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Abstract

Inflammatory mediators affect the brain during development. Neurodevelopmental disorders such
as autism spectrum disorders, cognitive impairment, cerebral palsy, epilepsy, and schizophrenia
have been linked to early life inflammation. Recent advances have shown the effects of systemic
inflammation on children’s neurodevelopment. We discuss the potential mechanisms by which
inflammatory molecules can exert their effects on the developing brain and consider the roles of
MHC class | molecules, the HPA axis, glial cells, and monoamine metabolism. Methods to prevent
the effects of cytokine imbalance may lead to the development of new therapeutics for
neuropsychiatric disorders. Future research should focus on identifying at-risk individuals and
early effective interventions to prevent long-term neurodevelopmental disabilities.

Cytokines and neurodevelopment

In the past several decades, inflammation has been increasingly recognized as an important
contributor to central nervous system (CNS) injury in both the developing and adult brain
[1,2] (Table 1). The brain is particularly vulnerable /n utero as well as during infancy and
early childhood, and insults that occur during these critical periods have the potential to
cause long-term damage. Several neurodevelopmental disorders have been linked to early
life immune activation and inflammation, including autism spectrum disorders (ASD),
schizophrenia, cerebral palsy, epilepsy, cognitive impairment, and depression [3-5].

Cytokines coordinate the host immune response and also mediate normal signaling between
cells of immune and nonimmune origin, including in the CNS [1]. Cells within the
developing CNS use cytokines for autocrine and paracrine signaling, and since many of
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these same cytokines also serve as immune modulators, normal cytokine-mediated
developmental processes are susceptible to disruption by cytokine imbalances. Pro-
inflammatory cytokine induction in response to maternal or early life infection has been
shown to adversely affect neurodevelopment [6-8]. Conversely, anti-inflammatory or
regulatory cytokines have been shown in multiple settings to diminish these adverse effects
[8]. While certain cytokines are traditionally thought to have primarily pro- or anti-
inflammatory properties, it should be noted that certain cytokines can exhibit both properties
in different contexts [9,10].

This Review focuses on recent developments regarding perturbations in cytokine-mediated
processes in early life starting in uterowith maternal immune activation (MIA) and its
effects on fetal brain development. We will then discuss inflammation-related perinatal
insults and then the myriad of inflammatory risk factors children may be exposed to in
infancy and the first few years of life (Figure 1). The emerging role of cytokines in the
pathogenesis of neurodevelopmental disorders is considered, with particular attention to the
careful balancing act of pro- and anti-inflammatory states required for normal healthy
neurodevelopment. The dynamic roles of microglia mediated effects on neurodevelopment is
considered. Finally, we discuss these cytokine-brain interactions in the context of developing
new therapeutics that target the immune system to prevent or treat these
neuropsychopathologies.

In utero: maternal immune activation (MIA)

Maternal immune activation (MIA) is the activation of the innate and adaptive immune
systems due to infection, stress, autoimmunity, asthma, allergies, or inflammation. MIA has
been associated with several neuropathologies in the progeny particularly with ASD and
schizophrenia with emerging evidence for its role in epilepsy and cerebral palsy [4,11,12].
Most triggers of MIA in pregnant women, however, do not lead to neuropathologies in the
offspring, thus it is thought that MIA acts as a disease primer or first “hit”, predisposing
susceptible individuals for further exposures or “hits” later in life. The idea that MIA plays a
role in fetal neurodevelopment was first proposed when epidemiologic studies linked
infection during pregnancy with increased rates of ASD and schizophrenia in the offspring
[4]. Animal models of MIA have supported this epidemiologic data and demonstrate that
MIA alone is enough to cause neuropathology in the offspring [11]. It is thought that MIA
may influence the developing fetal CNS through the increased production of inflammatory
cytokines. Here, we summarize current literature suggesting a role for cytokines in
mediating the fetal neurodevelopmental effects of MIA.

Animal evidence of role of cytokines in MIA

A causal relationship between MIA and ASD- and schizophrenia-related behavioral
abnormalities has been demonstrated using rodent and nonhuman primate (NHP) animal
models. In these MIA models, pregnant animals are exposed to mimics of viral infection
[dsRNA poly(1:C)] or bacterial infection [lipopolysaccharide (LPS)] [4]. The offspring of
the pregnant animals subjected to MIA develop behaviors and brain pathology similar to
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those seen in human ASD and schizophrenia [4,12-14]. Evidence in these models has
pointed to cytokines as critical mediators of the effects of MIA on fetal brain development.

In rodent models, MIA has been shown to disrupt normal concentrations of cytokines
throughout the brain, with region-specific changes seen throughout development [15].
Within a matter of hours, MIA can induce pro-inflammatory cytokines not only in protein
and mRNA maternal serum, but also increases of IL-1, IL-6, IL-10, and TNF-a expression
within the fetal brain in mice as compared with pregnant dams in which MIA was not
induced. Maternal intraperitoneal injection of a single inflammatory cytokine (IL-6, I1L-17,
or IL-2) in wild-type pregnant rodents is sufficient to induce several ASD- and
schizophrenia-like behaviors in the offspring, deficits in working memory and cognitive
flexibility, abnormal new motor learning, decreased sensorimotor gating, increased anxiety,
and enhanced sensitivity to amphetamines [14,16,17]. MIA by administration of poly(l:C) in
IL-6 knockout pregnant mice does not result in these behavioral effects in the progeny
[4,16]. Furthermore, co-administration of poly(l:C) with an IL-6 or IL-17 blocking antibody
partially prevents the effects of MIA in mice models. Conversely, overexpression of the anti-
inflammatory cytokine IL-10 partially prevents the effects of MIA in offspring [11].

The role of IL-6 in MIA has been particularly well-studied, and IL-6 appears to be a key
mediator of the effects of MIA. Maternally-derived IL-6 activates the JAK/STAT3 pathway
in the spongiotrophoblast layer of the placenta resulting in downstream expression of acute
phase genes [17]. Additionally, maternally-derived IL-6 appears to disrupt of the growth
hormone-insulin-like growth factor (GH-1GF) axis along with alterations in other placental
endocrine factors important for promoting embryonic development in mice placentas [18].
Mice with restricted deletion of the receptor for IL-6 (IL-6Ra) in placental trophoblasts did
not exhibit MIA-induced inflammatory responses in the placenta and fetal brain. The
behavioral abnormalities in the offspring were also not observed in these mothers that lacked
IL-6 signaling in trophoblasts. It appears that 1L-6 activation in placenta during MIA is
required for relaying inflammatory signals to the fetal brain and impacting behaviors in the
offspring [19]. Additionally, IL-6 is a key factor for (T helper 17) Th17 differentiation and
the production of IL-17 [16]. Dysregulation of maternal IL-17 may serve as a causal factor
for ASD. IL-17a from maternal Th17 cells in pregnant mice was found to induce behavioral
and cortical abnormalities in the progeny exposed to MIA [20-22]. Genetic removal of the
transcription factor ROR vyt to selectively inhibit Th17 differentiation in pregnant mice
prevented ASD-like behaviors in the offspring [16].

It remains unknown whether cytokines in maternal serum induced by MIA directly cross the
placenta to act on the fetal brain or indirectly induce cytokine production elsewhere. A few
studies have demonstrated permeability to IL-6 both in a healthy-term human placental
perfusion model and an /n vivo in a rat model during mid-gestation [23,24]. Production of
cytokines from the placenta itself is another possibility to explain the presence of cytokines
in amniotic fluid and fetal circulation. /n vitro studies in the human first-trimester
extravillous trophoblast cell line, HTR8-SVneo, have shown that human trophoblast cells
respond to a viral mimetic that activates TLR-3 resulting in the secretion of pro-
inflammatory factors [25].
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Clinical evidence of role of cytokines in MIA

Observational and case-control studies have found associations between elevated cytokines
in maternal serum in the second and third trimesters and an increased risk of
neurodevelopmental disorders. Elevated expression of the cytokines IL-6, CXCL8 (IL-8),
and TNF-a along with C-reactive protein (CRP) in human maternal serum is associated with
an increased risk for schizophrenia in the offspring [26-29]. In addition, other known risk
factors of schizophrenia including malnutrition and stress involve upregulation of
inflammatory cytokines in maternal serum [1]. Similarly, birth cohort data has associated
inflammatory markers in mothers with ASD. In individuals with ASD, elevated
concentrations of granulocyte macrophage colony-stimulating factor, IFN-y, IL-1a, and IL-6
in maternal serum during the second trimester have been identified [12,30]. Elevated
expression of C-reactive protein during pregnancy was also significantly associated with
increased risk of ASD in the offspring [28].

Prenatal exposure to elevated concentrations of cytokines may contribute to structural
abnormalities in the brain. In one study, adults with schizophrenia who were exposed to
elevated concentrations of maternal 1L-8 had volumetric decreases in entorhinal and
cingulate cortices [31]. Emerging evidence also suggests that MIA is linked to functional
connectivity in the brain. One recent study found that maternal third trimester IL-6 and CRP
expression are negatively associated with neonatal functional connectivity and with fetal and
toddler behavior [2].

Whether cytokines directly or indirectly act on the brain remains incompletely understood,
and this is an area of active investigation (see cytokine targets section below). Notably,
recent studies suggest that MIA disrupts inhibitory interneuron networks and suggests that
the maternal gut microbiome may be a contributing factor (see gut-immune-brain axis
section below) [32,33]. The underlying genetic or environmental factors that may predispose
mothers or their offspring to the adverse effects of MIA have yet to be elucidated.

Perinatal: Neurodevelopment of preterm infants

Infection and inflammation are common causes of preterm birth and have been linked to
brain injury in preterm infants. Ascending infection and associated inflammation are
thought to initiate preterm birth as well as propagate from chorioamnioinic membranes to
the amniotic fluid to reach the fetal circulation, resulting in systemic fetal inflammation.
This systemic inflammation can ultimately affect several organs, including the brain.
Mothers presenting with preterm labor have been found to have increased concentrations of
IL-6 and IL-8 in their amniotic fluid. Epidemiologic studies have linked elevated cytokines
in the umbilical cord, amniotic fluid, and fetal blood to white matter injury, cerebral palsy,
and impaired development [34]. The most commonly implicated cytokines include TNF-a.,
IFN-gamma, IL-1, IL-6, and IL-18 [35-37].

In a multicenter study of extremely low gestational newborns (<28 weeks), it was found that
elevated levels of pro-inflammatory cytokines in the first two weeks of life were associated
with worse performance of developmental tests at 2 years of age. These cytokines included
IL-6, TNF-a, and IL-8 [7]. In this same cohort, elevated concentrations of CRP, IL-1p, IL-6,
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and IL-8 in the third and fourth week of life were at increased risk of ventriculomegaly,
microcephaly, and low developmental scores at 2 years of life [38]. In a follow up of this
same cohort, early elevations of TNF-a, IL-8, and CRP in the first month of life were
associated with 1Q values >2 SD below the mean at 10 years of age [37].

Pro-inflammatory cytokines are also implicated in the pathogenesis of cerebral palsy. In a
case controlled study, increased pro-inflammatory cytokines in neonatal blood (IL-1p, IL-8,
IL-9, TNF-1, RANTES) during the first few days in the infant after birth had 100%
sensitivity and specificity in prediction of cerebral palsy in late preterm and term infants
[39]. Expression of the anti-inflammatory cytokines IL-2 and IL-3 was found to be
decreased in the infants with cerebral palsy [39,40]. One study of extremely low birth weight
(ELBW) infants found that significantly increased IL-8 expression in days 0-4 was highly
prognostic of the development of cerebral palsy [40]. High concentrations of IL-18 in the
cord blood of preterm infants has been associated with the development of periventricular
leukomalacia and cerebral palsy [41]. In rodent models, 1L-18 is markedly expressed in the
immature rodent brain following hypoxic-ischemic brain injury as compared with controls.
Interestingly, white matter injury was decreased in mice deficient in 1L-18 versus wild-type
mice following hypoxic-ischemic brain injury [42,43].

Despite the evidence implicating inflammation in preterm birth and its neurologic sequelae,
existing tocolytic drugs do not target fetal inflammatory injury. No therapeutic molecule
exists to date that has been demonstrated to prevent pathological inflammatory processes in
pregnhant women at risk for pre-term birth. One recent study in mice identifies rytvela
(labeled 101.10), a noncompetitive inhibitor of IL-1 actions, to prevent preterm birth
[44,45]. Further work in identifying possible therapeutics to ameliorate inflammation during
preterm birth may serve as a promising method to prevent long-term cognitive and
neurologic sequelae.

inflammation in children growing up in adversity

It is well-known that adverse environments (exposure to poverty, stress, war, neglect etc.)
have lasting effects on child development. Tens of millions of children worldwide do not
meet their full developmental potentials due to adverse environments, resulting in
devastating losses in human capital [46,47]. The reasons are likely multifactorial, including
exposure to infectious disease, malnutrition, psychosocial stress, and poor caregiver
interactions. Cytokines may serve as a common mediator across these risk factors, as many
of these factors can result in cytokine elevations.

The link between stunting, a measure of chronic malnutrition as defined as a height-for-age
Z-score (HAZ) <-2, and impaired development has been consistently documented across
several ages of development. Neurodevelopmental outcomes have included a decrease in
exploratory behavior, impaired cognition, increased anxiety, and lower school performance.
However, it is difficult to discern in these studies whether malnutrition is a causal factor or
simply a proxy. Malnutrition and infection are intricately intertwined: chronic exposure to
infection and inflammation can lead to malnutrition; while malnourished children are known
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to have chronic inflammation [48]. Thus, studying inflammatory markers may shed light on
this question.

Our prospective observational study in Bangladesh found that elevated concentrations of
IL-1R and IL-6 in plasma of infants at 6 months of age were associated with worse
developmental outcomes at 1 and 2 years of life, independent of linear growth and family
income [8]. Similarly, inflammation was found to be negatively associated with general
intelligence in a cohort of 7-9 year-old Nepalese children; [49]. Notably, elevated IL-4
concentration was found to be associated with better cognitive outcomes in our cohort. IL-4
has anti-inflammatory and regulatory properties and this finding raises the hypothesis of an
imbalance of pro- and anti-inflammatory cytokines resulting in adverse outcomes. In rodent
models, IL-4 has been found to be important for normal cognitive processes. In IL-4
knockout mice, cognitive impairment was exhibited; this impairment was reversed after
transplantation with 1L-4 competent bone marrow [50]. Furthermore, IL-4 produced by
CD4* T cells was found to be neuroprotective in two different rodent models of neuronal
injury (optic nerve crush injury and spinal cord contusive injury) [51].

Psychosocial stress has been shown to activate key inflammatory pathways in peripheral
blood mononuclear cells, including activation of the transcription factor nuclear factor-kB
(NF-kB) and leads to marked increases in circulating concentrations of pro-inflammatory
cytokines such as IL-6 [52]. Psychosocial stress has been linked to poor development in
children growing up in adversity in both the developed and developing world. In response to
stress, catecholamines (such as noradrenaline) released by the activated sympathetic nervous
system stimulate bone marrow production and the release of myeloid cells that enter the
periphery where they encounter stress-induced damage-associated molecular patterns
(DAMPs) and subsequently activate inflammatory signaling pathways [53].

Much remains to be learned about the developing brain in adverse environments as most
studies to date are limited to observational studies. Outstanding questions remain as to
whether cytokines have a causal effect in the pathogenesis of impaired development. The
development of robust animal models of adversity-induced neurocognitive deficits will be
key in understanding underlying mechanisms.

How do cytokines exert their effects on the brain?

Despite the plethora of both human and animal studies implicating a role for cytokine
imbalance in the pathogenesis of various neuropsychopathologies, it remains incompletely
understood how these cytokines mechanistically alter long-term brain development. One
question is how cytokines in the periphery affect the brain. Cytokines in the periphery are
known to communicate through several ways with the CNS, including through diffusion
from the circumventricular organs (outside the blood-brain barrier), via cranial nerves,
through cytokine transporters, or secretion of immune-active substances (cytokines or
prostaglandins) by cells of the blood-brain barrier. Importantly, cytokines do not always have
to reach the brain from the periphery as most cytokines can be synthesized and released
within the central nervous system by glia or neurons.
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Once cytokines are in the brain, how exactly do they exert their effects? One possibility is
that inappropriate activation of cytokines may lead to long-lasting changes in expression of
immune molecules that regulate neural connectivity and function [11]. For example,
cytokines in the CNS may act through interactions with other classes of immune molecules.
One such class is the major histocompatibility complex class | (MHC I) molecules, which
are also found on neurons where they negatively regulate synaptic plasticity required for
activity-dependent synaptic pruning and synapse formation [11,54-56]. In MIA, there is a
dramatic increase in MHC | protein expression on neurons in the brains of offspring
resulting in a decreased ability to form synapses. Such alterations in synaptogenesis are
thought to play a central role in the etiologies of ASD and schizophrenia [57,58]. Cytokines
can also potently activate the hypothalamic-pituitary-adrenal (HPA) axis to increase
adrenocorticotropic hormone (ACTH), corticotropin-releasing hormone (CRH), arginine
vasopressin, and corticosterone concentrations. These hormones can stimulate the secretion
of ACTH and glucocorticoids from the adrenals [59,60]. Better understanding of the
mechanism by which cytokines may interact to exert its effects on the brain can give us
insight into how to better intervene. Another mechanism by which cytokines can act in the
CNS is through microglial activation (see below).

Microglia in neurodevelopment

Microglia are highly motile macrophage-like cells of hematopoietic origin that infiltrate and
take up residence in the developing brain, where they are thought to provide a surveillance
function [61]. These myeloid cells have been implicated in a wide array of CNS processes
such as mediating inflammation, directly combating infection, and clearing cellular debris
via phagocytosis [62]. In addition to these traditional macrophage-type roles, microglia have
more recently been revealed as critical players in neurodevelopment, where they promote the
survival, differentiation, and maturation of neurons during neurogenesis and strip away
excess synapses in the developing brain to allow for functional neuronal circuits in a process
known as pruning [63-65].

Microglia are both a main source of and target for cytokines in the CNS. Upon stimulation
by an activating signal (e.g. cytokines, pathogen associated molecular patterns [PAMPs],
DAMPs), microglia are known to retract their processes resulting in an altered morphology,
and employ the molecular machinery necessary for programs such as opsonization and
phagocytosis of targets, as well as the release of cytokines such as the pro-inflammatory
cytokines IL-1B, IL-6, and TNF-alpha [66—68]. In addition to the production of these pro-
inflammatory cytokines, microglia possess cognate receptors and are thought to respond to
these signals from astrocytes, other microglia, and infiltrating immune cells upon disruption
of the blood-brain barrier during cases of inflammation [68-70]. In cases of an over-
exuberant microglial response, excess pro-inflammatory cytokines have been shown to
induce excitotoxicity and neuronal death [70]. This phenomenon may serve as the
underpinnings of developmental deficits observed when the developing brain is exposed to
excessive inflammation.

The key signal during development that is necessary to launch the upregulation of
complement proteins involved in synaptic pruning has been identified as the cytokine, TGF-
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B, produced by astrocytes [71]. The alarmin IL-33 derived from astrocytes has also recently
been shown to promote the pruning process /17 vivo, and 1L-33 knockout mice display major
deficits in synaptic elimination during development [72]. While cytokines such as IFN-
gamma, IL-1p, IL-6, and TNF-a can activate microglia, other anti-inflammatory cytokines
have roles in restraining them. For instance, neurons produce CX3CL1, or fractalkine, for
which microglia possess the fractalkine receptor, CX3CRL1 [73]. Both fractalkine and
CD200 signaling from neurons have been shown to keep microglia in an unactivated, non-
neurotoxic state [73,74]. In mice lacking CX3CR1, microglia numbers were transiently
reduced in the developing brain and synaptic pruning was delayed.

Microglia are also thought to play a role in the process of neurogenesis, or the differentiation
and maturation of precursors into neurons [75]. In vitro studies suggest that secreted
microglial factors are necessary for the self-renewal of neuropoietic cells [76]. During
prenatal development, microglia guide neurons and their axonal elements to form functional
circuits [77]. While microglial activity appears to be required for neurogenesis, some studies
suggest that improper activation of microglia caused by chronic inflammation from radiation
injury, or chronic expression of the pro-inflammatory cytokine IL-6 cytokine in astrocytes,
have been shown to directly impede the differentiation and survival of neurons during
neurogenesis [78,79].

The gut-immune-brain axis in neurodevelopmental disorders

The gut may play an important role in neurodevelopmental disorders and thus is a promising
target for therapeutic interventions. During birth, the fetal gut is colonized by maternal
microbiota, priming the developing immune system and directing immune homeostasis. Like
individuals with ASD and other disorders, MIA offspring display altered microbiota
signatures. Restoring a more typical microbiome by treating MIA offspring with Bacteroides
fragilis not only restores peripheral immune homeostasis but ameliorates several aberrant
behaviors [80]. As our understanding of the connection between the gut microbiome and the
brain grows, so will our ability to harness such pathways to provide novel approaches to
treat these disorders.

Investigators found that MIA disrupts neuronal architecture in areas of the cerebral cortex
via direct intracerebral action of the pro-inflammatory cytokine IL-17a [16]. The source of
IL-17 was found to be Th17 cells, a CD4* T cell subset that plays a key role in combating
bacterial and fungal infections in the maintenance of gut homeostasis. This work generated
the hypothesis that maternal Th17 cells reaching fetal circulation produce IL-17a, which
then affects fetal brain development. Furthermore, it was found that C57BL/6 mice from
Taconic Biosciences (Tac), which contain high numbers of gut Th17 cells as they are
colonized with segmented filamentous bacterium (SFB), were susceptible to MIA-induced
behavioral pathology. Conversely, mice from the Jackson Laboratory (JAX), which lack gut
Th17 cells and are not colonized by SFB, were not susceptible to MIA-induced behavioral
pathology [22]. Such susceptibility could be conferred on JAX mice by co-housing the
animals or via gastrointestinal gavage. In addition, the study demonstrated that elevated
IL-17a responses during MIA were due to the activation of dendritic cells (a key antigen
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presenting cell type) interacting with pre-established memory Th17 cells within the SFB-
colonized gut [16,22].

Another mechanism by which the gut may influence neurodevelopment is via gut
inflammation and environmental enteropathy in children who grow up in adversity.
Environmental enteropathy is a condition at is a result of chronic enteric infection and is
characterized by gut inflammation, barrier disruption, and systemic inflammation
[48,81,82]. Environmental enteropathy has been linked to poor health outcomes in children
including oral vaccine failure and growth faltering [48,83]. Excessive gut inflammation can
result in downstream systemic inflammation and the release of cytokines [84,85]. Systemic
inflammation has been linked to poor child development in children who grow up in
adversity [8]. Furthermore, markers of environmental enteropathy itself such as soluble
CD14 (sCD14), a measure of gut barrier dysfunction, has also been shown to be associated
with poor neurodevelopmental outcomes [86].

Potential therapeutics

The new and emerging discoveries that link immune activation and inflammation with
neuropsychopathology afford opportunities for novel therapeutics with those that center
around decreasing inflammation most promising. The cyclooxygenase-2 (COX-2) inhibitor
celecoxib, was studied in a prospective, randomized double-blind study of acute
exacerbations of schizophrenia. Patients receiving celecoxib in addition to risperidone
showed a statistically significant better outcomes in terms of symptom reduction than
patients receiving risperidone alone; clinical effects of COX-2 inhibition in schizophrenia
were especially pronounced in cognition [87].

Because microglia serve as a major source of pro-inflammatory activity in the CNS,
experimentally manipulating microglia may serve as a potentially powerful mechanism for
addressing inflammation-mediated neurocognitive deficits. While necessary for maintaining
CNS homeostasis, microglia can be targeted and depleted using multiple approaches [88].

Concluding remarks

Cytokine imbalances during the early periods of neurodevelopment may have profound
long-term impacts on a variety of diseases, including ASD, schizophrenia, cerebral palsy,
and cognitive impairment. These insults can occur as early as /in uterovia MIA up through
early childhood and likely even later in life. Mechanisms by which cytokines exert their
effects may include modulation of other immune mechanisms such as upregulation of MHC
class I on neurons, via the HPA axis, via glial cells which then affect neurogenesis and
synaptogenesis, or through monoamine metabolism. Strategies to inhibit the effects of
cytokine imbalance may lead to novel therapeutics and have profound effects on prevention
or treatment of neurologic disease. Recent attention has been focused on the role of
microglia in neuroinflammation and neurodevelopment along with an increased interest and
focus on the role of the gut microbiome in altering the immune response. Despite advances
in the field in recent years, many questions still remain to be answered including the role of
genetics along with how best to develop therapeutics (Outstanding Questions). Clinicians
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should be aware of the role that excessive inflammation in at-risk individuals may play in
neurodevelopment and of potential novel therapeutics to reduce this inflammatory load
(Clinician’s corner, Box 1). Research efforts should focus on identifying at-risk individuals
and early effective interventions to prevent long-term neurodevelopmental disabilities.

Glossary
Ascending infection
infection during pregnancy in which pathogens invade the uterus and fetal membranes
Damage-associated molecular patterns (DAMPSs)
host molecules that are released by stress cells that act as endogenous signals to promote the
inflammatory response
Hypothalamic-pituitary-adrenal (HPA) axis
set of interactions between the hypothalamus, pitiuitary gland, and adrenal glands that is
responsible for reactions to stress as well as the regulation of body processes including the
immune system
Opsonization
The mechanism by which pathogens are marked by opsonins (e.g. antibodies) for ingestion
and elimination by phagocytes
Pathogen-associated molecular patterns (PAMPS)
molecules from pathogens that are recognized by the innate immune system, triggering the
host immune response
Tocolytic drugs
medications used to suppress premature labor
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Highlights

. Maternal immune activation (MIA) refers to the activation of a pregnant
mother’s immune system in response to an insult such as an infection. While
MIA is generally protective, MIA may also be a risk factor for neurological
conditions in the child later on.

- Elevated concentrations of inflammation-related cytokines in maternal
serum /n uteroas well as in children early in life such as IL-6 are
associated with worse neurodevelopmental outcomes, while I1L-4
appeared protective.

- Dysbiotic microbiota and environmental enteropathy have been
connected to inflammation in the child during the first two years of life
and poor neurodevelopmental outcomes.

- Microglia, macrophage-like cells in the developing brain, are a potential
therapeutic target given that they are a major hub of pro-inflammatory
activity.
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Outstanding questions

. -Are there genetic factors that increase or reduce an individual’s risk of
inflammation-mediated neurodevelopmental disturbances?

. -What indicators (biomarkers) can we use to identify children at increased
risk?
. -Can we intervene early enough when a fetus or infant has been exposed to

inflammation to prevent long-term sequelae?

. -Are there effective therapies that combat inflammation to treat or ameliorate
neurodevelopmental disorders?

. -Would a vaccine prevent inflammation-mediated neurodevelopmental
disorders?
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Clinician’s Corner (Box 1)

-Neurodevelopmental disorders are a major health burden on society and have
increased in prevalence. Recent advances have expanded our understanding of the
impact of inflammation on the developing brain.

-Children are at increased risk of brain development disorders if their mothers had
systemic inflammation during pregnancy.

-In general, elevated concentrations of pro-inflammatory cytokines are associated
with poor neurodevelopmental outcomes.

-Disruption of the microbiome and intestinal barrier have been linked to
inflammation and neurodevelopmental disorders.

-Research efforts should focus on identifying at-risk individuals and early
effective interventions to prevent long-term neurodevelopmental disabilities.
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Inflammatory Insults Through Time
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Figure 1.
An overview of the inflammatory insults the developing brain may be exposed to from

conception through early childhood. An individual’s response to inflammatory insults are a
result of interactions between their underlying genetic disposition and the various factors
they are exposed to. The cumulative effect of these insults through time can result in various
“hits” that synergistically act on one another.
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Table 1

Key studies of inflammation and neurodevelopment

Reference

Type of study

Key findings

Maternal Immune Activation (MIA)

2 Human Maternal third trimester IL-6 and CRP concentrations are associated with neonatal functional connectivity and
with both fetal and toddler behavior.

15 In vivo; mice MIA induces changes in the concentrations of many cytokines in the brains and sera of offspring in a region-
and age-specific manner

16 In vivo, mice Retinoic acid receptor—related orphan nuclear receptor yt (RORyt)-dependent effector T lymphocytes [e.g., T
helper 17 (TH17) cells] and the effector cytokine interleukin-17a (IL-17a) are required in mothers for MIA-
induced behavioral abnormalities in offspring.

22 In vivo; mice Pregnant mice that had been colonized with the mouse commensal segmented filamentous bacteria (SFB) or
human commensal bacteria that induce intestinal Th17 cells were more likely to produce offspring with MIA-
associated abnormalities.

28 Human For the highest quintile of maternal CRP concentration, compared with the lowest quintile, there is a
significant, 43% elevated risk in autism in the offspring.

Perinatal

7 Human In children born extremely prematurely, recurrent, or persistent elevations of inflammation-related proteins in
blood during in the first two postnatal weeks are associated with an attention problem at age 2 years.

37 Human Early elevations of C-reactive protein, tumor necrosis factor-a, interleukin (IL)-8, intercellular adhesion
molecule (ICAM)-1, and erythropoietin were associated with 1Q values >2 SD below the expected mean at 10
years of age.

38 Human Extremely preterm newborns with elevated concentrations of inflammation-related proteins (CRP, IL-1b, IL-6,
I1L-8) during the third and fourth postnatal weeks were at increased risk of ventriculomegaly during the months
after birth, and of microcephaly, and low neurodevelopmental scores at 2 years of age.

Postnatal

8 Human Elevated concentrations of the pro-inflammatory cytokines IL-1p and IL-6 were significantly associated with a
decrease in motor score. Conversely, an elevated concentration of the Th-2 cytokine IL-4 was associated with
increased cognitive scores.

49 Human Inflammation-related proteins including ORM1, a-1-antichymotrypsin, reticulocalbin 1, and 3 components of
the complement cascade are significantly and inversely related to cognitive scores in Nepalese children.

86 Human Elevated concentrations of the inflammation-related proteins CRP, sCD14, IL-1B, and IL-6 in the first year of

life were associated with lower neurodevelopmental outcomes at 2 years of age.
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