N NR Prenatal (G12.5) 20 IP 12.5 Brain 3–4 IL-6f

Yee et al.
(2011)

Rats Sprague
Dawley

M Post-weaning
(P69)

4 IV 15 Plasma 6 IL-1β, IL-6, TNF-α

Zhao et al.
(2019)

Rats Wistar NR
(G18) &
M (P28)

Prenatal (G18)/
Post-weaning
(P28)

1/5/10 IP 18 Brain, Cer,
FC, Hip

5–6 CCR-2, IFN-ɣ, IL-1β,
IL-4, IL-6, IL-10, TNF-
α

CA¼ Cornu Ammonis; CCL¼ Chemokine (C–Cmotif) ligand; CCR¼ C–C chemokine receptor; CD¼ Cluster of differentiation; CeC¼ Cerebral cortex; Cer¼ Cerebellum;
CiC¼ Cingulate cortex; CPu¼ Caudate putamen; CSF¼ Cerebrospinal fluid; CXCL¼ Chemokine (C-X-C motif) ligand; F¼ Female; FC¼ Frontal cortex; FGF¼ Fibroblast
growth factor; G ¼ Gestational day; G-CSF; Granulocyte colony-stimulating factor; GM-CSF ¼ Granulocyte-macrophage colony-stimulating factor; Hip ¼ Hippocampus;
IFN¼ Interferon; Ig ¼ Immunoglobulin; IFITM ¼ Interferon-induced transmembrane protein; IGFBP ¼ Insulin-like growth factor-binding protein; IL ¼ Interleukin; IP¼
Intraperitoneal; ISG ¼ Interferon-stimulated gene; IV ¼ Intravenous; LEP ¼ Leptin; LIF ¼ Leukemia inhibitory factor; LT ¼ Lymphotoxin; M ¼ Male; MCP ¼ Monocyte
chemoattractant protein; MCSF¼Macrophage colony-stimulating factor; MHCII ¼Major histocompatibility complex class II; MIP¼Macrophage inflammatory protein;
NA ¼ Not applicable; ND ¼ Not determined; NeC ¼ Neocortex; NR ¼ Not reported; P ¼ Postnatal day; PFC ¼ Prefrontal cortex; Poly(I:C) ¼ Polyriboinosinic-poly-
ribocytidylic acid; PPAR ¼ Peroxisome proliferator-activated receptor; RANTES ¼ Regulated on activation normal T cell expressed and secreted; SC ¼ Subcutaneous;
SCF¼ Stem cell factor; TGF¼ Transforming growth factor; TIMP¼ Tissue inhibitor of metalloproteinases; TNF¼ Tumor necrosis factor; TPO¼ Thrombopoietin; TREM
¼ Triggering receptor expressed on monocytes; VCAM ¼ Vascular cell adhesion molecule; VEGF ¼ Vascular endothelial growth factor.

a Measured in two separate cohorts, either undergoing behavioral testing or behaviorally naïve animals.
b Experiments done using six different poly(I:C) batches.
c This study includes a non-injection control group.
d Brain samples within each litter were pooled.
e Poly(I:C) stabilized with poly-L-lysine.
f Measured in two separate cohorts.
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frequently used mouse strain (28 studies). Among the C57BL/6 studies
however, a variety of substrains was used. Thirteen studies were per-
formed in rats. These include seven studies in Wistar rats, five studies in
Sprague Dawley rats and one study in Wistar-Hannover rats. The
remaining two studies were performed in rhesus monkeys and spiny
mice. The sex of the offspring studied was mostly either mixed (28
studies) or male (11 studies). Seven papers did not report the sex of at
least a part of the animals used in the study.

The methods used to induce maternal immune activation using
poly(I:C) injection varied between studies as well. Doses ranged from as
low as 0,25 mg/kg to as high as 20mg/kg and were administered either a
single (38 studies) or multiple (8 studies) times. The gestational day at
which poly(I:C) was injected varied, but in most studies poly(I:C)
administration occurred in either the mid or late gestational period, with
only one exception injecting during early gestation (Rose et al., 2017).
The administration route was generally intravenous (21 studies) or
intraperitoneal (22 studies). Three studies administered poly(I:C) sub-
cutaneously. The ages at which samples were collected from the offspring
also varied considerably. The most frequently used sampling periods
were prenatal and post-weaning, with 24 and 21 studies collecting at
least part of the samples from these periods respectively. Pre-weaning
samples were taken in only five studies. The included studies measured
a variety of immunological parameters in various locations. The brain
7

was the most researched organ, with 38 studies sampling at least part of
the brain. The specific brain region of interest, however, varied consid-
erably. Thirteen studies included blood samples and whole fetus, colon
and liver/spleen samples were each reported in a single study.

Fig. 3 schematically summarizes the most important study charac-
teristics from Table 2, showing howmany studies utilized certain species,
injection techniques, injection timepoints, doses and ages of outcome
assessment. Studies that measured or injected at multiple timepoints are
represented multiple times in the figure. For clarity, spiny mouse and
rhesus monkey data have been excluded from the figures showing data
by species, but are available in the systematic map (Supplementary file
S2).
3.3. Risk of bias assessment and quality of reporting

The designs described in the 45 included papers were checked for risk
of bias using the SYRCLE Risk of bias tool for animal studies (Hooijmans
et al., 2014). Fig. 4 shows the outcomes of these assessments per type of
bias. Scores for individual studies can be found in the systematic map
(Supplementary file S2). If an article took adequate measures to avoid or
minimize a certain type of bias, the risk of bias was scored as low.
Alternatively, if it could be concluded that no adequate measures were
taken to avoid a risk of bias, it was high. If insufficient information was



Fig. 3. Qualitative analysis of included studies. Distribution of species (A), gestational period of poly(I:C) administration (B), age of outcome assessment (C), sampling
location by species (D), administration route (E), poly(I:C) dose by species (F), sampling location by age of outcome assessment (G), administration route by
gestational period of poly(I:C) injection (H) and poly(I:C) dose by administration route (I).

Fig. 4. Results of risk of bias assessment.
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given to judge whether adequate measures were taken, the risk of bias
was scored as unclear.

As shown in Fig. 4, the way in which the included studies dealt with
risks of bias was mostly unclear. Most explicitly high risks of bias were
8

found in the “Unit-of-analysis error” category, with 13 studies defining
the experimental unit as the individual pup or including an insufficient
number of dams per group, thus risking bias through the litter effect.
“Selective outcome reporting” was scored as high when the methods



Table 3
Immune parameters Outcome measurements sorted by sampling location.
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Entries indicated in blue represent protein expression data, all other entries represent gene expression data.
CXCL ¼ Chemokine (C-X-C motif) ligand; F ¼ Female; G ¼ Gestational day; GM-CSF ¼ Granulocyte-macrophage colony-stimulating
factor; HMW ¼ high molecular weight; IFN ¼ Interferon; IL ¼ Interleukin; LMW ¼ low molecular weight; M ¼ Male; MCP ¼ Mono-
cyte chemoattractant protein; MIP ¼Macrophage inflammatory protein; P ¼ Postnatal day; RANTES ¼ Regulated on activation normal T
cell expressed and secreted; TNF ¼ Tumor necrosis factor.
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mention measurements for which the outcomes were not shown in the
results. “Blinding”, either for performance or detection bias, was scored
as high when it could be determined that no adequate blinding was used.

3.4. Descriptive tables

The descriptive tables present the outcome directions of all immune
parameters that were reported in at least 5 individual studies. In the three
descriptive tables the outcomemeasurements are sorted by varying study
characteristics.

Table 3 provides an overview of immune parameters sorted by sam-
pling location. Each individual measurement is reported in the table.
Measurements performed in whole blood, plasma or serum are combined
as “Blood”. Additionally, measurements reported to be performed in
either frontal or prefrontal cortex are combined as “Frontal cortex”.

As shown in Table 3, most papers reported no significant effect of
maternal immune activation on cytokines in the offspring. Regarding
outcomes that were significantly changed, there was an overall equal
amount of significant increases and decreases. The most frequently
19
studied locations of interest were whole brain, blood, frontal cortex and
hippocampus.

Table 4 provides an overview of outcomemeasurements sorted by the
gestational period during which poly(I:C) was administered to the
mother. When a study reported using multiple injections, the gestational
period during which the first injection was administered is considered
the gestational period from which the outcome originates. An exception
is made for the only study that contains data from both early and mid
gestation, which is grouped under “mid gestation” for clarity (Rose et al.,
2017).

Notably more data originated from poly(I:C) induced maternal im-
mune activation in the mid than the late gestational period, providing
977 and 315 measurements respectively over all different parameters.

Table 5 provides an overview of outcomes sorted by subject age at the
time of sampling. Every sample taken at a gestational day rather than a
postnatal day was considered prenatal. For studies using rats and mice,
P0–P20 was considered pre-weaning. Postnatal day 21 and onwards were
considered post-weaning. For rhesus monkeys, the length of weaning
seems to vary, but generally does not exceed 10 months (Reitsema et al.,



Table 4
Outcome measurements sorted by the gestational period of poly(I:C) administration.

Parameter Gestational period (GP) Increased No effect Decreased

IL-1α Mid gestation Garay, 2013 [P14 brain]
[P60 FC]
Pratt, 2013

Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 blood]
[P0 CiC]
[P0 FC]
[P0 Hip]
[P14 blood]
[P14 CiC]
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 Hip]
Horv�ath, 2019

Garay, 2013 [P7 blood]
[P14 FC]

Late gestation Krstic, 2012 [Hip] Arsenault, 2014 [blood]
[brain]
Krstic, 2012 [NeC]

IL-1β Mid gestation Corradini, 2018 [6 h Mg2þ run]
[6 h]
Ding, 2019 [P40 FC]
[P40 Hip]
Garay, 2013 [P0 FC]
[P7 blood]
[P30 blood]
Giovanoli, 2016 [P90 Hip]
Hui, 2018 [M CeC]
Meyer, 2006 [6 h]
Meyer, 2008 [brain]
Vuillermot, 2017

Corradini, 2018 [3 h]
Ding, 2019 [P60 FC]
[P60 Hip]
Duchatel, 2018
Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 blood]
[P0 CiC]
[P14 blood]
[P14 Hip]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Giovanoli, 2013 [P41 Hip]
[P70 Hip]
Giovanoli, 2016 [P40 blood]
[P40 Hip]
[P90 blood]
Horv�ath, 2019
Hui, 2018 [F CeC]
[F Cer]
[F Hip]
[M Hip]
MacDowell, 2017
Meyer, 2005 [2.5 mg]
[5 mg]
Meyer, 2006 [6 h]
Meyer, 2008 [CPu]
[FC]
[Hip dorsal]
[Hip ventral]
Missault, 2014 [2 mg]
[4 mg]
[8 mg]
Mueller, 2019 [batch 1]
[batch 2]
[batch 3]
[batch 4]
[batch HMW]
[batch LMW]
Pratt, 2013 [gene]
[protein]
Rose, 2017a [P395]
[P1338]
Volk, 2015
Wang, 2019

Corradini, 2018 [24 h]
Garay, 2013 [P0 Hip]
[P14 CiC]
[P14 FC]
[P30 CiC]
[P30 FC]
Hui, 2018 [M Cer]
Meyer, 2006 [3 h]
[3 h]

Late gestation Arrode-Brus�es, 2012 [G17]
Krstic, 2012 [P21 blood]
[P90-150 blood]
[P450 blood]
[P450 Hip]
Mattei, 2014 [Hip]

Arrode-Brus�es, 2012 [G16]
Arsenault, 2014 [blood]
[brain]
Clark, 2019 [P36]
[P61]
Duchatel, 2018
Giovanoli, 2015 [P30 blood]

Meyer, 2006 [3 h]

(continued on next page)
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Table 4 (continued )

Parameter Gestational period (GP) Increased No effect Decreased

Meyer, 2006 [3 h]
Zhao, 2019

[P30 Hip]
[P150 a blood]
[P150 a Hip]
[P150 b blood]
[P660 a blood]
[P660 a Hip]
[P660 b blood]
Mattei, 2014 [Cer]
Meyer, 2006 [6 h]
[6 h]
Missault, 2014 [2 mg]
[4 mg]
[8 mg]
Nakamura, 2019 [brain]
[FC]
[Hip]
Volk, 2015

IL-2 Mid gestation Rose, 2017a [P395] Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 blood]
[P0 CiC]
[P0 FC]
[P7 Hip]
[P14 blood]
[P14 CiC]
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Pacheco-Lopez, 2013 [P30]
Rose, 2017a [P1338]

Garay, 2013 [P0 Hip]
[P7 blood]
[P7 CiC]
[P7 FC]
[P14 FC]
[P14 Hip]
Pacheco-Lopez, 2013 [P70]

Late gestation Arsenault, 2014 [blood] Arsenault, 2014 [brain]
IL-4 Mid gestation Pratt, 2013 Ehninger, 2014 [6 h]

Garay, 2013 [P0 blood]
[P0 CiC]
[P0 FC]
[P7 blood]
[P14 blood [P14 CiC]
[P14 FC]
[P14 Hip]
[P30 blood]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Giovanoli, 2016 [P40 blood]
[P40 Hip]
[P90 blood]
[P90 Hip]

Ehninger, 2014 [2 h]
Garay, 2013 [P0 Hip]
[P7 FC]
[P7 Hip]
[P30 CiC]

Late gestation Arsenault, 2014 [blood]
[brain]
Clark, 2019 [P61]
Giovanoli, 2015 [P30 blood]
[P30 Hip]
[P150 blood]
[P150 Hip]
[P660 blood]
[P660 Hip]
Zhao, 2019

Clark, 2019 [P36]

IL-5 Second trimester Ehninger, 2014 [6.5 h]
Garay, 2013 [P0 blood]
[P0 CiC]
[P0 FC]
[P0 Hip]
[P14 blood]
[P14 CiC]
[P30 blood]
[P30 Hip]
[P60 blood]
[P60 CiC]

Ehninger, 2014 [2 h]
Garay, 2013 [P7 CiC]
[P7 FC]
[P7 Hip]
[P14 FC]
[P14 Hip]
[P30 CiC]
[P30 FC]

(continued on next page)
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Table 4 (continued )

Parameter Gestational period (GP) Increased No effect Decreased

[P60 FC]
[P60 Hip]
Rose, 2017a [P395]
[1338]

Late gestation Arsenault, 2014 [blood] Arsenault, 2014 [brain]
IL-6 Mid gestation Connor, 2012 [3 h]

Corradini, 2018 [6 h Mg2þ run]
[6 h]
Ding, 2019 [P40 FC]
[P40 Hip]
[P60 FC]
Garay, 2013 [P0 Hip]
[P7 blood]
[P14 Hip]
[P30 blood]
[P60 FC]
Hollins, 2018 [P7]
Horv�ath, 2019
Lipina, 2012 [2.5 mg]
[5 mg]
MacDowell, 2017
Meyer, 2006 [3 h]
[6 h]
Meyer, 2008 [brain]
Mueller, 2019 [batch 2]
[batch 3]
[batch 4]
[batch HMW]
[batch LMW]
Pratt, 2013 [gene]
Vuillermot, 2017
Wang, 2019
Wu, 2015 [a]
[b]

Connor, 2012 [6 h]
Corradini, 2018 [3 h]
[24 h]
Ding, 2019 [P60 Hip]
Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 blood]
[P0 CiC]
[P0 FC]
[P7 FC]
[P7 Hip]
[P14 blood]
[P14 CiC]
[P14 FC]
[P60 blood]
[P60 CiC]
[P60 Hip]
Giovanoli, 2013 [P41 blood]
Giovanoli, 2016 [P40 blood]
[P40 Hip]
[P90 blood]
[P90 Hip]
Hui, 2018 [F CeC]
[F Cer]
[F Hip]
[M CeC]
[M Cer]
[M Hip]
Mandal, 2013
Meyer, 2006 [3 h]
[6 h]
Missault, 2014 [2 mg]
[4 mg]
[8 mg]
Mueller, 2019 [batch 1]
Pacheco-Lopez, 2013 [P70]
Pratt, 2013 [protein]
Ratnayake, 2014 [G20]
[G21]
Rose, 2017a [P1338]
Volk, 2015

Garay, 2013 [P7 CiC]
[P30 CiC]
[P30 FC]
[P30 Hip]
Pacheco-Lopez, 2013 [P30]

Late gestation Arsenault, 2014 [blood]
Krstic, 2012 [Hip]
Meyer, 2006 [6 h]
[6 h]
Nakamura, 2019 [brain]
[brain]
Zhao, 2019 [G18 10 mg brain]
[G18 10 mg Hip]
[P28 10 mg Hip]
[P28 10 mg Hip]

Arsenault, 2014 [brain]
Clark, 2019 [P36]
[P61]
Connor, 2012 [3 h]
[6 h]
Giovanoli, 2015 [P30 blood]
[P30 Hip]
[P150 a blood]
[P150 a Hip]
[P150 b blood]
[P660 a blood]
[P660 a Hip]
[P660 b blood]
Krstic, 2012 [NeC]
Meyer, 2006 [3 h]
[3 h]
Missault, 2014 [2 mg]
[4 mg]
[8 mg]
Murray, 2019 [F]
[M]
Nakamura, 2019 [FC]
[Hip]
Volk, 2015
Yee, 2011
Zhao, 2019 [G18 1 mg brain]
[G18 1 mg Cer]
[G18 1 mg FC]
[G18 1 mg Hip]
[G18 5 mg brain]

(continued on next page)
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Table 4 (continued )

Parameter Gestational period (GP) Increased No effect Decreased

[G18 5 mg Cer]
[G18 5 mg FC]
[G18 5 mg Hip]
[G18 10 mg Cer]
[G18 10 mg FC]

IL-10 Mid gestation Garay, 2013 [P0 FC]
[P60 CiC]
[P60 FC]

Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 blood]
[P0 CiC]
[P0 Hip]
[P7 blood]
[P14 blood [P14 Hip]
[P30 blood]
[P30 Hip]
[P60 blood]
[P60 Hip]
Horv�ath, 2019
MacDowell, 2017
Mandal, 2013
Meyer, 2005 [2.5 mg]
[5 mg]
Meyer, 2006 [3 h]
[6 h]
Meyer, 2008 [brain]
[CPu]
[FC]
[Hip dorsal]
[Hip ventral]
Missault, 2014 [2 mg]
[4 mg]
[8 mg]
Mueller, 2019 [batch 1]
[batch 2]
[batch 3]
[batch 4]
[batch HMW]
[batch LMW]
Pacheco-Lopez, 2013 [P30]
[P70]
Pratt, 2013
Rose, 2017a [P395]
[P1338]

Garay, 2013 [P7 CiC]
[P7 FC]
[P7 Hip]
[P14 CiC]
[P14 FC]
[P30 CiC]
[P30 FC]
Meyer, 2006 [3 h]
[6 h]

Late gestation Meyer, 2006 [3 h]
[6 h]

Arrode-Brus�es, 2012 [G16]
[G17]
Arsenault, 2014 [brain]
Clark, 2019 [P61]
Meyer, 2006 [3 h]
[6 h]
Missault, 2014 [2 mg]
[4 mg]
[8 mg]

Clark, 2019 [P36]
Zhao, 2019

IL-12 (p40) Mid gestation Garay, 2013 [P0 blood]
[P7 blood]

Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 CiC]
[P0 FC]
[P0 Hip]
[P7 Cic]
[P7 Hip]
[P14 blood]
[P14 CiC]
[P14 FC]
[P14 Hip]
[P30 blood]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Rose, 2017a [P395]
[P1338]

Garay, 2013 [P7 FC]
[P30 CiC]
[P30 FC]

IL-13 Mid gestation Rose, 2017a [P395] Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 blood]
[P0 CiC]
[P0 FC]
[P0 Hip]

Garay, 2013 [P14 FC]

(continued on next page)
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Table 4 (continued )

Parameter Gestational period (GP) Increased No effect Decreased

[P7 blood]
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 blood]
[P14 CiC]
[P14 Hip]
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Rose, 2017a [P1338]

Late gestation Arrode-Brus�es, 2012 [G16] Arrode-Brus�es, 2012 [G17]
IL-17 Mid gestation Garay, 2013 [P7 CiC]

Wang, 2019
Corradini, 2018
Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 blood]
[P0 CiC]
[P0 FC]
[P0 Hip]
[P7 blood]
[P7 FC]
[P7 Hip]
[P14 blood]
[P14 FC]
[P14 Hip]
[P30 blood]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Mueller, 2019 [batch 1]
[batch 2]
[batch 3]
[batch 4]
[batch HMW]
[batch LMW]
Rose, 2017a [P1338]

Garay, 2013 [P14 CiC]
[P30 CiC]

Late gestation Arrode-Brus�es, 2012 [G17]
Arsenault, 2014 [blood]
[brain]

IFN-γ Mid gestation Garay, 2013 [P0 CiC]
[P7 blood]
[P60 CiC]
Rose, 2017a [P395]

Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 blood]
[P0 FC]
[P0 Hip]
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 blood]
[P14 Hip]
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 FC]
[P60 Hip]
Pacheco-Lopez, 2013 [P30]
Rose, 2017a [P1338]

Garay, 2013 [P14 CiC]
[P14 FC]
Pacheco-Lopez, 2013 [P70]

Late gestation Zhao, 2019 Arsenault, 2014 [blood]
[brain]
Clark, 2019 [P36]
[P61]

(continued on next page)
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Table 4 (continued )

Parameter Gestational period (GP) Increased No effect Decreased

TNF-α Mid gestation Ding, 2019 [P60 FC]
Garay, 2013 [P7 blood]
[P14 blood]
MacDowell, 2017
Meyer, 2008 [brain]
Mueller, 2019 [batch 2]
[batch 3]
[batch 4]
[batch HMW]
[batch LMW]
Rose, 2017a [P395]
Vuillermot, 2019

Ding, 2019 [P40 FC]
[P40 Hip]
[P60 Hip]
Duchatel, 2018
Ehninger, 2014 [6.5 h]
Garay, 2013 [P0 blood]
[P0 CiC]
[P0 FC]
[P0 Hip]
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 CiC]
[P14 FC]
[P14 Hip]
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Giovanoli, 2013 [P41 blood]
[P41 Hip]
[P70 Hip]
Giovanoli, 2016 [P40 blood]
[P40 Hip]
[P90 blood]
[P90 Hip]
Hollins, 2018 [P7]
[P84]
Meyer, 2006 [3 h]
[6 h]
[6 h]
Missault, 2014 [2 mg]
[4 mg]
[8 mg]
Mueller, 2019 [batch 1]
Pacheco-Lopez, 2013 [P70]
Pratt, 2013 [gene]
[protein]
Rose, 2017a [P1338]
Wang, 2019

Ehninger, 2014 [2 h]
Pacheco-Lopez, 2013 [P30]
Ratnayake, 2014 [G20]
[G21]

Late gestation Arsenault, 2014 [G18]
Clark, 2019 [P36]
Han, 2011
Meyer, 2006 [6 h]
Zhao, 2019 [G18 10 mg brain]
[G18 10 mg Hip]

Arsenault, 2014 [P10 a]
[P10 b]
[P10 blood]
Clark, 2019 [P61]
Duchatel, 2018
Gilmore, 2005 [2 h brain]
[8 h brain]
[8 h liver & spleen]
[24 h brain]
[24 h liver & spleen]
[P7]
Giovanoli, 2015 [P30 blood]
[P30 Hip]
[P150 a blood]
[P150 a Hip]
[P150 b blood]
[P660 a blood]
[P660 a Hip]
[P660 b blood]
Krstic, 2012 [Hip]
[NeC]
Mattei, 2014 [Cer]
[Hip]
Meyer, 2006 [3 h]
[6 h]
Missault, 2014 [2 mg]
[4 mg]
[8 mg]
Nakamura, 2019 [brain]
[FC]
Zhao, 2019 [G18 1 mg Cer]
[G18 1 mg FC]

Gilmore, 2005 [P1]
[2 h liver & spleen]
Meyer, 2006 [3 h]
Nakamura, 2019 [Hip]
Zhao, 2019 [G18 1 mg brain]
[G18 10 mg FC]

(continued on next page)
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Table 4 (continued )

Parameter Gestational period (GP) Increased No effect Decreased

[G18 1 mg Hip]
[G18 5 mg brain]
[G18 5 mg Cer]
[G18 5 mg FC]
[G18 5 mg Hip]
[G18 10 mg Cer]
[P28 10 mg Hip]

MCP-1 Mid gestation Garay, 2013 [P0 CiC]
Mueller, 2019 [batch 2]
[batch 3]
[batch 4]
Rose, 2017a [P1338]

Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 blood]
[P0 FC]
[P7 blood]
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 blood]
[P30 blood]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Mueller, 2019 [batch 1]
[batch HMW]
[batch LMW]
Openshaw, 2019
Pratt, 2013
Rose, 2017a [P395]

Garay, 2013 [P0 Hip]
[P14 CiC]
[P14 FC]
[P14 Hip]
[P30 CiC]
[P30 FC]

Late gestation Arrode-Brus�es, 2012 [G17] Arrode-Brus�es, 2012 [G16]
Arsenault, 2014 [blood]
[brain]

MIP-1α Mid gestation Garay, 2013 [P7 Hip] Ehninger, 2014 [6.5 h]
Garay, 2013 [P0 CiC]
[P0 FC]
[P7 blood]
[P7 CiC]
[P7 FC]
[P14 blood]
[P14 CiC]
[P14 FC]
[P14 Hip]
[P30 blood]
[P30 CiC]
[P30 FC]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Rose, 2017a [P1338]

Ehninger, 2014 [2 h]
Garay, 2013 [P0 blood]
[P0 Hip]
[P30 Hip]

Late gestation Arrode-Brus�es, 2012 [G17] Arsenault, 2014 [blood]
[brain]

Arrode-Brus�es, 2012 [G16]

RANTES Mid gestation Garay, 2013 [P0 blood]
[P7 blood]
Openshaw, 2019
Pratt, 2013

Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 CiC]
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 blood]
[P14 CiC]
[P14 FC]
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]

Garay, 2013 [P14 Hip]

Late gestation Arrode-Brus�es, 2012 [G17]
Arsenault, 2014 [blood]
[brain]

GM-CSF Mid gestation Garay, 2013 [P0 FC]
Pratt, 2013

Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 CiC]
[P0 Hip]
[P7 blood]

Garay, 2013 [P0 blood]
[P14 CiC]
[P14 FC]
[P30 FC]

(continued on next page)
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Table 4 (continued )

Parameter Gestational period (GP) Increased No effect Decreased

[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 blood]
[P14 Hip]
[P30 blood]
[P30 CiC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Rose, 2017a [P395]
[P1338]

Late gestation Arrode-Brus�es, 2012 [G17]
CXCL1 Mid gestation Garay, 2013 [P7 blood]

[P7 Hip]
Horv�ath, 2019
Mueller, 2019 [batch 2]
[batch 3]
[batch 4]
[batch HMW]
[batch LMW]

Ehninger, 2014 [2 h]
[6.5 h]
Garay, 2013 [P0 blood]
[P0 CiC]
[P0 FC]
[P7 CiC]
[P7 FC]
[P14 blood]
[P14 FC]
[P14 Hip]
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Mueller, 2019 [batch 1]

Garay, 2013 [P0 Hip]
[P14 CiC]

Late gestation Arrode-Brus�es, 2012 [G17]

Entries indicated in blue represent protein expression data, all other entries represent gene expression data.
a Outcomes derived from a combination of animals exposed to poly(I:C) in either early or mid gestation.
CeC ¼ Cerebral cortex; Cer ¼ Cerebellum; CiC ¼ Cingulate cortex; CPu ¼ Caudate putamen; CXCL ¼ Chemokine (C-X-C motif) ligand; F¼
Female; FC ¼ Frontal cortex; G ¼ Gestational day; GM-CSF ¼ Granulocyte-macrophage colony-stimulating factor; Hip ¼ Hippocampus;
HMW ¼ high molecular weight; IFN ¼ Interferon; IL ¼ Interleukin; LMW ¼ low molecular weight; M ¼ Male; MCP ¼ Monocyte chemo-
attractant protein; MIP ¼ Macrophage inflammatory protein; NeC ¼ Neocortex; P ¼ Postnatal day; RANTES ¼ Regulated on activation
normal T cell expressed and secreted; TNF ¼ Tumor necrosis factor.
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2015). Since the earliest sampling time of the study using rhesus mon-
keys was 1 year, samples from this study were considered post-weaning
(Rose et al., 2017).
3.5. Meta-analysis

Based on the criteria defined in the protocol, only four immune
outcome parameters were eligible for meta-analysis: IL-1β, IL-6, IL-10
and TNF-α. As shown in Tables 6–9, 16 articles reported on the effects of
maternal poly(I:C) on IL-1β protein concentrations in the offspring. These
included 53 experiments using 785 animals. Twenty two articles re-
ported on IL-6 protein concentrations, comprising 62 experiments using
902 animals. For IL-10, protein concentrations in offspring from mothers
treated with poly(I:C) effect sizes were calculated for 32 experiments
from 10 articles using a total of 422 animals. Analysis of TNF-α protein
concentrations in the offspring was based on 17 articles, reporting 56
separate experiments using 826 animals.

3.5.1. Forest plots
For each analyzed cytokine, forest plots are shown with the addition

of study characteristics in Figs. 5–8. The heterogeneity for each param-
eter varied between I2 ¼ 50,4 and I2 ¼ 67,2%.

3.5.2. Subgroup analyses
Subgroup analyses were performed to check for significant effects

within each of the predetermined methodological characteristics:
27
species, gestational period, age of outcome assessment and sampling
location. Fig. 9 visually represents the outcomes for each of the subgroup
analyses.

3.5.2.1. IL-1β protein concentrations. Pooling of all available experiments
showed that maternal poly(I:C) injection resulted in an increase in IL-1β
concentrations in the offspring (SMD 0.29 [0.07, 0.5]. Between study
heterogeneity was I2 ¼ 58.2% (see Table 6).

Subgroup analysis comparing species showed an effect of maternal
poly(I:C) on IL-1β concentrations in mouse studies (See Fig. 9A). The data
originating from the rat studies were not pooled, as this subgroup con-
tained too few individual papers to be eligible for processing.

Poly(I:C) injection during late, but not mid gestation significantly
increased IL-1β concentrations in the offspring. Subgroup analysis further
indicated that the treatment effect in the subgroups did not differ
significantly (see Fig. 9B).

Subgroup analysis comparing effects of maternal poly(I:C) in prenatal
and post-weaning offspring showed a significant increase in IL-1β con-
centrations in the post-weaning, but not the prenatal subgroup (see
Fig. 9C). However, the difference in treatment effect in these subgroups
was not significantly different. There were insufficient articles to pool
data of the pre-weaning subgroup.

When differences in sampling locations were assessed, subgroup
analysis showed an increase in IL-1β concentrations in blood, but not in
brain tissue of the offspring (see Fig. 9D). IL-1β concentrations however,
did not differ significantly between sampling locations.



Table 5
Outcome measurements sorted by age of outcome assessment.

Parameter Age of
outcome
assessment

Increased No effect Decreased

IL-1α Prenatal Pratt, 2013 Ehninger,
2014 [2 h]
[6.5 h]
Horv�ath, 2019

Pre-weaning Garay, 2013
[P14 Hip]

Arsenault,
2014 [blood]
[brain]
Garay, 2013
[P0 blood]
[P0 CiC]
[P0 FC]
[P0 Hip]
[P14 blood]
[P14 CiC]

Garay, 2013
[P7 blood]
[P14 FC]

Post-
weaning

Garay, 2013
[P60 FC]
Krstic, 2012
[Hip]

Garay, 2013
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 Hip]
Krstic, 2012
[NeC]

IL-1β Prenatal Arrode-Brus�es,
2012 [G17]
Corradini,
2018 [6 h
Mg2þ run]
[6 h]
Meyer, 2006
[G9 6 h]
[G17 3 h]
Meyer, 2008
[brain]
Vuillermot,
2017

Arrode-Brus�es,
2012 [G16]
Corradini,
2018 [3 h]
Ehninger,
2014 [2 h]
[6.5 h]
Horv�ath, 2019
Meyer, 2005
[2.5 mg]
[5 mg]
Meyer, 2006
[G9 6 h]
[G17 6 h]
[G17 6 h]
Missault, 2014
[G9 2 mg]
[G9 4 mg]
[G9 8 mg]
[G15 2 mg]
[G15 4 mg]
[G15 8 mg]
Mueller, 2019
[batch 1]
[batch 2]
[batch 3]
[batch 4]
[batch HMW]
[batch LMW]
Nakamura,
2019 [brain]
Pratt, 2013
[gene]
[protein]
Wang, 2019

Corradini,
2018 [24 h]
Meyer, 2006
[G9 3 h]
[G9 3 h]
[G17 3 h]

Pre-weaning Garay, 2013
[P0 FC]
[P7 blood]
Krstic, 2012

Arsenault,
2014 [blood]
[brain]
Garay, 2013
[P0 blood]
[P0 CiC]
[P7 CiC]
[P7 FC]
[P7 Hip]

Garay, 2013
[P0 Hip]
[P14 CiC]
[P14 FC]
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3.5.2.2. IL-6 protein concentrations. Pooling data from all included ex-
periments showed that maternal poly(I:C) injection enhanced IL-6 pro-
tein concentrations (SMD 0.51 [0.27, 0.75]. Between study heterogeneity
was I2 ¼ 67.2% (see Table 7).

Subgroup analysis for species showed an effect of maternal poly(I:C)
on IL-6 concentrations in mice, but not rats. The effects on IL-6 concen-
trations in mice did not differ significantly from those in rats (see
Fig. 9E).

Subgroup analysis for gestational period during which poly(I:C) was
injected to the mothers showed that maternal poly(I:C) injection during
mid gestation, but not late gestation, resulted in significant increases in
IL-6 concentrations in the offspring (see Fig. 9F). Further analysis showed
that the effect in the mid gestation group was significantly different from
that in the late gestation group (ΔSMD 0.72 [0.27, 1.17], p ¼ 0.005).

Maternal poly(I:C) injection significantly increased IL-6 concentra-
tions in the offspring before birth. Prenatal IL-6 concentrations were
significantly higher when compared to IL-6 concentrations post-weaning
(ΔSMD 0.92 [0.44, 1.40], p ¼ 0.0005). In the post-weaning group no
increase in IL-6 concentrations was observed (see Fig. 9G). The number
of articles in the pre-weaning group (n ¼ 2) was insufficient to conduct
meaningful subgroup analyses.

Subgroup analyses showed a significant increase in IL-6 concentra-
tions in brain tissue but not in blood. The difference between the two
sampling locations in the offspring was not significantly different (see
Fig. 9H).

3.5.2.3. IL-10 protein concentrations. Pooling of all available data
showed that overall maternal poly(I:C) treatment had no effect on IL-10
concentrations in the offspring (SMD 0.12 [-0.16, 0.39]). Heterogeneity
was I2 ¼ 50.4% (see Table 8).

Subgroup analysis comparing species showed that maternal poly(I:C)
had no significant effect on IL-10 concentrations in mice (see Fig. 9I).
There were not enough studies to pool the data of the rat studies.

Subgroup analyses demonstrated no effect of maternal poly(I:C) on
IL-10 protein concentrations for the subgroups gestational period of
maternal poly(I:C) injection and age at outcome assessment (see Fig. 9J
and K). There were insufficient articles to reliably analyze data of the pre-
weaning subgroup.

Subgroup analysis showed an increase in IL-10 concentrations in
blood, but not in brain tissue of the offspring. IL-10 concentrations
however, did not differ significantly between these subgroups (see
Fig. 9L).

3.5.2.4. Subgroup analyses for TNF-a concentrations in the off-
spring. Pooling results from all available experiments showed that overall
maternal poly(I:C) treatment enhanced TNF-α concentrations in the
offspring (SMD 0.23 [0.002, 0.46]). Heterogeneity was 61.9% (see
Table 9).

Maternal poly(I:C) resulted in a significant increase in TNF-α con-
centrations in mouseoffspring, whereas no effect was found in rats. The
effects in the two subgroups did not differ significantly (see Fig 9M).

TNF-α concentrations were enhanced in offspring from mothers
injected during mid gestion, but not late gestation. The effects in these
subgroups did however not differ significantly (see Fig 9N).

Subgroup analyses showed an increase in TNF-α concentrations in
offspring when measured before birth, but not pre- or post-weaning. The
effect observed in the prenatal subgroup did not differ significantly from
the effect in pre-weaning and post-weaning subgroups (see Fig 9O).

Subgroup analyses showed no alteration in TNF-α concentrations in
the subgroups for sampling location, nor an effect between these sub-
groups (see Fig 9P).
[P14 blood]
[P14 Hip]
Hollins, 2018

(continued on next page)

3.6. Sensitivity analysis

To assess the robustness of our findings, we performed two sensitivity
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Table 5 (continued )

Parameter Age of
outcome
assessment

Increased No effect Decreased

Post-
weaning

Ding, 2019
[P40 FC]
[P40 Hip]
Garay, 2013
[P30 blood]
Giovanoli,
2016 [P90 Hip]
Hui, 2018 [M
CeC]
Krstic, 2012
[P90-150
blood]
[P450 blood]
[P450 Hip]
Mattei, 2014
[Hip]
Zhao, 2019

Clark, 2019
[P36]
[P61]
Ding, 2019
[P60 FC]
[P60 Hip]
Duchatel,
2018 [G10]
[G19]
Garay, 2013
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Giovanoli,
2013 [P41
Hip]
[P70 Hip]
Giovanoli,
2015 [P30
blood]
[P30 Hip]
[P150 a blood]
[P150 a Hip]
[P150 b
blood]
[P660 a blood]
[P660 a Hip]
[P660 b
blood]
Giovanoli,
2016 [P40
blood]
[P40 Hip]
[P90 blood]
Hui, 2018 [F
CeC]
[F Cer]
[F Hip]
[M Hip]
MacDowell,
2017
Mattei, 2014
[Cer]
Meyer, 2008
[CPu]
[FC]
[Hip dorsal]
[Hip ventral]
Nakamura,
2019 [FC]
[Hip]
Rose, 2017
[P395]
[P1338]
Volk, 2015
[G11-13]
[G15-17]

Garay, 2013
[P30 CiC]
[P30 FC]
Hui, 2018 [M
Cer]

IL-2 Prenatal Ehninger,
2014 [2 h]
[6.5 h]

Pre-weaning Arsenault,
2014 [blood]

Arsenault,
2014 [brain]
Garay, 2013
[P0 blood]
[P0 CiC]
[P0 FC]
[P7 Hip]
[P14 blood]
[P14 CiC]

Garay, 2013
[P0 Hip]
[P7 blood]
[P7 CiC]
[P7 FC]
[P14 FC]
[P14 Hip]

Post-
weaning

Rose, 2017
[P395]

Garay, 2013
[P30 blood]
[P30 CiC]

Pacheco-
Lopez, 2013
[P70]

Table 5 (continued )

Parameter Age of
outcome
assessment

Increased No effect Decreased

[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Pacheco-
Lopez, 2013
[P30]
Rose, 2017
[P1338]

IL-4 Prenatal Pratt, 2013 Ehninger,
2014 [6.5 h]

Ehninger,
2014 [2 h]

Pre-weaning Arsenault,
2014 [blood]
[brain]
Garay, 2013
[P0 blood]
[P0 CiC]
[P0 FC]
[P7 blood]
[P14 blood]
[P14 CiC]
[P14 FC]
[P14 Hip]

Garay, 2013
[P0 Hip]
[P7 FC]
[P7 Hip]

Post-
weaning

Clark, 2019
[P61]
Garay, 2013
[P30 blood]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Giovanoli,
2015 [P30
blood]
[P30 Hip]
[P150 blood]
[P150 Hip]
[P660 blood]
[P660 Hip]
Giovanoli,
2016 [P40
blood]
[P40 Hip]
[P90 blood]
[P90 Hip]
Zhao, 2019

Clark, 2019
[P36]
Garay, 2013
[P30 CiC]

IL-5 Prenatal Ehninger,
2014 [6.5 h]

Ehninger,
2014 [2 h]

Pre-weaning Arsenault,
2014 [blood]

Arsenault,
2014 [brain]
Garay, 2013
[P0 blood]
[P0 CiC]
[P0 FC]
[P0 Hip]
[P14 blood]
[P14 CiC]

Garay, 2013
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 FC]
[P14 Hip]

Post-
weaning

Garay, 2013
[P30 blood]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Rose, 2017
[P395]
[P1338]

Garay, 2013
[P30 CiC]
[P30 FC]

(continued on next page)
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Table 5 (continued )

Parameter Age of
outcome
assessment

Increased No effect Decreased

IL-6 Prenatal Connor, 2012
[G12.5 3 h]
Corradini,
2018 [6 h
Mg2þ run]
[6 h]
Horv�ath, 2019
Lipina, 2013
[2.5 mg]
[5 mg]
Meyer, 2006
[G9 3 h]
[G9 6 h]
[G17 6 h]
[G17 6 h]
Meyer, 2008
Mueller, 2019
[batch 2]
[batch 3]
[batch 4]
[batch HMW]
[batch LMW]
Nakamura,
2019 [gene]
[protein]
Pratt, 2013
[gene]
Vuillermot,
2017
Wang, 2019
Wu, 2015 [a]
[b]
Zhao, 2019
[10 mg brain]
[10 mg Hip]

Connor, 2012
[G12.5 6 h]
[G17.5 3 h]
[G17.5 6 h]
Corradini,
2018 [3 h]
[24 h]
Ehninger,
2014 [2 h]
[6.5 h]
Meyer, 2006
[G9 3 h]
[G9 6 h]
[G17 3 h]
[G17 3 h]
Missault, 2014
[G9 2 mg]
[G9 4 mg]
[G9 8 mg]
[G15 2 mg]
[G15 4 mg]
[G15 8 mg]
Mueller, 2019
[batch 1]
Pratt, 2013
[protein]
Ratnayake,
2014 [G20]
[G21]
Zhao, 2019 [1
mg brain]
[1 mg Cer]
[1 mg FC]
[1 mg Hip]
[5 mg brain]
[5 mg Cer]
[5 mg FC]
[5 mg Hip]
[10 mg Cer]
[10 mg FC]

Pre-weaning Arsenault,
2014 [blood]
Garay, 2013
[P0 Hip]
[P7 blood]
[P14 Hip]

Arsenault,
2014 [brain]
Garay, 2013
[P0 blood]
[P0 CiC]
[P0 FC]
[P7 FC]
[P7 Hip]
[P14 blood]
[P14 CiC]
[P14 FC]
Murray, 2019
[F]
[M]

Garay, 2013
[P7 CiC]

Post-
weaning

Ding, 2019
[P40 FC]
[P40 Hip]
[P60 FC]
Garay, 2013
[P30 blood]
[P60 FC]
Krstic, 2012
[Hip]
MacDowell,
2017
Zhao, 2019
[gene]
[protein]

Clark, 2019
[P36]
[P61]
Ding, 2019
[P60 Hip]
Garay, 2013
[P60 blood]
[P60 CiC]
[P60 Hip]
Giovanoli,
2013 [P41
blood]
Giovanoli,
2015 [P30
blood]
[P30 Hip]
[P150 a blood]
[P150 a Hip]
[P150 b
blood]

Garay, 2013
[P30 CiC]
[P30 FC]
[P30 Hip]
Pacheco-
Lopez, 2013
[P30]

Table 5 (continued )

Parameter Age of
outcome
assessment

Increased No effect Decreased

[P660 a blood]
[P660 a Hip]
[P660 b
blood]
Giovanoli,
2016 [P40
blood]
[P40 Hip]
[P90 blood]
[P90 Hip]
Hollins, 2018
[P84]
Hui, 2018 [F
CeC]
[F Cer]
[F Hip]
[M CeC]
[M Cer]
[M Hip]
Krstic, 2012
[NeC]
Mandal, 2013
Murray, 2019
Nakamura,
2019 [FC]
[Hip]
Pacheco-
Lopez, 2013
[P70]
Rose, 2017
[P1338]
Volk, 2015
[G11-13]
[G15-17]
Yee, 2011

IL-10 Prenatal Meyer, 2006
[G17 3 h]
[G17 6 h]

Arrode-Brus�es,
2012 [G16]
[G17]
Ehninger,
2014 [2 h]
[6.5 h]
Horv�ath, 2019
Meyer, 2005
[2.5 mg]
[5 mg]
Meyer, 2006
[G9 3 h]
[G9 6 h]
[G17 3 h]
[G17 6 h]
Meyer, 2008
Missault, 2014
[G9 2 mg]
[G9 4 mg]
[G9 8 mg]
[G15 2 mg]
[G15 4 mg]
[G15 8 mg]
Mueller, 2019
[batch 1]
[batch 2]
[batch 3]
[batch 4]
[batch HMW]
[batch LMW]
Pratt, 2013

Meyer, 2006
[G9 3 h]
[G9 6 h]

Pre-weaning Garay, 2013
[P0 FC]

Arsenault,
2014 [brain]
Garay, 2013
[P0 blood]
[P0 CiC]
[P0 Hip]
[P7 blood]

Garay, 2013
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 CiC]
[P14 FC]

(continued on next page)
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Table 5 (continued )

Parameter Age of
outcome
assessment

Increased No effect Decreased

[P14 blood]
[P14 Hip]

Post-
weaning

Garay, 2013
[P60 CiC]
[P60 FC]

Clark, 2019
[P61]
Garay, 2013
[P30 blood]
[P30 Hip]
[P60 blood]
[P60 Hip]
MacDowell,
2017
Mandal, 2013
Meyer, 2008
[CPu]
[FC]
[Hip dorsal]
[Hip ventral]
Pacheco-
Lopez, 2013
[P30]
[P70]
Rose, 2017
[P395]
[P1338]

Clark, 2019
[P36]
Garay, 2013
[P30 CiC]
[P30 FC]
Zhao, 2019

IL-12
(p40)

Prenatal Ehninger,
2014 [2 h]
[6.5 h]

Pre-weaning Garay, 2013
[P0 blood]
[P7 blood]

Garay, 2013
[P0 CiC]
[P0 FC]
[P0 Hip]
[P7 CiC]
[P7 Hip]
[P14 blood]
[P14 CiC]
[P14 FC]
[P14 Hip]

Garay, 2013
[P7 FC]

Post-
weaning

Garay, 2013
[P30 blood]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Rose, 2017
[P395]
[P1338]

Garay, 2013
[P30 CiC]
[P30 FC]

IL-13 Prenatal Arrode-Brus�es,
2012 [G16]

Arrode-Brus�es,
2012 [G17]
Ehninger,
2014 [2 h]
[6.5 h]

Pre-weaning Garay, 2013
[P0 blood]
[P0 CiC]
[P0 FC]
[P0 Hip]
[P7 blood]
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 blood]
[P14 CiC]
[P14 Hip]

Garay, 2013
[P14 FC]

Post-
weaning

Rose, 2017
[P395]

Garay, 2013
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]

Table 5 (continued )

Parameter Age of
outcome
assessment

Increased No effect Decreased

Rose 2017
[P1338]

IL-17 Prenatal Wang, 2019 Arrode-Brus�es,
2012 [G17]
Corradini,
2018
Ehninger,
2014 [2 h]
[6.5 h]
Mueller, 2019
[batch 1]
[batch 2]
[batch 3]
[batch 4]
[batch HMW]
[batch LMW]

Pre-weaning Garay, 2013
[P7 CiC]

Arsenault,
2014 [blood]
[brain]
Garay, 2013
[P0 blood]
[P0 CiC]
[P0 FC]
[P0 Hip]
[P7 blood]
[P7 FC]
[P7 Hip]
[P14 blood]
[P14 FC]
[P14 Hip]

Garay, 2013
[P14 CiC]

Post-
weaning

Garay, 2013
[P30 blood]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Rose, 2017
[P1338]

Garay, 2013
[P30 CiC]

IFN-γ Prenatal Ehninger,
2014 [2 h]
[6.5 h]

Pre-weaning Garay, 2013
[P0 CiC]
[P7 blood]

Arsenault,
2014 [blood]
[brain]
Garay, 2013
[P0 blood]
[P0 FC]
[P0 Hip]
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 blood]
[P14 Hip]

Garay, 2013
[P14 CiC]
[P14 FC]

Post-
weaning

Garay, 2013
[P60 CiC]
Rose, 2017
[P395]
Zhao, 2019

Clark, 2019
[P36]
[P61]
Garay, 2013
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 FC]
[P60 Hip]
Pacheco-
Lopez, 2013
[P30]
Rose, 2017
[P1338]

Pacheco-
Lopez, 2013
[P70]

(continued on next page)
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Table 5 (continued )

Parameter Age of
outcome
assessment

Increased No effect Decreased

TNF-α Prenatal Arsenault,
2014
Meyer, 2006
[G17 6 h]
Meyer, 2008
Mueller, 2019
[batch 2]
[batch 3]
[batch 4]
[batch HMW]
[batch LMW]
Vuillermot,
2017
Zhao, 2019
[10 mg brain]
[10 mg Hip]

Ehninger,
2014 [6.5 h]
Gilmore, 2005
[2 h brain]
[8 h brain]
[8 h liver &
spleen]
[24 h brain]
[24 h liver &
spleen]
Meyer, 2006
[G9 3 h]
[G9 6 h]
[G9 6 h]
[G17 3 h]
[G17 6 h]
Missault, 2014
[G9 2 mg]
[G9 4 mg]
[G9 8 mg]
[G15 2 mg]
[G15 4 mg]
[G15 8 mg]
Mueller, 2019
[batch 1]
Nakamura,
2019
Pratt, 2013
[gene]
[protein]
Wang, 2019
Zhao, 2019 [1
mg Cer]
[1 mg FC]
[1 mg Hip]
[5 mg brain]
[5 mg Cer]
[5 mg FC]
[5 mg Hip]
[10 mg Cer]

Ehninger,
2014 [2 h]
Gilmore, 2005
[2 h liver &
spleen]
Meyer, 2006
[G17 3 h]
Ratnayake,
2014 [G20]
[G21]
Zhao, 2019 [1
mg brain]
[10 mg FC]

Pre-weaning Garay, 2013
[P7 blood]
[P14 blood]

Arsenault,
2014 [P10 a]
[P10 b]
[P10 blood]
Garay, 2013
[P0 blood]
[P0 CiC]
[P0 FC]
[P0 Hip]
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 CiC]
[P14 FC]
[P14 Hip]
Gilmore, 2005
[P7]
Hollins, 2018
[P7]

Gilmore, 2005
[P1]

Post-
weaning

Clark, 2019
[P36]
Ding, 2019
[P60 FC]
Han, 2011
MacDowell,
2017
Rose, 2017
[P395]

Clark, 2019
[P61]
Ding, 2019
[P40 FC]
[P40 Hip]
[P60 Hip]
Duchatel,
2018 [G10]
[G19]
Garay, 2013
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]

Nakamura,
2019 [Hip]
Pacheco-
Lopez, 2013
[P30]

Table 5 (continued )

Parameter Age of
outcome
assessment

Increased No effect Decreased

[P60 CiC]
[P60 FC]
[P60 Hip]
Giovanoli,
2013 [P41
blood]
[P41 Hip]
[P70 Hip]
Giovanoli,
2015 [P30
blood]
[P30 Hip]
[P150 a blood]
[P150 a Hip]
[P150 b
blood]
[P660 a blood]
[P660 a Hip]
[P660 b
blood]
Giovanoli,
2016 [P40
blood]
[P40 Hip]
[P90 blood]
[P90 Hip]
Hollins, 2018
[P84]
Krstic, 2012
[Hip]
[NeC]
Mattei, 2014
[Cer]
[Hip]
Nakamura,
2019 [FC]
Pacheco-
Lopez, 2013
[P70]
Rose, 2017
[P1338]
Zhao, 2019

MCP-1 Prenatal Arrode-Brus�es,
2012 [G17]
Mueller, 2019
[batch 2]
[batch 3]
[batch 4]

Arrode-Brus�es,
2012 [G16]
Ehninger,
2014 [2 h]
[6.5 h]
Mueller, 2019
[batch 1]
[batch HMW]
[batch LMW]
Openshaw,
2019
Pratt, 2013

Pre-weaning Garay, 2013
[P0 CiC]

Arsenault,
2014 [blood]
[brain]
Garay, 2013
[P0 blood]
[P0 FC]
[P7 blood]
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 blood]

Garay, 2013
[P0 Hip]
[P14 CiC]
[P14 FC]
[P14 Hip]

Post-
weaning

Rose, 2017
[P1338]

Garay, 2013
[P30 blood]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Rose, 2017
[P395]

Garay, 2013
[P30 CiC]
[P30 FC]

(continued on next page)
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Table 5 (continued )

Parameter Age of
outcome
assessment

Increased No effect Decreased

MIP-1α Prenatal Arrode-Brus�es,
2012 [G17]

Ehninger,
2014 [6.5 h]

Arrode-Brus�es,
2012 [G16]
Ehninger,
2014 [2 h]

Pre-weaning Garay, 2013
[P7 Hip]

Arsenault,
2014
Garay, 2013
[P0 CiC]
[P0 FC]
[P7 blood]
[P7 CiC]
[P7 FC]
[P14 blood]
[P14 CiC]
[P14 FC]
[P14 Hip]

Garay, 2013
[P0 blood]
[P0 Hip]

Post-
weaning

Garay, 2013
[P30 blood]
[P30 CiC]
[P30 FC]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Rose, 2017
[P1338]

Garay, 2013
[P30 Hip]

RANTES Prenatal Openshaw,
2019
Pratt, 2013

Arrode-Brus�es,
2012 [G17]
Ehninger,
2014 [2 h]
[6.5 h]

Pre-weaning Garay, 2013
[P0 blood]
[P7 blood]

Arsenault,
2014 [blood]
[brain]
Garay, 2013
[P0 CiC]
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 blood]
[P14 CiC]
[P14 FC]

Garay, 2013
[P14 Hip]

Post-
weaning

Garay, 2013
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]

GM-CSF Prenatal Pratt, 2013 Arrode-Brus�es,
2012 [G17]
Ehninger,
2014 [2 h]
[6.5 h]

Pre-weaning Garay, 2013
[P0 FC]

Garay, 2013
[P0 CiC]
[P0 Hip]
[P7 blood]
[P7 CiC]
[P7 FC]
[P7 Hip]
[P14 blood]
[P14 Hip]

Garay, 2013
[P0 blood]
[P14 CiC]
[P14 FC]

Post-
weaning

Garay, 2013
[P30 blood]
[P30 CiC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]
Rose, 2017

Garay, 2013
[P30 FC]

Table 5 (continued )

Parameter Age of
outcome
assessment

Increased No effect Decreased

[P395]
[P1338]

CXCL1 Prenatal Horv�ath, 2019
Mueller, 2019
[batch 2]
[batch 3]
[batch 4]
[batch HMW]
[batch LMW]

Arrode-Brus�es,
2012 [G17]
Ehninger,
2014 [2 h]
[6.5 h]
Mueller, 2019
[batch 1]

Pre-weaning Garay, 2013
[P7 blood]
[P7 Hip]

Garay, 2013
[P0 blood]
[P0 CiC]
[P0 FC]
[P7 CiC]
[P7 FC]
[P14 blood]
[P14 FC]
[P14 Hip]

Garay, 2013
[P0 Hip]
[P14 CiC]

Post-
weaning

Garay, 2013
[P30 blood]
[P30 CiC]
[P30 FC]
[P30 Hip]
[P60 blood]
[P60 CiC]
[P60 FC]
[P60 Hip]

Entries indicated in blue represent protein expression data, all other entries
represent gene expression data.
CeC¼ Cerebral cortex; Cer¼ Cerebellum; CiC¼ Cingulate cortex; CPu¼ Caudate
putamen; CXCL ¼ Chemokine (C-X-C motif) ligand; F¼ Female; FC ¼ Frontal
cortex; G ¼ Gestational day; GM-CSF ¼ Granulocyte-macrophage colony-
stimulating factor; Hip ¼ Hippocampus; HMW ¼ high molecular weight; IFN ¼
Interferon; IL ¼ Interleukin; LMW ¼ low molecular weight; M ¼ Male; MCP ¼
Monocyte chemoattractant protein; MIP ¼ Macrophage inflammatory protein;
NeC ¼ Neocortex; P ¼ Postnatal day; RANTES ¼ Regulated on activation normal
T cell expressed and secreted; TNF ¼ Tumor necrosis factor.
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analyses. Firstly, we excluded studies measuring cytokines in blood
samples to test for confounding by sampling locations. Secondly, we
controlled for studies that used a deviant poly(I:C) dosing regimen. To
this purpose, studies that injected relatively low doses of poly(I:C),
defined as 5 mg/kg IP or less and 2 mg/kg IV or less, as well as studies in
which poly(I:C) was administered repeatedly were excluded.

The sensitivity analysis excluding blood samples had no significant
effect on the magnitude or direction of the effect for any of the cytokines
analyzed. The sensitivity analysis for dosing regimen had no significant
effects on the effect sizes calculated for IL-6 and IL-10 in any of the
subgroups. For IL-1β and TNF-α exclusion of these studies resulted in loss
of significance for respectively the increase in IL-1β observed post-
weaning, and the increase in TNF-α protein concentrations before birth.
3.7. Publication bias

Fig. 10 shows funnel plots for the parameters that were eligible for
meta-analysis. Visual inspection of these funnel plots revealed varying
shapes. IL-1β, IL10 and TNF-α showed no distinct funnel shape, symmetry
or asymmetry. Funnel plots with sufficient data are expected to assume a
funnel shape so that they may be interpreted. The lack of any discernible
shapes for IL-1β, IL10 and TNF-α may indicate that their shapes are a
product of chance rather than any form of publication bias and prevents
them from being reliably interpreted. The funnel plot of IL-6 showed a
distinct funnel shape with a small degree of asymmetry due to a lack of
small studies with negative outcomes. This observation indicates the
possibility of publication bias for IL-6.



Fig. 5. Forest plot of IL-1β protein concentrations with study characteristics.
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4. Discussion

4.1. Effect of maternal poly(I:C) on offspring immune mediators

This systematic review is the first to analyze and compare immuno-
logical outcomes and study characteristics of the maternal poly(I:C)
model. The descriptive tables and meta-analysis show an increase in IL-6
concentrations in offspring of mothers exposed to poly(I:C), which is in
line with the current consensus in the field. It is understood that changes
in cyto- and chemokine concentrations are a driving factor behind the
effects of maternal immune activation on neurodevelopment (Estes and
McAllister, 2016). Indeed, Smith and coworkers showed that injecting
pregnant dams with IL-6 induced symptoms similar to those of maternal
immune activation, while the administration of anti-IL-6 antibody could
alleviate symptoms caused by poly(I:C) (Smith et al., 2007). This review
confirms the notion of IL-6 playing a central role in the effects of maternal
immune activation.

The observed increase in IL-6 protein concentrations was significantly
more pronounced prenatally than post-weaning. Since the time between
poly(I:C) exposure and sampling is, by definition, shorter in the prenatal
34
group than it is in the pre- or post-weaning groups, this may suggest that
the observed IL-6 response is a short-term rather than a long-term effect.
This, in turn, raises the question if the observed immune response is of
maternal or fetal origin. Maternal IL-6 is known to be able to reach the
fetus in rats, but fetal cells are also capable of mounting a response of
their own (Dahlgren et al., 2006). Either one, or both, could be respon-
sible for increased IL-6 concentrations in the offspring following poly(I:C)
injection.

An alternative explanation for the strong increase in IL-6 concentra-
tions before birth is that the age of outcome assessment is confounded by
sampling location. Unlike included pre- and post-weaning measure-
ments, prenatal measurements were performed exclusively in brain,
possibly due to technical difficulties involving fetal blood sampling. As
such, it cannot be excluded that this difference in sampling locations may
have contributed to the larger increase in IL-6 concentrations in prenatal
samples. This notion is however not supported by the sensitivity analysis.

Another interesting observation is the lack of an effect in the
remaining cytokines. Poly(I:C) is well known to trigger the release of
several immune mediators, such as IL-1β, IL-6, TNF-α and IFN-ɣ (Alex-
opoulou et al., 2001; Gilmore et al., 2005; Voss et al., 2006). As a result,



Fig. 6. Forest plot of IL-6 protein concentrations with study characteristics.
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one would expect a short-term inflammatory response to poly(I:C) to
constitute more immune mediators than just IL-6. One explanation for
this discrepancy could be that the changes in cytokine concentrations
occurring in the offspring are very brief and small. Since cytokines such
as IL-1β, TNF-α and IFN-ɣ can stimulate the expression of IL-6 by neurons,
astrocytes and microglia, IL-6 may locally reach relatively high concen-
trations and stand out (Gadient and Otten, 1997). Alternatively, the
remaining cytokines might have actually been affected, but only under
specific conditions. As is evident in our results and often the case in
meta-analyses of animal studies, the data has a large degree of hetero-
geneity. For this reason, caution is warranted when drawing conclusions
from the pooled overall effects. If a cytokine were to be increased under
one condition and decreased under another, this effect would have been
lost in the pooling of the outcomes. In addition, the number of included
studies is limited. Therefore the subgroup analyses may not be suffi-
ciently powered to identify subgroup differences. Additional research
would provide the data required to elucidate the sources of this hetero-
geneity and help prove or disprove the effects that the experimental
set-up may have on cytokine concentrations.

The absence of effect in immune mediators in pre- and post-weaning
samples from offspring of poly(I:C)-exposed animals is at odds with the
35
current literature on cytokines in human patients suffering from neuro-
developmental disorders. It is reported that schizophrenia patients with a
first-episode psychosis were observed to have increased blood concen-
trations of IL-1β, IL-6, IL-12, IFN-ɣ, TNF-α, TGF-β and sIL-2R compared to
healthy controls (Miller et al., 2011). In another meta-analysis patients
with an autism spectrum disorder were reported to have increased blood
concentrations of IL-1β, IL-6, IFN-ɣ and TNF-α (Saghazadeh et al., 2019).
These findings suggest that neurodevelopmental disorders have a
persistent immune component in humans. The fact that outcomes of the
poly(I:C) model, which is used to model neurodevelopmental disorders,
only points towards a limited and prenatal increase in cytokine concen-
trations is therefore noteworthy. There are several possible explanations
for this discrepancy.

First and foremost, meta-analyses in humans measure in blood and ce-
rebrospinalfluid,while studies using the poly(I:C)model tend to sample the
brain. Thismeans that the outcomes of this study and humanmeta-analyses
cannot be directly compared. Secondly, the poly(I:C) model uses a very
specific intervention toaffectneurodevelopment,namelymaternal immune
activation. The human situation may be much more complex than this,
involving genetic susceptibility and environmental stimuli as well, with
maternal immune activation playing a role in only a fraction of the patients



Fig. 7. Forest plot of IL-10 protein concentrations with study characteristics.
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with neurodevelopmental disorders. If the inflammatory profile varies
depending on the etiology of a case, then thismay explainwhy the immune
outcomes of the poly(I:C) model are not similar to those found in human
meta-analyses. Indeed, there is some evidence that suggests the existence of
inflammatory subgroups among patients with neurodevelopmental disor-
ders, with approximately 40% of the schizophrenia patients exhibiting a
high inflammatory status (Boerrigter et al., 2017; Martinuzzi et al., 2019;
Purves-Tyson et al., 2019). Additional research is necessary to determine if
maternal immune activation plays a significant role in the development of
such subtypes and whether these subtypes correlate with psychopatholog-
ical or neuropathological outcomes.

Lastly, the poly(I:C) model is a simplified model of neuro-
developmental disorders. Not only does this refer to the fact that the
human nervous system is more complex than that of most other animals,
but the model also lacks intricacies such as genetic susceptibility, dys-
biosis and late-life environmental stimuli, also referred to as a “second
hit”. It is likely that the development of a neurodevelopmental disorder is
driven by a plethora of cumulative factors, of which maternal immune
activation is only one possible example. As a result, changes induced by
maternal immune activation alone may not fully represent the complex
neurodevelopmental changes that result in mental disorders in humans.
36
Certain adjustments may be made to the model to further refine it and
more closely represent the human situation, such as the inclusion of a
second hit for animals primed by maternal immune activation. Examples
of such factors could be late-life stress, late-life infection or genetic sus-
ceptibility (Estes and McAllister, 2016). The combination of poly(I:C)
priming and juvenile stress has been attempted, though with varying
results (Monte et al., 2017; Yee et al., 2011). Additional research into the
type and timing of second hits may help move the field forward. It may
also be worth broadening the scope of the field beyond the immune
parameters that have been investigated by the studies included in this
analysis. For example, the descriptive tables show that IFN-ɣ has only
occasionally been studied in the context of the poly(I:C) model, even
though meta-analyses in humans have identified IFN-ɣ as a cytokine of
interest. Similarly, an increasing amount of evidence points towards a
role for the complement system in neurodevelopmental disorders, yet
only one study reported a measurement related to the complement sys-
tem (Druart and Le Magueresse, 2019; Han et al., 2017). Finally, sam-
pling blood and cerebrospinal fluid samples for cytokines could facilitate
comparisons between preclinical and human studies.



Fig. 8. Forest plot of TNF-α protein concentrations with study characteristics.
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4.2. Methodological characteristics

There were considerable differences in the methods used by the
studies included in this systematic review. Since this diversity resulted in
a limited amount of data for each individual characteristic, subgroup
analysis was only possible for species, gestational period of poly(I:C)
injection, sampling location and age of outcome assessment. Of these
study characteristics, only prenatal versus post-weaning IL-6 concentra-
tions and mid versus late gestation IL-6 concentrations showed signifi-
cant differences and were identified as a source of heterogeneity, while
no noteworthy differences were found in the remaining subgroups.

The lack and diversity of the data leaves a lot of uncertainty about the
influence of a number of other characteristics that may still be partially
responsible for the perceived heterogeneity, such as strains, poly(I:C)
dose, administration route, animal vendor, maternal microbiome and
analytical techniques. As more data becomes available in the field, future
research may be able to explore the impact of these characteristics on the
outcomes of the poly(I:C) model.

There were no measurements from animals which received the
poly(I:C) injection during early gestation. Only one study reported inject-
ing in this period, but the authors ultimately combined the results from
early and mid-gestation (Rose et al., 2017). The lack of studies in which
poly(I:C) is injected during early gestation could be due to the fact that the
37
majority of the studies used mice and rats. These are stress-sensitive spe-
cies with short pregnancies that are likely to terminate when exposed to a
severe stressor early in a pregnancy (Arck et al., 1995; Joachim et al.,
2001). This might explain why the one study to successfully inject during
early gestation was also the only study using rhesus monkeys. Alterna-
tively, researchers may have made the conscious choice to avoid the early
gestation because the entirety of the murine neurodevelopment occurring
in utero corresponds with the first and parts of the second trimester in
humans (Workman et al., 2013). As a result, there would be relatively little
practical use in studying the effects of poly(I:C) injection during the very
first days of murine pregnancy and risking terminations, since the com-
plete murine pregnancy represents the earlier human pregnancy. Regard-
less, there remains a gap in the data with respect to the effects of maternal
immune activation during the earliest days of pregnancy.

Another gap lies in sampling from pre-weaning animals, from which
there is very little data available compared to prenatal and post-weaning
animals. This seems to be at least partially due to the simple fact that pre-
weaning is a short period of time compared to post-weaning. Since the
pre-weaning period is a crucial moment for neurodevelopment, this gap
creates a lot of uncertainty about the effects of maternal poly(I:C) on
immune mediators in the offspring during a developmental period in
which alterations of immune mediators may be very impactful.



Fig. 9. Visual representation of the SMD �95% confidence interval for each subgroup analysis for each of the analyzed parameters. Missing dots represent subgroups
that were not eligible for analysis.

Table 6
Subgroup analyses of IL-1β protein concentrations.

Subgroup Articles
(n)

Experiments
(n)

Animals
(n)

SMD [95% CI], I2

All studies 16 53 785 0.29 [0.07, 0.5],
58.2%

Species
Mice 15 51 755 0.30 [0.08, 0.51],

50.4%
Rat 1 2 30 Not pooled
Gestational period
Mid
gestation

12 35 476 0.21 [-0.11, 0.53],
66.9%

Late
gestation

5 18 309 0.36 [0.11, 0.60],
19.6%

Age at outcome assessment
Prenatal 9 20 244 0.41 [-0.02, 0.85],

63.0%
Pre-weaning 2 7 88 Not pooled
Post-
weaning

7 26 453 0.26 [0.01, 0.52],
47.0%

Sampling location
Blood 5 16 256 0.41 [0.12, 0.70],

31.1%
Brain 16 37 529 0.20 [-0.09, 0.50],

64.6%

Table 7
Subgroup analyses of IL-6 protein concentration.

Subgroup Articles
(n)

Experiments
(n)

Animals
(n)

SMD [95% CI], I2

All studies 22 62 902 0.51 [0.27, 0.75],
67.2%

Species
Mice 18 50 725 0.52 [0.25, 0.80],

69.3%
Rat 4 12 177 0.47 [-0.06, 1.00],

62%
Gestational period
Mid
gestation

15 37 490 0.8 [0.45, 1.15],
70.8%

Late
gestation

9 25 412 0.08 [-0.19, 0.36],
46.6%

Age at outcome assessment
Prenatal 11 27 300 0.99 [ 0.59, 1.39],

60.5%
Pre-weaning 2 8 100 Not pooled
Post-
weaning

11 27 502 0.07 [-0.20, 0.34],
57.9%

Sampling location
Blood 9 20 374 0.16 [-0.16, 0.48],

58.4%
Brain 17 42 528 0.69 [0.37, 1.02],

68.6%
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4.3. Strengths and limitations

To our knowledge, this is the first study that systematically and objec-
tively assessed all published data on immune parameters in the offspring
from mothers exposed to poly(I:C). The study protocol was preregistered
with CAMARADES and a high degree of transparency is attained by
providingopenaccess toourdatafiles (Supplementaryfiles S1, S2).As such,
38
this study provides a reliable basis for determining the direction of future
research.

Unfortunately, the amount of available evidence was limited, the
quality of reporting in included papers was generally low and hetero-
geneity between studies was too high to draw strong conclusions about
the effects of maternal poly(I:C). The study was, however, able to



Table 8
Subgroup analyses of IL-10 protein concentrations.

Subgroup Articles (n) Experiments (n) Animals (n) SMD [95% CI], I2

All studies 10 32 422 0.12 [-0.16, 0.39], 50.4%
Species
Mice 10 32 422 0.12 [-0.16, 0.39], 50.4%
Rats 0 0 0 Not pooled
Gestational period
Mid gestation 8 27 374 0.06 [-0.25, 0.38], 53.7%
Late gestation 3 5 75 0.33 [-0.20, 0.85], 28.6%
Age at outcome assessment
Prenatal 6 17 214 0.05 [-0.21, 0.32], 22.9%
Pre-weaning 2 7 90 Not pooled
Post-weaning 4 8 118 0.23 [-0.12, 0.58], 16.3%
Sampling location
Blood 3 8 110 0.46 [0.04, 0.88], 24.8%
Brain 8 24 312 �0.02 [-0.35, 0.31], 53.2%

Table 9
Subgroup analyses of TNF-α protein concentrations.

Subgroup Articles (n) Experiments (n) Animals (n) SMD [95% CI], I2

All studies 17 56 826 0.23 [0.002, 0.46], 61.9%
Species
Mouse 13 45 700 0.31 [0.10, 0.52], 49.8%
Rat 4 11 126 �0.34 [-1.23, 0.55], 80.6%
Gestational period
Mid gestation 12 33 470 0.35 [0.06, 0.64], 59.1%
Late gestation 7 23 356 0.05 [-0.32, 0.42], 65.8%
Age at outcome assessment
Prenatal 8 21 244 0.49 [0.03, 0.96], 63.9%
Pre-weaning 3 10 136 0.05[-0.60, 0.82], 76.8%
Post-weaning 8 25 446 0.09 [-0.13, 0.31], 33.3%
Sampling location
Blood 7 17 281 0.20 [-0.27, 0.57], 59.4%
Brain 15 39 545 0.24 [-0.005, 0.53], 63.4%

Fig. 10. Funnel plots for the protein concentrations reported for IL-1β, IL-6, IL-10 and TNF-α.
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successfully assess the diversity of study characteristics and elucidate
some sources of heterogeneity in the field. Given the limited amount of
data available, certain concessions had to be made to process the data as
well, such as pooling different brain areas. With these concessions,
valuable insights might have been lost.

The risk of bias analysis showed that the quality of reporting is low
and measures taken to prevent bias in the included papers are largely
unclear. Since this analysis is based on what is reported in the papers, it is
unknown whether this rating shows if no measures were taken to reduce
bias, or if authors merely failed to report their measures to reduce bias.
Both bias prevention as well as reporting are essential to good scientific
practice, however, which makes this outcome a reason for concern either
way. The most commonly observed bias was the unit-of-analysis error,
which always concerned a risk of litter effect due to using individual
animals instead of litters as a unit of analysis.

In addition, visual inspection of the funnel plots revealed a small
degree of asymmetry for IL-6 concentrations, which might indicate the
underreporting of negative results. This could be partially caused by the
already widely accepted idea that IL-6 is the driving factor behind the
effects of maternal immune activation. It is worth noting that these
funnel plots only represent a small and heterogenous segment of the total
body of evidence, not including gene expression and outcomes below the
detection limits of analysis techniques. As a result, they may not be
representative for the body of evidence as a whole. Despite this limita-
tion, the possible presence of publication bias weakens the reliability of
conclusions based on pooled SMDs.

Finally, not allmissing data and information could be retrieved from the
respective authors. This, in combination with the aforementioned poor
reporting and possible bias, may lead to misconceptions and the loss of
valuable data, which in turn may lead to redundant studies or unnecessary
duplications. We therefore strongly suggest the use of preregistration and
publication guidelines to optimize study quality, such as the recently issued
guidelines specific to maternal immune activation studies (Kentner et al.,
2019).

4.4. Conclusion

The currently available evidence points towards increased IL-6 pro-
tein concentrations in offspring of mothers exposed to poly(I:C) which
are most pronounced prenatally. Results further imply that effects on IL-6
concentrations are strongest if poly(I:C) is administered during mid
gestation. Maternal poly(I:C) induced changes in IL-1β, Il-10 and TNF-α
concentrations could not be associated with age of offspring, gestational
period or sampling location. These findings imply that maternal poly(I:C)
triggers a short-term immune response mediated by IL-6, while not
causing consistent long-term changes in cytokine concentrations. Given
the identified paucity of data regarding cyto- and chemokines other than
IL-1β, IL-6 IL-10 or TNF-α, we strongly encourage future research to also
address other immune mediators that could be involved in maternal
immune activation. As such, the systematic map that this review provides
may assist in the design and direction of future research and may help
prevent unnecessary duplications of studies.
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