Brain, Behavior, & Immunity - Health 8 (2020) 100141

Contents lists available at ScienceDirect BEHAVIOR,
and IMMUNITY
~ Health

Brain, Behavior, & Immunity - Health

ELSEVIER journal homepage: www.editorialmanager.com/bbih/default.aspx

Full Length Article

Immune activity at birth and later psychopathology in childhood R

Check for
updates

Susana Barbosa ™", Olfa Khalfallah *"", Anne Forhan ¢ Cédric Galera‘, Barbara Heude®,
Nicolas Glaichenhaus *", Laetitia Davidovic "

 Centre National de la Recherche Scientifique, Institut de Pharmacologie Moléculaire et Cellulaire, Valbonne, France

b Université Cote d’Azur, Nice, France

¢ Université de Paris, Institut National de la Santé et de la Recherche Médicale, Institut National de la Recherche Agronomique, Centre de Recherche en Epidémiologie et
Statistiques, Paris, France

d Université Bordeaux Segalen, Charles Perrens Hospital, Child and Adolescent Psychiatry Department, Bordeaux, France

ARTICLE INFO ABSTRACT

Keywords: Disruption of neurodevelopmental trajectories can alter brain circuitry and increase the risk of psychopathology
Cytﬂkmes. later in life. While preclinical studies have demonstrated that the immune system and cytokines influence neu-
Inflammation rodevelopment, whether immune activity and in particular which cytokines at birth are associated with psy-
Mother-child cohort . . . . . .
Psychopatholo chopathology remains poorly explored in children. We used data and biological samples from 869 mother-child
BE}}IlaVi(I))r &y pairs participating in the French mother-child cohort EDEN. As proxies for immune activity at birth, we measured
Neurodevelopment the levels of 27 cytokines in umbilical cord blood sera (CBS). We then explored the association between CBS

cytokine levels and five psychopathological dimensions assessed in 5-year-old children using the Strengths and
Difficulties Questionnaire (SDQ). Five cytokines were positively associated with psychopathology: C-X-C motif
chemokine Ligand (CXCL)10, interleukin (IL)-10 and IL-12p40 with emotional symptoms, C-C motif chemokine
Ligand (CCL)11 with conduct problems, and CCL11, and IL-17A with peer relationships problems. In contrast,
seven cytokines were negatively associated with psychopathology: IL-7, IL-15 and Tumor Necrosis Factor (TNF)-f
with emotional symptoms, CCL4 and IL-6 with conduct problems, CCL26 and IL-15 with peer relationships
problems, and CCL26, IL-7, IL-15, and TNF-a with abnormal prosocial behavior. Without implying causation,
these associations support the notion that cytokines influence neurodevelopment in humans and the risk of
psychopathology later in life.

(Grandjean and Landrigan, 2014; Knuesel et al., 2014; Kong et al., 2018;
Melchior et al., 2015; Polanska et al., 2015). More generally, immune
activity during the perinatal period, and most importantly the levels of
proinflammatory cytokines could contribute to psychopathology later in
life (Cattane et al., 2018).

Animal studies have demonstrated that at least two cytokines, IL-6
and IL-17a, are the mediators of MIA effects on brain development and
behavior (Estes and McAllister, 2015). In pregnant dams, MIA causes a
transient elevation of these proinflammatory cytokines, which translate
into elevated IL-6 and IL-17a signaling in the fetal brain that interferes
with neurodevelopment (Choi et al., 2016; Smith et al., 2007). In support
of this, injection of IL-6 or IL-17a to pregnant dams or direct injection of
IL-17a in the fetal brain was sufficient to recapitulate MIA-induced
behavioral alterations in the offspring, while blocking either IL-6 or
IL-17a function using antibodies prevented MIA effects (Choi et al., 2016;
Smith et al., 2007). Cytokines also regulate neurodevelopment and brain

1. Introduction

Brain ontogeny is a finely tuned developmental process that begins
during the third week of gestation in humans and extends up to late
adolescence and arguably throughout the lifespan (Stiles and Jernigan,
2010). Disruption of developmental trajectories can alter the formation
of brain circuits and contribute to neurodevelopmental disorders (NDD)
such as attention deficit and hyperactivity disorder, intellectual
disability, and Autism Spectrum Disorder (ASD) (Thapar et al., 2017).
NDD result from complex interactions between genetic susceptibility and
exposure to environmental risks during the perinatal period. NDD risk
increases in children exposed in utero either to Maternal Immune Acti-
vation (MIA) due to gestational infection or to conditions accompanied
with immune activation (e.g depression, obesity, gestational diabetes,
exposure to environmental toxins like alcohol, tobacco, and pollutants)
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Nomenclature

ASD autism spectrum disorders

AUROC area under the receiver operating curve
BBB blood-brain barrier

BMI body mass index

CBS cord blood serum

CCL C-C motif chemokine ligand

CI confidence interval

Ccv coefficient of variation

CXCL C-X-C motif chemokine ligand

DBS dried blood spot

IFN interferon

GM-CSF granulocyte-macrophage colony-stimulating factor
IL interleukin

LLOD lower limit of detection

MIA maternal immune activation

NDD neurodevelopmental disorders

NPC neural progenitor cells

OR odds ratio

SDQ strengths and difficulties questionnaire
TNF tumor necrosis factor

VEGF vascular endothelial growth factor

VIP variable inclusion probability

function in homeostatic conditions (Deverman and Patterson, 2009). In
brain parenchyma, neural progenitor cells (NPC), neurons, astrocytes and
microglia express cytokines and/or cytokine receptors in
spatiotemporally-defined patterns (Deverman and Patterson, 2009). IL-6
neonatal overexpression in mice regulates the balance between excita-
tory/inhibitory synapses formation (Wei et al., 2012). Low doses of TNF
promote the survival, proliferation, and neuronal differentiation of mu-
rine NPC (Bernardino et al., 2008). Young Tnf-KO mice exhibit acceler-
ated hippocampal maturation (Golan et al., 2004) and synaptic scaling
defects (Stellwagen and Malenka, 2006). These early neuro-
developmental changes, dependent on cytokine signaling, can influence
behavioral outcome. For example, maternal Tnf-deletion reduced fear
response in the offspring (Zupan et al., 2017), and deletion of TNF re-
ceptors reduced anxio-depressive-like behaviors (Simen et al., 2006).
Deletion of Ifn-y had a detrimental impact on social behavior (Filiano
et al., 2016), while ablation of IL-15 receptor (IL15R) induced
depressive-like behavior and cognitive deficits (Wu et al., 2010).

Human studies relied on in vitro NPC models treated with cytokines
and on epidemiological studies addressing the associations between
perinatal cytokine levels and NDD diagnosis. In vitro, IL-7 is able to shift
the differentiation of human NPC towards the glial cell lineage (Moors
et al., 2010), while CCL5 exerts profound effects on the growth and
survival of human first-trimester forebrain astrocytes (Bakhiet et al.,
2001). CCL3 promotes NPC proliferation and CX3CL1 and TNF-«
improve their survival, while CCL11 and CXCL12 inhibit their prolifer-
ation (Kim et al., 2020; Krathwohl and Kaiser, 2004). In addition, several
studies support a relationship between higher proinflammatory cyto-
kines levels during pregnancy and later development of NDD (Cattane
et al., 2018). Increased maternal serum levels of Granulocyte Macro-
phage Colony Stimulating Factor (GM-CSF), IFN-y, IL-1a, IL-4, IL-5 and
IL-6 during gestation were associated with later diagnosis of ASD in the
offspring (Goines et al., 2011; Jones et al., 2017). Also, higher maternal
serum levels of IL-8 were associated with lower odds of neurological
abnormalities in childhood (Gilman et al., 2017). Finally, associations
between cytokines levels measured in dried blood spots (DBS) from
newborns and NDD diagnosis or psychopathology were identified in
several studies (Abdallah et al., 2013; Ghassabian et al., 2018; Heuer
et al., 2019; Krakowiak et al., 2017; Skogstrand et al., 2019; Zerbo et al.,
2014). Notably, higher DBS levels of IL-8 and IL-6 levels were associated
with increased odds of ASD diagnosis between 4.5 and 9-year-old in a
large case-control study involving 370 ASD patients and 378 neuro-
typical controls (Heuer et al., 2019).

Hence, studies linking cytokine levels at birth to later psychopathol-
ogy in a population sample of children remain scarce. Of note, most as-
sociation studies have relied on categorical approaches for NDD
diagnosis and not on dimensional constructs of psychopathology which
could better capture inter-individual heterogeneity at the population
level, as supported by the Research Domain Criteria (RDoC) initiative
(Morris and Cuthbert, 2012). To fill this gap, in this exploratory study, we
have investigated associations between cytokine levels measured in

umbilical cord blood serum (CBS) and five psychopathological di-
mensions assessed in a large population sample of 5-year-old children.

2. Materials and methods

Extended Materials and Methods are available in Supplementary
Information.

2.1. Study sample

The present study is nested within the EDEN mother-child cohort
(Barbosa et al., 2020; Heude et al.,, 2016). Pregnant women were
recruited before 24 weeks of gestation in the French University Hospitals
of Nancy and Poitiers. Exclusion criteria included multiple pregnancies, a
known history of diabetes, the inability to speak and read French or plans
to move out of the study region in the following 3 years. Clinical and
psychosocial data were gathered from medical records, interviews with
the mother and auto-questionnaires. Our study sample consisted of the
869 mother-child pairs for which both CBS and the behavioral outcome
at 5-year-old were available.

2.2. Covariates and confounding factors

Previous studies have identified maternal, perinatal and psychosocial
variables associated with behavioral abnormalities in children (De La
Rochebrochard and Joshi, 2013; Gumusoglu and Stevens, 2019; Mel-
chior et al., 2015; Noonan, 2018; Polanska et al., 2015; van der Waerden
et al., 2015). Based on these studies, and considering that many of these
variables can also influence cytokine production (O’Connor et al., 2009),
we selected the following variables in our models: maternal age at de-
livery (years), maternal pre-pregnancy body mass index (BMI in kg/m2),
smoking during pregnancy (number of cigarettes/day), caffeine intake
during pregnancy (mg caffeine/day), alcohol drinking during pregnancy
(mean number of glasses/week), gestational age (weeks of amenorrhea),
delivery mode (vaginal, C-section), birth weight (g), birth trimester and
sex (female/male), maternal and paternal education duration (years),
multiparity (number of older siblings), record of depression during
pregnancy (yes/no) and symptoms of prenatal anxiety. Maternal
depression was assessed at 24-28 weeks of amenorrhea, using the Center
for Epidemiological Studies Depression questionnaire (CES-D (Radloff,
1991)) and women presenting a CES-D score above a cutoff of 17 were
considered as depressed. Symptoms of maternal anxiety were assessed at
24-28 weeks of amenorrhea, using the State-Trait Anxiety Inventory
(STAI (Spielberger and Vagg, 1984)) and the continuous STAI score was
used to assess the severity of anxiety symptoms. Information regarding
maternal diagnosis of autoimmune disorder and undergoing treatment
were collected. However, the proportion of pregnant women with auto-
immune disorders and/or undergoing treatment was very low in our
study sample. These variables were therefore not included in our models.



S. Barbosa et al.
2.3. Outcome assessment: child’s psychopathology at age 5

Child’s behavioral outcome was assessed using the Strengths and
Difficulties Questionnaire (SDQ) completed by the mother when the
child was 5-6 years of age (Goodman, 2001). The SDQ is a broadly used
psychometric instrument and entails five psychopathological subscales
measured by five items each: emotional symptoms, conduct problems,
hyperactivity/inattention, peer relationship problems and prosocial
behavior. To stratify children at high-risk and low-risk for psychopa-
thology, we dichotomized the SDQ difficulties subscales and the proso-
cial subscale at the 85th upper percentile and 15th lower percentile
respectively (Supplementary Figure 1). Such a dichotomization was used
in previous studies (Barbosa et al., 2020; Melchior et al., 2015; Philippat
et al., 2017) and in studies using similar psychometric scales (Amone--
P’Olak et al., 2009; Huisman et al., 2010; Schneiders et al., 2003). For
conduct problems, hyperactivity/attention disorder, peer relationship
problems and prosocial behavior 4 for emotional symptoms, we used
cutoffs of 4, 5, 6, 3 and 6, respectively, yielding a high-risk class ac-
counting for 20.6%, 14.8%, 14.5%, 14.8% and 14.9% of all children
respectively (Supplementary Figure 1).

2.4. Cytokine measurements in CBS

Venous cord blood was sampled immediately after birth and allowed
to clot. Blood samples were centrifuged within 24 h post collection, CBS
were collected and stored at —80 °C. CBS were assessed for 27 cytokines
(CcL2, CCL3, CCL4, CCL11, CCL17, CCL26, CXCL10, GM-CSF, IFN-y, IL-
1a, IL-1p, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12/IL-23 p40, IL-12
p70, IL-13, IL-15, IL-16, IL-17A, Vascular Endothelial Growth Factor
(VEGF)-A, TNF-a and TNF-f) wusing a multiplex electro-
chemiluminescence (ECL)-based immunoassay (Meso Scale Diagnostics,
Rockville, USA). For cytokine concentrations below the lower limit of
detection (LLOD), half the LLOD value was imputed as recommended for
immunological measurements constrained by detection limits (Uh et al.,
2008). Cytokines whose levels were below the LLOD in more than 15% of
the samples were not used in downstream analysis. Inter-runs coefficients
of variations (CV) were below 20%, therefore complying with the rec-
ommendations of the US Food and Drugs Administration (FDA) regarding
ligand binding assays (Supplementary Table 1).

2.5. Descriptive statistics

Comparison analyzes of variables in the low-versus high-risk group
based on each SDQ subscore were performed using the Wilcoxon-Mann &
Whitney U test for numerical variables or with the Chi-square test for
categorical variables, without and with Benjamini & Hochberg’s multiple
testing correction (False Discovery Rate). Correlations between concen-
trations of cytokine pairs were performed using Spearman’s rho corre-
lation coefficient rank test with Benjamini & Hochberg’s multiple testing
correction. Statistical significance was set at a p-value < 0.05.

2.6. Association studies

The methodological workflow is summarized in Supplementary
Figure 2. We used an Elastic Net penalized regression to model the as-
sociations between cytokine levels in CBS at birth, clinical and psycho-
social variables collected until birth and increased odds of developing
behavioral difficulties at 5-year-old, with each of the SDQ subscores
considered independently. Missing data (corresponding to NAs in
Table 1) were imputed using the Multivariate Imputation (MI) by
Chained Equations (MICE) procedure in R (Buuren and
Groothuis-Oudshoorn, 2010) and non-parametric bootstrap was used for
statistical inference (Abram et al., 2016). The CARET (Kuhn, 2008a) and
GLMNET (Friedman et al., 2010) R packages were used to implement
Elastic Net penalized logistic regression models. For each variable we
computed the variable inclusion probability (VIP, % runs in which the
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Table 1
Study population variables. N, available values; SD, standard deviation; NAs,
non-available values; BMI, body mass index; STAL State-Trait Anxiety Inventory.

N Mean NAs
(SD) (%)
Maternal Age at delivery (years) 869  30.2 0.0
variables 4.7)
Pre-pregnancy BMI (kg.m2) 855  23.2 1.6
(4.3)
Smoking during pregnancy 849 1(2.7) 2.3
(cigarettes/day)
Caffeine consumption during 856  90.4 1.5
pregnancy (mg/day) (108.3)
Alcohol drinking during pregnancy 565 0,4 (1.6) 35.0
(mean glasses/week)
Perinatal Gestational age (weeks of 869 39.3 0.0
variables amennorhea) (1.6)
Delivery mode Vaginal 759 0.1
C-section 109
Birth weight (g) 869  3314.9 0.0
(489.6)
Birth trimester 1 219 0.0
(Jan.-March)
2 250
(April-June)
3 (July-Sept.) 219
4 (Oct.—Dec.) 181
Sex Male 461 0.0
Female 408
Psychosocial Maternal prenatal anxiety (STAI 867 9.9 (9.6) 0.2
variables scale)
Maternal depression during 674 0.5
pregnancy (no)
Maternal depression during 191
pregnancy (yes)
Maternal education (years) 867 14.1 0.2
(2.6)
Paternal education (years) 805 13.4 7.4
2.7)
Multiparity 798 0.9 (1) 8.2
(number of older
siblings)

variable was selected by the penalized regression), the median odd ratios
(OR) and the percentile bootstrap confidence intervals (CI). The predic-
tive capabilities of each model were estimated by computing the overall
predicted accuracy using the Area Under the Receiver Operating Char-
acteristics (AUROC), sensitivity, specificity, and positive and negative
predictive values using the CARET, rms and pROC packages (Harrell,
2001; Kuhn, 2008b; Robin et al., 2011).

2.7. Dataset availability

Our dataset will be made available by the corresponding author after
request and acceptance by the EDEN birth cohort steering committee.

2.8. Ethics

The EDEN cohort received approval from the Ethical Research Com-
mittee (CCPPRB) of Bicétre Hospital and from the French National Data
Protection Agency (CNIL). Informed written consent was obtained from
parents at the time of enrollment and after delivery.

3. RESULTS
3.1. Study sample characteristics
Our study sample consisted of 869 mother-child pairs for which both

CBS samples and SDQ psychometric scores at the age of 5 were available.
The distributions of socioeconomic variables in this sample were
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comparable to national estimates (Blondel et al., 2012; Heude et al.,
2016) with the exception of a higher level of maternal education (Blondel
et al., 2012; Heude et al., 2016) (Table 1). The high-risk group consisted
of children presenting SDQ subscores within the 15th upper percentile
for the emotions, conduct, hyperactivity/inattention and peer relation-
ships dimensions, and within the 15th lowest percentile for the prosocial
behavior dimension (Supplementary Figure 1), consistent with previous
studies (Barbosa et al., 2020; Melchior et al., 2015; Philippat et al.,
2017). After correction for multiple testing, comparison analysis between
the low- and high-risk groups showed that they only differed in the
number of older siblings for emotional symptoms; maternal education
and depression during pregnancy for conduct problems; maternal age,
smoking during pregnancy, sex, maternal and paternal education and
number of older siblings for hyperactivity; paternal and maternal edu-
cation for peer relationship problems (Supplementary Table 2).

3.2. Cytokine levels at birth

We assessed CBS samples for 27 cytokines including 7 chemokines
(CCL2, CCL3, CCL4, CCL11, CCL17, CCL26, CXCL10), one member of the
Platelet-Derived Growth factor family (GM-CSF), one member of the type
I interferon family (IFN-y), 15 interleukins (IL-1a, IL-1f, IL-2, IL-4, IL-5,
IL-6, IL-7, IL-8, IL-10, IL-12p40, IL-12p70, IL-13, IL-15, IL-16, IL-17A),
VEGF-A, and two members of the TNF family (TNF-a and TNF-B). We
selected these cytokines for three main reasons. First, their role as
effector or regulatory molecules of the immune system has been well
documented. Second, several of these cytokines have been previously
demonstrated to modulate neuronal and glial functions. Third, low levels
of these cytokines can be detected using the multiplexing MSD platform
that offers access to high-performance electro-chemiluminescence im-
munoassays. Compared to enzyme-linked immunosorbent assay (ELISA)
or multiplexed bead-based immunoassays, the MSD multi-array tech-
nology offers ultra-low detection limits, easily handles complex matrices
such as serum and plasma, and provides up to five logs of linear dynamic
range. IL-1a, IL-2, IL-4, IL-5, IL-12p70, IL-13, VEGF-A and GM-CSF were
excluded because their concentration was below the LLOD in more than

Table 2
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15% of the samples (Table 2). All other 19 cytokines displayed inter-
assay CV lower than 20% and were included in downstream analysis
(Supplementary Table 1). None of the cytokines were differentially
expressed between the low- and high-risk groups after correction for
multiple testing (Supplementary Table 2). Moderate to strong correla-
tions were observed between cytokine pairs (Supplementary Figure 3),
indicating multicollinearity among cytokines.

3.3. Association between serum cytokine levels at birth and
psychopathology

To explore the associations between cytokine levels at birth and
psychopathology, we used an Elastic Net penalized regression framework
that computes, for each variable, the VIP, median OR and percentile
bootstrap CI (cf 2.6.). According to a seminal paper, the VIP can be
interpreted as the posterior probability of including a variable in the
model (Bunea et al., 2011). Buena et al. recommended a “conservative
VIP threshold of 50%” for variable selection, because their goal was “not
to miss any possibly relevant predictors”. However, this 50% threshold
dramatically increases the risk of false positives. To define a stringent VIP
threshold, we relied on the VIP computed for the clinical and psycho-
social variables commonly described as associated with psychopathology
in children: maternal variables (age at delivery, pre-pregnancy BMI,
smoking, alcohol consumption), birth variables (gestational age, birth
weight, sex) and psychosocial variables (maternal anxiety and depression
during pregnancy, parental education, number of older siblings),
consistent with a previous study (Barbosa et al., 2020). Because VIP for
these variables ranged from 86.3% to 100% (Table 3, Supplementary
Table 3), we selected a VIP threshold of 85% to identify cytokines stably
associated with each behavioral outcome. Based on this threshold, no
cytokine was associated with hyperactivity/inattention, while 12 cyto-
kines were associated with at least one of the four other SDQ dimensions.
Five cytokines were positively associated with psychopathology at the
age of 5: CXCL10, IL-10 and IL-12/IL-23 p40 with emotional symptoms,
CCL11 with conduct problems, and CCL11 and IL-17A with peer prob-
lems. In contrast, seven cytokines were negatively associated with

Serum cytokine concentrations in umbilical cord blood. LLOD, the number (Nb < LLOD) and proportion (% <LLOD) of serum samples in which cytokine con-
centrations were below LLOD, minimum (Min.), median, maximum (Max.), mean concentrations, and standard deviation (SD) are indicated for the 27 biomarkers
assessed. Filled circles: variable included.

Cytokines LLOD Nb < LLOD % <LLOD Min. (pg/ml) Median (pg/ml) Max. (pg/ml) Mean (pg/ml) SD (pg/ml) Included
CCL2 0.09 2 0.23 0.05 291.97 4945.75 330.33 249.38 o
CCL3 3.02 7 0.80 1.51 20.84 4364.65 34.26 159.91 ®
CCL4 0.17 0 0.00 1.15 247.44 2382.74 265.52 132.57 °
CCL11 3.26 1 0.11 1.63 208.60 656.03 223.03 93.52 °
CCL17 0.22 1 0.11 0.11 1222.50 9638.18 1474.60 1092.40 )
CCL26 1.77 33 3.79 0.89 9.83 247.05 13.09 16.27 ®
CXCL10 0.37 2 0.23 0.19 127.50 9733.82 203.61 445.22 [}
GM-CSF 0.16 274 31.46 0.07 0.21 0.34 0.31 0.56

IFN-y 0.37 3 0.34 0.10 2.23 69.91 2.77 3.26 ®
IL-1x 0.09 375 43.05 0.04 0.19 51.01 0.90 3.46

IL-18 0.05 73 8.38 0.02 0.23 99.04 1.05 5.19 [ )
IL-2 0.09 347 39.84 0.04 0.11 12.17 0.18 0.61

1L-4 0.02 327 37.54 0.01 0.03 8.15 0.09 0.38

IL-5 0.14 393 45.12 0.11 0.26 91.50 0.51 3.12

IL-6 0.06 0 0.00 0.16 2.66 3415.47 24.76 177.42 )
IL-7 0.12 1 0.11 0.08 851 34.87 9.27 3.83 [ ]
IL-8 0.07 0 0.00 0.13 11.72 5084.48 58.73 330.18 [ )
IL-10 0.04 0 0.00 0.04 0.59 109.88 1.18 4.55 ®
1L-12/IL-23 p40 0.33 1 0.11 0.20 615.85 1928.67 656.45 249.82 ®
IL-12 p70 0.11 604 69.35 0.06 0.06 15.43 0.25 1.07

IL-13 0.24 423 48.56 0.12 0.27 50.32 0.80 2.42

IL-15 0.15 1 0.11 0.09 2.12 184.03 2.80 7.21 ®
IL-16 2.83 1 0.11 1.42 294.33 10104.90 448.53 576.33 °
IL-17A 0.10 3 0.34 0.37 8.14 47.75 9.60 6.55 o
VEGF-A 1.12 178 20.44 0.56 190.84 25142863.00 153775.50 1449508.00

TNF-a 0.34 4 0.46 0.02 3.23 45.77 3.59 2.50 °
TNF-$ 0.08 1 0.11 0.03 0.65 6.09 0.79 0.55 °




S. Barbosa et al.

Table 3
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Adjusted associations between selected variables and high-risk of behavioral problems in 5-year-old children. Median Odd Ratios (ORs), 95% Confidence
Interval (95% CI) and Variable Inclusion Probability (VIP) for each of the variables selected by the Elastic Net. Only selected variables with VIPs above 85% and OR
distinct from 1 are presented. In the ORs column, positive (shaded red) and negative (shaded blue) associations are indicated. See also Supplementary Table 3
detailing the results for all 34 variables included.

Ei | Conduct p Hy Peer problems Prosocial behaviour problems
Variables description ORs 95% Cl VIP | ORs 95% Cl VIP ORs 95% Cl VIP | ORs | 95% CI VIP ORs 95% Cl VIP
Maternal Age at delivery (years) 0.954 | [0.911,0.995] | 97.4%
variables Pre-pregnancy BMI (kg/m?) [1.002,1.078] | 96.2% | 0.97 | [0.926,1.001] | 92.3%
Smoking during pregnancy (cigarettes/day) - [1.01,1.151] | 98.8% [0.993,1.135] | 90.4%
Alcohol drinking during pregnancy (mean glasses/week) - [0.982,1.228 | 91.8%
Perinatal Gestational age (weeks of amennorhea) 0.877 [0.78,0.99] 89.9%
variables Birth weight (kg) [1,1.001] 97.7%
Birth trimester: 21 0.748 | [0.529,1.001] | 87.8%
Birth trimester: 4 [1.008,1.696] | 87.8%
Sex: Male [0.964,1.467] | 87.4% [1.158,1.671] | 100.0% [1.128,1.71] | 100.0% [1.056,1.461] | 100.0%
Sex: Female [0.683,1.038] 87A4% [0.604,0.866] | 100.0% | 0.755 | [0.589,0.888] | 100.0% 0.825 | [0.697,0.955] | 100.0%
Psychosocial | Maternal prenatal anxiety (STAI scale) [0.996,1.033] | 86.8% [0.98,1.013] | 97.3%
variables Maternal depression during pregnancy (no) [0.661,1.006] | 86.3% [0.578,0.915] | 97.3% 0.849 | [0.658,1.005] | 90.6%
Maternal depression during pregnancy (yes) [0.994,1.502] | 86.3% [1.095,1.736] | 97.3% - [0.998,1.519] | 90.6%
Maternal education (years) 0.918 | [0.831,0.988] | 99.9% 0.948 [0.8771] 92.9%
Paternal education (years) 0.876 | [0.825,0.942] | 100.0% | 0.923 | [0.851,0.977] | 98.1%
Multiparity (number of older siblings) 0.53 | [0.424,0.698] | 99.6% 0.828 | [0.651,0.977] | 98.1% | 0.873 | [0.663,0.998] | 88.4% - [1.032,1.628] | 99.1%
Cytokines CCL4 (pg/ml) 0.999 | [0.998,1] 85.3%
at birth CCL11 (pg/ml) |02 (11003 | 96.3% [1.001,1.004] | 96.2%
CCL26 (pg/ml) 0.983 | [0.962,0.994] | 100.0% | 0.989 [0.969,1] 95.3%
CXCL10 (pg/ml) [11.002] [918%
IL-6 (pg/ml) 0999 [09981 | 858%
IL-7 (pg/ml) [0.89,0.989] | 97.3% 0965 | [0.911,1.003] | 89.1%
IL-10 (pg/ml) [0.999,1.252] [92.0%
IL-12p40 (pg/m) [11.002] [95.0%
IL-15 (pg/ml) 0.974 | [0.864,0.997] | 92.8% 0.977 | [0.928,0.997] | 90.1% | 0.989 | [0.948,0.999] | 92.0%
IL-17A (pg/ml) [0.982,1.043] | 86.9%
TNF-a. (pg/ml) 0.905 | [0.748,0.996] | 97.3%
TNF-B (pg/ml) 0.796 | [0.585,0.984] | 90.7% | |

psychopathology: IL-7, IL-15 and TNF-p with emotional symptoms, CCL4
and IL-6 with conduct problems, CCL26 and IL-15 with peer problems,
and CCL26, IL-7, IL-15 and TNF-a with abnormal prosocial behavior.

3.4. Predictive capabilities

We then determined the abilities of our models to predict the risk of
belonging to the group at high-risk for adverse behavioral outcome at 5,
based on the 19 cytokines measured at birth and the 15 clinical and
psychosocial variables collected until birth (Table 4). The predictive
performance of the models, assessed by computing AUROC, ranged from
64.6% to 71.7% depending on the SDQ dimension. Sensitivity ranged
from 58.9% to 70.1%, specificity from 58% to 69.2%. Positive predictive
from 21.9% to 26.5% and negative predictive value from 90.2% to
93.9%. These results indicated the overall poor predictive performance of
our models.

4. DISCUSSION

Here, we have identified six interleukins, two members of the TNF
family and four chemokines whose levels in umbilical cord blood are
associated with altered odds of psychopathology in 5-year-old children.
Some of these associations are positive indicative of a detrimental effect,
while others are negative suggestive of a protective effect.

Table 4

While association does not imply causation, it is tempting to speculate
that changes in cytokine levels at birth could influence perinatal neuro-
development and eventually behavior in children. While IL-6, IL-15, TNF-
o and CCL11 were shown to cross the Brain Blood Barrier (BBB) in ro-
dents (Banks, 2015), it is not known for IL-7, IL-10, IL-12/IL-23 p40,
IL-17A, CCL4, CCL26 and CXCL10. Further, nothing is known on the
ability of these peripheral cytokines to cross the BBB in humans. Would
this be the case, cytokines could reach the brain parenchyma and act on
NPC, differentiating neurons, astrocytes that regulate neuron survival
and synaptic plasticity (Ben Achour and Pascual, 2010) or microglia that
shape neuronal connections by pruning supernumerary synapses and
axons (Mosser et al., 2017). In this respect, several cytokine receptors are
expressed in human NPC or fetal brain, including those for CCL4 (CCR5
and CCR8) (Kalev et al., 2006), CCL11 and CCL26 (CCR3) (van der Meer
etal., 2001), CXCL10 (CXCR3) (Goldberg et al., 2001; van der Meer et al.,
2001), IL-6 (IL-6R) (Dame and Juul, 2000; Ulfig and Friese, 1999), IL-15
(IL-15R) (Kurowska et al., 2002), IL-17A (IL-17RA and IL-17RC) (Elain
etal., 2014), and for both TNF-a and TNF-§ (TNFR-1 and TNFR-2) (Sheng
et al., 2005). The ability of these cytokines to act on different cell types in
the human brain is well documented. For example, IL-1f and TNF-a can
activate fetal astrocytes to secrete other cytokines (Choi et al., 2014).
Moreover, several cytokines can affect the proliferation, survival and
differentiation of human NPC. IL-7 promotes the survival of NPCs (Araujo
and Cotman, 1993), while IL-6 promotes their differentiation (Johansson

Predictive abilities of the immune signatures at birth. Mean and 95% Confidence Interval (95% CI) for AUROC, sensitivity, specificity, positive and negative
predictive values and optimal threshold of the different models used to predict the risk of belonging to the high-risk group for each of the five dimensions.

Emotional symptoms

Conduct problems

Hyperactivity/Inattention

Peer problems

Prosocial behavior problems

Performance metrics Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI
AUROC 0.716 [0.685,0.738] 0.649 [0.632,0.667] 0.717 [0.694,0.732] 0.659 [0.625,0.677] 0.646 [0.622,0.672]
Sensitivity 0.701 [0.533,0.85] 0.612 [0.367,0.814] 0.659 [0.476,0.802] 0.589 [0.38,0.829] 0.667 [0.434,0.853]
Specificity 0.660 [0.495,0.807] 0.622 [0.416,0.861] 0.692 [0.539,0.852] 0.673 [0.422,0.853] 0.580 [0.374,0.795]
Positive Predictive Value 0.223 [0.187,0.285] 0.221 [0.193,0.327] 0.265 [0.224,0.357] 0.239 [0.198,0.319] 0.219 [0.188,0.271]
Negative Predictive Value 0.939 [0.923,0.96] 0.902 [0.885,0.928] 0.923 [0.905,0.942] 0.903 [0.886,0.934] 0.909 [0.887,0.938]
Optimal threshold 0.125 [0.079,0.179] 0.150 [0.101,0.229] 0.155 [0.107,0.231] 0.159 [0.107,0.232] 0.138 [0.085,0.2]
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et al., 2008). In differentiating NPC, TNF-a induces a shift from the
neuronal to the astroglial lineage (Johansson et al., 2008), likely by
increasing the apoptosis of NPC-derived neurons (Wang et al., 2011).
Thus, by influencing the development/survival of the main brain cell
types, the cytokines that we have identified could modulate the devel-
opment of yet-to-be identified brain structures.

While some cytokines could cross the BBB and target NPC, neuronal
or glial cells expressing their receptors, others could act indirectly on the
developing brain by changing BBB permeability. For example, IL-17A
was found to open the BBB, allowing the passage of other cytokines
and immune cells (Cipollini et al., 2019). Alternatively, cytokines could
influence the activation, differentiation or survival of immune cells. In
this respect, it is noteworthy that both IL-7 and IL-15 promote the pro-
liferation and survival of T lymphocytes (Boyman et al., 2007), the latter
cells being critical for normal emotional and social behavior in rodents
(Filiano et al., 2016; Rattazzi et al., 2013). Finally, altered cytokine levels
at birth could also reflect changes in immune activity and condition an
increased susceptibility to early childhood infections, an acknowledged
risk factor for later development of neuropsychiatric disorders
(Blomstrom et al., 2014; Dalman et al., 2008; Kohler et al., 2017).

Out of the 11 cytokines measured at birth associated with psycho-
pathology, seven (IL-7, IL-10, IL-15, IL-16, IL-17A, TNF-a, CXCL10) were
previously cross-sectionally associated with psychopathology at age 5 on
the same population sample (Barbosa et al., 2020). However, these cy-
tokines were associated with distinct pathopsychological domains and
sometimes in opposite manner. We found here that higher levels of
IL-17A at birth increase the odds of exhibiting peer problems at 5, while
we previously reported that increased levels of IL-17A decreased the odds
of emotional problems at 5 years (Barbosa et al., 2020). Studies in mice
have shown that, in wildtype mice, acute intracerebroventricular injec-
tion of IL-17a in the embryonic brain impairs later social behavior in
adulthood (Choi et al., 2016), while acute intracerebral injection of
IL-17a rescues sociability deficits in the MIA and genetic models of ASD
but not in unmanipulated mice (Reed et al., 2020). This supports the
notion that some cytokines can exert antagonistic effects on behavior
depending on the developmental stage considered and preexistent
environmental or genetic susceptibility.

Neonatal immune activity is influenced by the immune environment
during pregnancy, including maternal cytokines (Yu et al., 2018). In this
context, the type of biological matrix elected to measure cytokine con-
centrations as proxies for immune activity at birth is critical. Most studies
have relied on DBS collected from the neonate several hours or days after
birth (Abdallah et al., 2013; Ghassabian et al., 2018; Heuer et al., 2019;
Krakowiak et al., 2017; Mizejewski et al., 2013; Nelson et al., 2006;
Skogstrand et al., 2019; Thiirmann et al., 2019; Zerbo et al., 2014). In
contrast, we have measured cytokine levels in CBS, i.e. blood from the
fetoplacental unit. Compared to DBS, we believe that the CBS better
reflect the immune milieu to which the fetus is exposed at birth, without
immune interferences from postnatal pathogen exposure or
breastfeeding.

Regarding the possible use of CBS cytokines as biomarkers of psy-
chopathology later in life, we investigated the predictive abilities of our
models to decipher whether an immune signature at birth could predict
behavioral outcome at 5. The performances of our models were at best
borderline-good for the emotional (AUROC = 0.716) and hyperactivity
(AUROC = 0.717) dimensions and suboptimal for the other dimensions
(AUROC range: 0.646-0.659), and they are likely to be inflated due to the
unbalance in the outcome classes (Luque et al., 2019). Our models
display suboptimal sensitivity and specificity and predict only
21.9-26.5% of the children at risk for behavioral problems. These data
suggest that an immune signature at birth bears very limited potential for
prediction of later psychopathology and confirm a previous study
showing the limited utility of cytokine signature to predict ASD risk
(Heuer et al., 2019). Even though we have introduced in our model 34
variables (19 cytokines and 15 clinical/psychosocial variables), our study
either calls for the identification of additional explanatory variables to
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improve the prediction capacities of our models or merely suggests that
postnatal events are determinant to precipitate the development of psy-
chopathological traits later in childhood.

While we believe that the present study provides new insight into the
role of cytokines in brain neurodevelopment during the perinatal period,
we are aware of its limitations. First, our results have not been replicated
in an independent sample. Second, we have not considered a few con-
founding factors that could impact both behavioral outcomes and im-
mune responses, such as in utero exposure to environmental pollutants,
maternal diet, maternal diagnosis of autoimmune disorder or treatment
with drugs. Third, our socially advantaged population sample may pre-
clude generalization of our findings. Finally, the penalized regression
that we have used to analyze our datasets is known to shrink the coef-
ficient resulting in OR which are underestimated. This may limit their
interpretation in terms of effect size.

5. CONCLUSION

To our knowledge, this study is the first to thoroughly investigate the
associations between cytokine levels in umbilical cord blood and child’s
psychopathology. While association does not imply causation, our data
are compatible with a model in which changes in cytokine levels early in
life impact brain development in humans. On a related topic, several
maternal variables are associated with an increased risk of psychopa-
thology in children, including smoking, alcohol consumption, depression
and obesity during pregnancy ((Kong et al., 2018; Melchior et al., 2015;
Polanska et al., 2015; van der Waerden et al., 2015) and this study). As
these variables also influence peripheral cytokine levels (O’Connor et al.,
2009), their effect on the child’s psychopathology may be mediated by
cytokines. Further studies set in a mediation framework should address
the possible role of cytokines as mediators of maternal determinants on
child’s psychopathology.
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