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Abstract
Immune activation in the prenatal and early postnatal periods is increasingly implicated in the aetiology of 
neurodevelopmental disorders, such as autism spectrum disorder and schizophrenia, by disrupting critical 
neurodevelopmental processes. The impact of immune activation on brain development can be influenced by 
the type, timing, location, and severity of the infection. Viral, bacterial, and parasitic infections, as well as maternal 
autoimmune diseases, can lead to the activation of the purinergic P2X7 receptors, thereby contributing to 
neuroinflammation. Upon activation, P2X7 induces the assembly of the NLRP3 inflammasome, leading to the 
release of the pro-inflammatory cytokine IL-1β. Besides activation of additional inflammatory mediators, excessive 
IL-1β during critical periods of brain development can disrupt neuronal migration, synapse formation, dendritic 
morphology and blood-brain barrier integrity, contributing to a range of neurodevelopmental abnormalities. 
Animal studies have shown that inhibiting the components of the P2X7/NLRP3/IL-1β pathway can mitigate 
these adverse effects. This review examines the role of the P2X7/NLRP3/IL-1β pathway in mediating the effects 
of infection and neuronal inflammation on brain development. We discuss the therapeutic potential of targeting 
this pathway with a balanced approach that reduces long-term neuronal inflammation while preserving essential 
immune functions.
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Introduction
The underlying etiological and pathological features of 
neurodevelopmental disorders such as autism spectrum 
disorder and schizophrenia remain elusive and are the 
subject of active research. The aetiology of both disorders 
is considered multicausal, involving genetic and environ-
mental factors. Recently, the focus of research has shifted 
from genetic to epigenetic mechanisms of environmental 
effects, highlighting the increasingly prominent role of 
the latter. Immune activation during pregnancy has been 
suggested as one of the environmental factors associated 
with neurodevelopmental deficits.

Maternal immune activation (MIA) during pregnancy 
triggered by infections, autoimmune conditions, aller-
gies, or immunological deficiencies can cause persis-
tent in-utero inflammation. Elevated extracellular ATP, 
an early danger signal, activates immune and endothe-
lial cells [1], influencing neuronal activity via purinergic 
receptors and contributing to neurodegenerative and 
inflammatory changes in the central nervous system [2].

Purinergic receptors are plasma membrane molecules 
found abundantly in all mammalian tissues, predomi-
nantly in neurons and glial cells, muscle cells, epithelial 
cells, endothelial cells, endocrine cells, bone cells and all 
cells of innate and adaptive immunity. P2X receptors play 
a central role in maintaining inflammation, particularly 
the P2X7 receptor, by inflammasome assembly through 
NLRP3 activation and release of inflammatory cytokines, 
such as IL-1β [3]. Therefore, the P2X7-NLRP3 route is 
crucial for converting the body’s innate immune response 
into inflammation [4, 5]. IL-1β is an important mediator 
of the inflammatory response and, besides fever induc-
tion, is involved in a variety of cellular activities, includ-
ing cell proliferation, differentiation, and apoptosis, as 
well as in the induction of behavioural changes [6]. It is 
also able to recruit other proinflammatory cytokines [7] 
and is involved in the modulation of autoimmune inflam-
mation [8]. The activated cytokines and inflammatory 
mediators can alter fetal brain development, impacting 
neuro- and gliogenesis, neuronal migration, synapto-
genesis, and the elimination of synapses during develop-
ment, resulting in the formation of abnormal cortical and 
cerebellar neural networks [9, 10].

In this review, we focus specifically on how mater-
nal immune activation (MIA) — induced by infections, 
autoimmune diseases, or other immune challenges dur-
ing pregnancy — affects fetal brain development via the 
P2X7/NLRP3/IL-1β signalling axis. While the involve-
ment of P2X7 in neurodevelopment and inflammation 
has been broadly described, our aim was to integrate 
recent evidence on how this pathway is activated in the 
maternal-fetal context and how it contributes to long-
term neurodevelopmental disorders. This targeted 

approach provides a novel framework to understand the 
immune–neurodevelopmental interface.

Activation of the P2X7/NLRP3/IL-1β signalling 
pathway
Role of P2X7 in inflammatory ATP signalling
The P2X7/NLRP3/IL-1β pathway is essential for main-
taining and amplifying inflammation and can lead to 
long-term inflammatory effects through an ATP feed-
back loop. ATP is stored in synaptic vesicles and astro-
cyte vesicles and can be released from nerve terminals, 
dendrites and axons [11], astrocytes [12] and microglia 
[13] through multiple mechanisms [14]. During physi-
ological neuronal activation, ATP is released, which acts 
as a homeostatic messenger to mediate cell-cell com-
munication, with P2X7 receptors on surrounding cells 
being activated by ATP to influence cellular signaling, 
contributing to homeostasis [15]. In conditions such as 
inflammation and hypoxia, extracellular ATP levels can 
markedly rise due to active release and passive leakage 
from damaged or dying cells, along with decreased lev-
els of ectonucleotidases [16]. Several ion channels like 
connexin hemichannel, pannexin 1 (Panx1), volume-
regulated anion channels (VRACs), maxi-anion chan-
nels, and calcium homeostasis modulator 1 (CALHM1) 
might be involved in ATP-release [17]. The increase of 
extracellular ATP concentration activates cell surface 
P2X and P2Y receptors. Purinergic P2X receptors are 
homo- (P2X7) or heteromeric non-selective ligand-gated 
membrane-bound cation channels, formed by three sub-
units of the P2X1-7 subtypes. They are widely expressed 
in the nervous system by central and peripheral neurons 
and glial cells [18]. P2X receptors open upon ATP bind-
ing, leading to cation influx, membrane depolarisation or 
calcium-dependent enzymatic signal transduction [19]. 
P2X7, in particular, has a lower affinity for ATP (0.1–1 
mM) compared to other P2X, suggesting that their acti-
vation mainly occurs under pathological conditions asso-
ciated with enhanced extracellular ATP levels [20, 21]. 
This occurs, for example, in the case of an inflammatory 
environment or the destruction of surrounding cells due 
to trauma, hypoxia or other adverse events. Another 
characteristic of P2X7 is that long-term, high extracel-
lular concentration of ATP leads to prolonged P2X7 
activation resulting in rapid Ca2+ and Na+ influx with K+ 
efflux, which can be followed by the formation of a large 
non-selective transmembrane pore on the cell surface for 
molecules up to ~ 900 Da that induces cell lysis/necrosis 
or apoptosis [22].

Interplay of P2X7 and pannexin-1 during inflammation
The increase of intracellular calcium induced by P2X7 
can also activate pannexin-1 in the early stages of innate 
immunity, leading to membrane permeabilisation and the 
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release of macromolecules [23]. Pannexins are hemichan-
nels present in plasma membrane, endoplasmic reticu-
lum and Golgi membranes and can form nonjunctional 
transmembrane channels for transporting molecules of 
less than 1000 Da. Although it is generally accepted that 
pannexin-1 has cytotoxic effects [24], pannexin-1 may 
also have a protective function against cell death [23, 25]. 
Some studies describe that Panx1 and P2X7R may have 
regulatory effects on each other based on their co-local-
ization, physical interactions and involvement in conver-
gent activities [23, 26]. However, the ATP-conductance 
and -release properties of pannexin-1 are not entirely 
determined [27], and the mechanism of the pannexin-1 
opening is not fully understood [28]. Overall the issue is 
highly controversial, but increasing the activation time, 
either by dilation of the ionic pore of the P2X7 receptor 
or by opening large-conductance accessory proteins, like 
hemichannels [29], enables the uptake of large cations 
and the further release of ATP from the cells and hence 
contributes to further P2X7 and other purinergic acti-
vation. It is likely that both P2X7 and pannexin-1 play a 
prominent role in the non-synaptic communication of 
the CNS, especially during inflammatory conditions.

TLR-induced priming and P2X7-mediated activation of the 
NLRP3 inflammasome
Infections trigger a response in the body, where external 
danger stimuli like viral RNA or bacterial lipopolysac-
charide sequence interact with Toll-like receptors (TLRs) 
[30]. TLRs are innate immune receptors expressed in 
immune, glial and neuronal cells of the central and 
peripheral nervous system [31]. TLRs play a role in both 
infectious and non-infectious responses in the CNS 
and can modulate glial and neuronal function as well as 
innate immunity and neuroinflammation in both physi-
ological and pathophysiological conditions such as infec-
tions, CNS autoimmunity, neurodegeneration and tissue 
injury [31, 32]. Specific TLRs recognise distinct PAMPs: 
TLR3 recognises double-stranded RNA, TLR4 recog-
nises bacterial lipopolysaccharide (LPS), TLR5 interacts 
with bacterial flagellin [33], TLR7 and TLR8 recognise 
intracellular single-stranded RNA such as viral ligands, 
nucleosides, and oligoribonucleotides [34, 35], and 
TLR9 recognises bacterial or viral CpG DNA motifs [36]. 
Ligand binding of TLR receptors leads to the transcrip-
tional upregulation of inflammatory cytokine precur-
sors (Fig. 1), such as pro-IL-1β, pro-IL-18 and NLRP3, 
in a NF-κB dependent manner [37]. Some studies pro-
pose that post-translational modifications of NLRP3, 
like phosphorylation and ubiquitination, may also con-
tribute to this priming phase [38, 39]. The primed cell in 
this phase needs to be exposed to a new PAMP or DAMP 
(pathogen- or damage-associated molecular patterns) to 
induce the processing and secretion of an active IL-1β 

molecule. As part of a second, activation step induced 
by different DAMPs, the increase in extracellular ATP 
then activates P2X7, resulting in the formation of NLRP3 
inflammasome [40]. Although the exact mechanism of 
NLRP3 activation is not yet fully understood, K+ efflux, 
Ca2+ signalling, Na+ influx, and chloride efflux have all 
been identified as critical events in the process, of which 
cellular K+ efflux is the most important and well-identi-
fied step in NLRP3 inflammasome activation [37, 38, 41, 
42]. While intracellular K+ depletion is important, some 
studies suggest that reactive oxygen species production 
can activate the NLRP3 inflammasome independently of 
K+ efflux [43]. P2X7 may contribute to NLRP3 activation 
through a combination of mechanisms of a decrease in 
intracellular K+, an increase in intracellular Ca2+, induc-
tion of ROS production, depolarisation of mitochondria 
and destabilisation of lysosomes [4, 38, 41, 42, 44]. The 
NLRP3 inflammasome consists of the NLRP3 sensor 
molecule, the ASC adaptor protein and pro-caspase-1. 
Upon activation, NLRP3 interacts with ASC, which 
then recruits pro-caspase-1, forming the NLRP3 inflam-
masome. This complex activates caspase-1 through 
dimerisation and self-cleavage [45]. Active caspase-1 is a 
cysteine protease, which processes pro-IL-1β into its bio-
logically active form by proteolysis, ready to be released 
into the extracellular space [46]. Interestingly, a recent 
study has shown that P2X7 is capable of inducing an 
NLRP3-independent increase in IL-1β release, as ATP-
induced P2X7-mediated IL-1β release was measured in 
primed macrophages in the presence of pharmacologi-
cal and genetic NLRP3 depletion [47]. Further research is 
needed to evaluate this activation mechanism.

IL-1β release and signalling in the CNS
There are several possible mechanisms through which 
IL-1β could be released from the cells, such as regu-
lated secretion of lysosomes [48], the shedding of 
microvesicles from the plasma membrane [49], release 
from exosomes together with entrapped caspase-1 and 
other inflammasome components [50], its direct release 
through a hyperpermeable plasma membrane during 
cell death [51] or pyroptosis [52]. IL-1β is now known 
to be produced directly by cells of the CNS, including 
microglial cells, astrocytes, oligodendrocytes, neurons, 
and all of these cell types are also capable of respond-
ing to the cytokine. IL-1β has a pleiotropic effect in the 
CNS. It acts as a neuromodulator in the healthy brain 
and is involved in synaptic plasticity and the pathogenic 
process of many CNS diseases [10]. It can stimulate 
IL-6 production in astrocytes and neurons and induc-
ible nitric oxide synthase (iNOS) activity in astrocytes 
[53, 54] contributing to inflammatory responses. IL-1β 
exerts its well-known pro-inflammatory effects by bind-
ing to the IL-1R1 receptor, whereas it can also bind to 
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IL-1R2 to exert anti-inflammatory effects. IL-1R3 acts 
as a co-receptor, forming a trimeric signalling complex 
with IL-1β and IL-1R1. Under physiological conditions, 
IL-1R1 and IL-1R3 are present on the cell membrane, 
and can also be cleaved by matrix metalloproteases to a 
soluble, circulating form. Both the membrane-bound and 
the soluble forms are biologically active [55]. IL-1β bind-
ing to IL-1R1 induces a conformational change allow-
ing IL-1R3 binding [55]. The resulting complex triggers 
TIR domain dimerisation, recruiting MyD88 and initi-
ating a signalling cascade involving IRAKs and TRAF6. 
Subsequently, multiple intracellular phosphorylation 
and ubiquitination processes lead to the activation of 
mitogen-activated protein kinase (MAPK) p38, the c-Jun 

N-terminal kinase (JNK) and nuclear factor kappa B 
(NF-κB) [56]. These changes result in the upregulation of 
mRNA transcription for inflammation-associated genes 
encoding IL-6, IL-8, iNOS, monocyte chemoattractant 
protein-1 (MCP-1), cyclooxygenase-2, IκBα, IL-1α, IL-1β 
and MAPK phosphatase 1 [57]. The endogenous interleu-
kin-1 receptor antagonist (IL-1Ra) can counteract IL-1R1 
by inhibiting the association of IL-1R1 with IL-1R3, thus 
competitively blocking IL-1β signalling [56]. IL-1R2, 
a decoy receptor, sequesters IL-1β, existing in both 
membrane-bound and soluble forms. Soluble IL-1R2 
neutralises IL-1β, especially when complexed with sol-
uble IL-1R3. IL-1R2, existing in both membrane-bound 
and soluble forms, is a decoy receptor for IL-1β, lacks 

Fig. 1  Activation of the P2X7/NLRP3/IL-1β signalling pathway in MIA animal models. TLR3 recognises double-stranded RNA, such as poly(I:C), leading to 
NF-κB-dependent upregulation of inflammatory cytokine precursors and NLRP3 components. Increased extracellular ATP then activates P2X7, resulting 
in the formation of NLRP3 inflammasome. This complex activates caspase-1 via dimerisation and self-cleavage. Active caspase-1 processes pro-IL-1β into 
its biologically active form by proteolysis, ready to be released into the extracellular space
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a cytoplasmic domain (TIR), and does not signal but 
sequesters IL-1β. Although soluble IL-1R2 binds IL-1β 
in the extracellular space, neutralisation of IL-1β activ-
ity is greatly enhanced by forming a complex with soluble 
IL-1R3 [55].

Cell-type specific signalling and the complexities of IL-1β 
action in the CNS
In the nervous system, IL-1R1 expression is driven 
by multiple cell type-specific promoters, allowing cell 
type-specific control of IL-1R1 expression [58]. Thus, 
diverse IL-1β effects in the brain likely result from dis-
tinct cell-type-specific IL-1R1 signalling pathways (e.g., 
p38 MAPK, NF-κB), which can be activated individu-
ally or in combination depending on the tissue or cell 
type [56, 59]. However, investigating cell-type-specific 
IL-1β expression and signalling remains challenging, and 
some studies show contradictory data [58]. Similarly, the 
precise CNS locations where peripheral IL-1β exerts its 
effects remain uncertain. It has long been suggested that 
IL-1β can cross the blood-brain barrier (BBB) [60]. Dur-
ing neuroinflammation, IL-1β is known to stimulate the 
expression of adhesion molecules on endothelial cells 
that facilitate the attachment and migration of immune 
cells across the BBB [61]. However, the role of endothelial 
IL-1R1 at the BBB in mediating its effects and the mecha-
nisms of crossing remains uncertain [58].

The P2X7/NLRP3/IL-1β signalling pathway in 
neuronal development
Function and role of P2X7 receptors in neuronal 
development
Prenatal development: During embryonal neurogenesis, 
P2X7 subunit expression starts at E14-15 in rat brain 
[62–64] and continues through postnatal development 
(P16) [65]. P2X7 plays a conducting role in the altera-
tion of cellular functions according to the current devel-
opmental age until adult neurogenesis. P2X7 regulates 
crucial aspects of neuronal cell biology, including axonal 
elongation, path-finding, synapse formation, and neuro-
protection, and modulates neuroinflammation [66, 67]. 
Similarly to adult neurogenesis, P2X7 controls the pro-
liferation and alters cell cycle progression in embryonic 
development processes, but does not cause cell death 
[64]. The upregulation of P2X7 receptor expression and 
activity in embryonic cells has been determined to con-
tribute to maintaining embryonic stem cell proliferation, 
while upon induction to neural differentiation, P2X7 
receptor expression and activity need to be suppressed 
as the onset of neuroectodermal differentiation and neu-
ronal fate determination depends on the suppression of 
the receptor-activity [68]. An immunofluorescence stain-
ing experiment proved that P27 was expressed in both 
the soma and neuronal processes of the cells in 3-day-old 

neonatal rat brain samples. This study also showed that 
P2X7 is widely expressed in all layers of the prefron-
tal cortex in neonatal rats [69]. Sebastián-Serrano et al. 
performed in-utero cortical electroporation to define 
the involvement of P2X7 in the axonal elongation defi-
cits associated with neurological disorders [67]. Accord-
ing to an in vitro mouse study, P2X7 also regulates 
dendritic outgrowth and branching in the early stages 
of development [70]. Prenatal and early life factors that 
disrupt physiological brain development contribute to 
behavioural and neurochemical changes in adulthood 
by altering the purinergic system [71]. Adult neurogen-
esis: Beyond early development, P2X7 receptors also play 
a crucial role in adult neurogenesis and neuroregenera-
tion. In the postnatal brain, P2X7 has a leading role in 
the maintenance of neuronal physiology, including axo-
nal elongation, branching, and neurotransmitter release 
[72]. Neural progenitor cells can differentiate into neu-
rons, astrocytes, and oligodendrocytes. The expression 
of P2X7 receptors on progenitor cells has been demon-
strated for a long while [73]. P2X7 receptors play a role 
in the continuous sustain and quantitative regulation of 
the neural stem cell pool [74]. In the adult mammalian 
hippocampus, neurogenesis is a persistent and essen-
tial feature in which P2X7 has diverse regulatory func-
tions, notably inducing cell death via transmembrane 
pore formation [75], modulating glutamate release and 
neurotrophic factor signaling, such as BDNF [76]. These 
receptors can also act as scavenger receptors in microg-
lia. Furthermore, cellular debris may be cleared by neural 
progenitors and neuroblasts via P2X7-mediated phago-
cytosis as well. The receptor also has potential roles in 
the regulation of proliferation, differentiation, and axo-
nal extension (Leeson et al., 2019). The above-mentioned 
pore formation, induced by an increase in extracellular 
ATP concentration, results in cell lysis/necrosis or apop-
tosis, depending on the nature of the stimulus, the dura-
tion of the stimulus and the cell type [22]. Thus, during 
CNS-related adverse events involving high inflammation 
and ATP release, P2X7 receptors can delay regeneration 
and cell renewal.

Function and role of NLRP3 in neuronal development
The role of NLRP3 has been widely described in CNS dis-
orders, but very little data is available on its role in nor-
mal brain development. As a result of rapid neuronal cell 
proliferation, many neurons die during neurodevelop-
ment. Uniquely, Lammert et al. demonstrated in mouse 
brains that the innate immune system plays a crucial role 
in the clearance of damaged cells, releasing ATP, dam-
aged mitochondria and ROS to the extracellular space in 
the normally developing nervous system by pyroptosis 
[77], which is a regulated form of lytic cell death neces-
sary for proper CNS development and function [78]. 
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They observed high levels of ASC staining throughout 
the brain at postnatal day 5, confirming inflammasome 
assembly at this time point. However, they found that 
while loss of AIM2 inflammasome (activated by cyto-
solic DNA) and caspase-1 in mouse studies resulted in 
anxiety-like behaviours in the elevated plus maze and 
open field, loss of NLRP3 did not affect animal behaviour 
[77]. In agreement, the transcripts of ASC and caspase-1, 
which are both downstream mediators of NLRP3, appear 
to be detectable in early human fetal neurons, astro-
cytes, and BMCs (Brain Macrophage-like Cells) under 
normal neurodevelopmental conditions, while NLRP3 
transcript seems to be inducible only when exposed to a 
priming stimulus [79]. Further studies are needed to clar-
ify or exclude the role of NLRP3 in physiological brain 
development.

Function and role of IL-1β in normal neuronal 
development
IL-1β is highly expressed in the brain during prenatal 
and postnatal development and declines to low levels in 
adults, suggesting an essential role in brain development 
[80]. In human embryonic forebrain cells, constitutive 
IL-1β expression was detected from week 5, increased 
by approximately 50% at week 7, and was highest at week 
10 [81]. Similarly, IL-1 has been detected in rat embryos 
from E14 until adulthood, with the highest expression at 
E18 [82]. According to in vitro animal studies, IL-1β plays 
an important role in the migration of cortical neurons 
in a dose-dependent manner [80] and of astrocyte pro-
genitor cells by modulating calcium signalling [83] dur-
ing early stages of CNS development. IL-1β participates 
in guiding leading process endings, the so-called growth 
cone, of migrating neurons, contributing to the control 
of migration direction [80]. Furthermore, in vitro studies 
also show that IL-1β is involved in the regulation of neu-
rite outgrowth, which is an essential process during early 
neuronal development. In more detail, IL-1β acts syner-
gistically with neurotrophin-3 and both stimulate neurite 
density and length potentially via the Wnt5a/RhoA/JNK 
pathway [84]. The cortical neurons also express IL-1R1 
in vitro and in vivo [80]. Both the dysregulation of cell 
migration and neurite outgrowth can lead to autism 
spectrum disorder (ASD) and other neurodevelopmental 
disorders [85].

Pathogenic factors that can affect fetal brain 
development and their relations to the P2X7R/
NLRP3/IL-1β pathway
Maternal infections during pregnancy
While over half of pregnant women experience at least 
one infection [86], in most cases no brain disorders 
develop in the fetus. However, it has been increasingly 
recognised that various infections during pregnancy 

poses a higher risk of later onset of various neurodevelop-
mental disorders during childhood and adolescence [87] 
a line of research supported by a large number of clinical 
studies. Viral infection’s impact on neurodevelopmental 
risk depends on various factors, including type, timing, 
severity, and location. A link exists between epidemics/
pandemics and increased schizophrenia incidence [88]. 
Nevertheless, many unknown factors still need to be 
explored to understand the connections between risk 
factors and timing.

In the first trimester of pregnancy (0–13 weeks in 
humans), the ectoderm folds and fuses to form the neu-
ral tube during the second and third weeks (neurulation) 
[89, 90]. In the fourth week, the rostral part of the neural 
tube forms three vesicles that will give rise to the fore-
brain, midbrain and hindbrain. By weeks 5–6, neuronal 
precursors undergo rapid proliferation, which is geneti-
cally determined and epigenetically controlled by the 
environment [89]. By week 8, neuroblasts differentiate 
into specific neuronal cell types or macroglia (neuro-
genesis). These neurons migrate to the cortical layer and 
eventually form synapses during the late first to second 
trimester (12–29 weeks) [89]. During the third trimester, 
glial precursors form into neuronal axons and glia such as 
astrocytes and oligodendrocytes (gliogenesis) [91]. Brain 
morphology and plasticity continue to develop after birth 
[89]. While the sequence of these developmental pro-
cesses is conserved across mammals, analogous events in 
rodents occur on a shorter gestational timeline (Fig. 2). 
Most infections during human pregnancy occur in the 
second trimester [86], which can be linked to qualita-
tive immunological changes or a more active lifestyle in 
the second trimester. The first and second trimesters are 
most vulnerable to prenatal infections causing long-term 
neuronal changes [92]. Primarily, the first trimester has 
been associated with a higher risk of schizophrenia [93–
95], while the risk of developing ASD is more linked to 
maternal infection during the second trimester, when the 
fetal brain is undergoing significant growth and differen-
tiation, but not in the first [96–98]. Third-trimester infec-
tion has been slightly associated with an increased risk of 
ASD [96]. Recent studies have shown that third-trimester 
infections increase the risk of cognitive impairments, 
especially performance IQ [86, 99]. Associations between 
bacterial infections in the third trimester and cognitive 
impairments in early childhood seem to be strongest 
among males and for more severe infections or multi-sys-
temic infections [99]. One study suggests that maternal 
infection in the third trimester may have latent effects on 
cognitive development that emerge only as cognitive load 
increases over time [86]. This is a good example of how 
the effects of early childhood can alter the manifestation 
of brain dysfunctions, supporting emerging frameworks 
such as the “multiple-hit” hypothesis, which propose that 
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neurodevelopmental disorders arise not from a single 
insult but from the interaction of multiple environmen-
tal and genetic risk factors across time. It is hypothesized 
that the rise in childhood immune and neurodevelop-
mental disorders reflects increasing exposure to environ-
mental stressors during critical periods of development, 
which may lead to disease expression in genetically 
susceptible individuals [100]. According to this model, 
maternal immune activation during pregnancy serves as 
an early priming event that sensitizes the fetal brain to 
later-life challenges—such as psychosocial stress, drug 
exposure, or additional immune insults—supporting 
the view that cumulative exposures are key contribu-
tors to the etiology of disorders like schizophrenia and 
autism spectrum disorder [100]. Microglial priming is 
considered a key downstream effect of maternal immune 

activation, representing a pivotal mechanism by which 
early-life inflammatory exposure increases vulnerability 
to later environmental insults [101]. This model is further 
supported by animal studies demonstrating that MIA 
alone may not be sufficient to produce the full spectrum 
of behavioral or neuropathological changes, but serves 
to sensitize the developing brain to later-life environ-
mental insults. For example, mice exposed to poly(I:C) in 
utero show exacerbated neuropathology with functional 
impairments when subjected to sub-chronic stress dur-
ing peripubertal development [102] or double exposure 
of VPA and poly(I:C) at the critical timepoints mimicking 
behavioral features of ASD more robustly [103] than sin-
gle-hit models alone. While this environmentally focused 
multiple-hit model emphasizes temporal accumulation 
of risk, it aligns conceptually with the classical two-hit 

Fig. 2  Critical periods of vulnerability of the developing nervous system to maternal immune activation. A comparative overview of the timing of neuro-
developmental processes and vulnerability tomaternal immune activation across human, rat, and mouse models. The developing nervous system, includ-
ing that of the human fetus, exhibits varying vulnerability to maternal immune activation throughout gestation. First-trimester infections are associated 
with a higher risk of schizophrenia, while second-trimester infections are linked to an increased risk of ASD. Third trimester infections show a slight associa-
tion with increased ASD risk. The timelines of key developmental processes (e.g., neurogenesis, gliogenesis, synaptogenesis) are aligned across species to 
highlight translationally relevant windows. The expression of P2X7, starting at E14-15in the rat brain and continuing through postnatal development, and 
the high prenatal andpostnatal expression of IL-1β (detectable from E14, peaking at E18, and declining to low adult levels), suggest their crucial roles in 
brain development during these vulnerable periods. Maternal immune activation during these stages could disrupt these critical processes, potentially 
contributing to neurodevelopmental disorders.
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hypothesis, in which a first “hit” (typically genetic) cre-
ates a vulnerable background, and a second (often envi-
ronmental) event triggers the disease phenotype [104]. 
Together, these findings support the view that neurode-
velopmental disorders most often arise from a complex 
interplay between genetic susceptibility and multiple 
environmental stressors acting across time. Rather than 
isolated triggers, it is the convergence and accumula-
tion of insults—especially during critical periods of brain 
development—that ultimately determine disease risk and 
trajectory.

Viral infections
Viral infections have been suggested to be one of the 
environmental factors associated with neurodevelop-
mental disorders. Many viruses, such as influenza, her-
pesviruses 1 and 2, cytomegalovirus, Epstein-Barr virus, 
retrovirus, coronavirus, Zika virus and Rubella have 
recently been linked to neurodevelopmental disorders 
[105–109], but further studies are necessary to confirm 
these findings and explore the mechanisms involved. 
Viruses can interfere with normal brain maturation 
directly or through immune mediators such as cytokines 
or chemokines. In a case-control human study, multiple 
infections during pregnancy were associated with an 
increased risk of delivering a child with ASD. ASD risk 
was statistically similar for mothers who received treat-
ment for their infection and for mothers who did not 
treat their infection [110], emphasising the importance 
of prevention. Increased maternal immune activation 
in rodents [87, 100] induced by viral infection at a spe-
cific time during CNS development has been shown to 
increase the prevalence of both ASD- or schizophrenia-
like symptoms on the offspring. In 2012 Lee et al. showed 
that P2X7 plays a crucial role in the inflammatory 
response of the virus-recognised innate immune cells at 
the early stage of infection. P2X7-deficient, P2X7-inhib-
itor treated, caspase-1 deficient or ATP insufficient mice 
showed increased survival in a virus-induced high mor-
tality respiratory distress syndrome [111].

Implications of SARS-CoV-2 infection on neurodevelopment
Growing evidence implicates the P2X7R/NLRP3/IL-1β 
axis may be involved in the immune dysregulation caused 
by the SARS-CoV-2 infection [112, 113], which is asso-
ciated with neurological and neuropsychiatric conse-
quences [114]. In a detailed human study, Lécuyer et 
al. showed that the P2X7- NLRP3 signalling pathway 
might play a significant role in viral replication in addi-
tion to inflammation. Increased NLRP3 expression was 
found independently of P2X7 in SARS-CoV-2 target 
host cells derived from lung autopsies of patients with 
severe coronavirus disease (COVID-19). This NLRP3 
inflammasome activation dictates the permissiveness of 

epithelial cells to SARS-CoV-2 infection. P2X7 modulates 
SARS-CoV-2 replication through NLRP3 inflammasome 
activation [113]. Elevated soluble P2X7 concentrations 
in the plasma of COVID-19 patients correlate with dis-
ease severity and CRP levels [112]. Similarly, elevated 
serum P2X7 in early COVID-19 predicts adverse clini-
cal outcomes, suggesting sP2X7 may be a useful disease 
progression marker [115]. Morbidity and mortality in 
COVID-19 are partly due to the inflammatory response 
[116]. Pregnant women experience more severe dis-
ease [117], and several studies suggest vertical transmis-
sion occurs [118, 119]. However, whether SARS-CoV-2 
is directly vertically transmitted remains unclear [88]. 
Although the infection-associated inflammatory condi-
tions during fetal development can potentially result in 
long-term abnormalities in the offspring [120]. Inflam-
matory and thrombotic lesions have been observed in the 
placenta of infected mothers [121]. Shuffrey et al. showed 
that birth during the pandemic, but not necessarily in-
utero SARS-CoV-2 exposure, was linked to neurodevel-
opmental differences at six months [122]. However, this 
study has limitations and only covers up to six months 
of age, when few neurodevelopmental disorders are typi-
cally identified. In a prospective cohort study, Ayed et 
al. (2022) found that 90% of the infants born to moth-
ers with SARS-CoV-2 infections during pregnancy had 
favourable outcomes, and only 10% showed develop-
mental delays, which is similar to the general population, 
but the lack of precise definition makes comparison dif-
ficult. While most pregnant women in this study were 
infected during their third trimester, the risk of develop-
mental delays (especially in motor skills) around 10–12 
months is higher when infection occurs in the first or 
second trimester [123]. According to a recent meta-
analysis, the evidence on the potential impact of prenatal 
or neonatal exposure to SARS-CoV-2 infection on early 
infant developmental outcomes is limited and conflict-
ing. Larger cohorts are needed to examine ages over one 
year [124]. Since signs of developmental disorders often 
appear after 2–3 years of age, large-scale human studies 
of maternal COVID and neurodevelopmental disorders 
in the offspring remain to be conducted. A recent study 
by Erdogan et al. demonstrated that male rats exposed to 
the SARS-CoV-2 spike protein exhibited a higher rate of 
autism-like behaviours, gliosis, neuronal cell death in the 
hippocampus and cerebellum, and altered levels of MDA, 
TNF-α, IL-17, NF-κB, lactate, and BDNF. These findings 
suggest a potential link between prenatal exposure to the 
COVID-19 spike protein and neurodevelopmental prob-
lems [125].

The impact of Zika virus infection on neurodevelopment
ZIKV is a single-stranded RNA virus belonging to the 
family Flaviviridae and has the speciality to perturb 
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normal brain development. The most known conse-
quence of ZIKV infection in pregnant mothers is micro-
cephaly in the offspring [126] induced by impaired 
expression of genes involved in cell replication and apop-
tosis [127]. In affected cases, the viral genome and anti-
bodies were present in the cerebrospinal fluid of neonates 
[128], with histopathological changes observed, including 
calcification, necrosis, neuronophagy, gliosis, and inflam-
matory infiltrates in brain samples from fatal microceph-
aly cases [129]. In animal models, differences in neuronal 
arrangement within the cerebral cortex and disorganised 
neuronal layering [130], hippocampal dysplasia, alpha 
motoneuron loss, cerebellar malformations and impaired 
adult neurogenesis [131] of offspring from ZIKV-treated 
dams have been observed. These brain abnormalities 
are closely linked to the alterations seen in neurodevel-
opmental disorders [132], like delays in neuronal matu-
ration and altered brain connectivity suggesting a causal 
link between prenatal Zika infection and the later devel-
opment of ASD [108, 133] or schizophrenia [105]. In a 
study, P2X7 receptor expression increased in the brain of 
Zika virus-infected mice compared to the control group 
[134]. P2X7 increased hippocampal damage in CA1/
CA2 and CA3 regions and had been linked to increased 
neurodegeneration, neuroinflammation and impaired 
motor performance in infected mice. Interestingly, wild-
type mice were more effective at controlling viral load 
compared to P2X7 receptor-deficient mice. These find-
ings suggest that ATP-P2X7 receptor signalling contrib-
utes to neuronal loss, neuroinflammation, and related 
brain abnormalities, while also involved in the antiviral 
response in the brain of ZIKV-infected mice [134].

Animal models of virus-induced maternal immune activation
To induce maternal immune activation, poly(I:C) admin-
istration to pregnant mice and rats has been widely used. 
These preclinical model systems help investigate the 
underlying pathophysiological mechanisms at the molec-
ular, cellular and behavioural levels. Poly(I:C) is a syn-
thetic analogue of viral double-stranded RNA and acts as 
an agonist for the TLR3 receptor. TLR3 generates a TRIF-
dependent response by recruiting TRIF to the cytoplas-
mic domain, which interacts with RIP1, TRAF6, TBK1, 
and TRAF3, resulting in the activation of MAP kinases 
and the IKK complex [135]. These processes lead to the 
activation of ERK, JNK, IRF3, p38 and NF-κB. Nuclear 
translocation of ERK, JNK and p38 occurs, which acti-
vates the transcription factor AP-1, leading to further 
translocations (NF-κB, IRF-3 and IRF-7) to the nucleus. 
AP-1 and NF-κB bind to cytokine gene promoters, while 
IRF-3, IRF-7, and NF-κB target chemokine gene pro-
moters, inducing their transcription [135]. Maternal 
cytokines and chemokines then induce immune activa-
tion, leading to systemic inflammation. Some maternal 

chemokines and cytokines act directly on the fetal brain. 
In some cases, maternal cytokine-producing cells (e.g. Th 
cells) themselves cross the placenta or activate effectors 
that can either release agents that can indirectly influence 
fetal development by regulating placental function or 
by inducing the production of additional mediators that 
are transported into the fetus or act directly in the fetus. 
Maternal cytokines may even enhance the fetus’ own 
cytokine production by inducing transplacental signalling 
pathways, which affect the developing brain. Subsequent 
to the placenta, the fetal BBB serves as a second barrier 
and demonstrates most of the barrier characteristics of 
the adult BBB. In humans, this barrier has been shown 
to be functionally active as early as the 8th week of ges-
tation [136]; in animal models, analogous processes are 
assumed but occur on a different developmental timeline.

Poly(I:C)-based MIA models in mice reproduce a range 
of behavioral and neuroanatomical alterations relevant 
to neurodevelopmental disorders. Offspring frequently 
exhibit deficits in social interaction, increased repetitive 
behaviors, and impairments in sensorimotor gating, mir-
roring core features of autism spectrum disorder [137–
139]. Typical schizophrenia-related alterations induced 
by poly(I:C) mimicking negative symptoms are deficits 
in social interaction, anhedonic behavior and cognitive 
impairments, such as reduced cognitive flexibility [70, 
140, 141]. Importantly, Mueller et al. (2021) demon-
strated that even under conditions of genetic homoge-
neity, MIA-exposed offspring can diverge into distinct 
subgroups with dissociable behavioral, transcriptional, 
brain network, and immunological profiles, indicating 
substantial interindividual variability in response to the 
same prenatal immune challenge [142].

These behavioral abnormalities are accompanied by 
widespread changes at the neuroanatomical and syn-
aptic level. Reductions in Purkinje cell numbers within 
the cerebellar vermis, particularly in lobules VI and VII, 
have been observed in mice following maternal poly(I:C) 
treatment [137, 138]. These cerebellar alterations are 
significant given the cerebellum’s role in motor coordi-
nation and cognitive functions. Cortical disorganiza-
tion and altered cortical lamination patterns [143, 144] 
— which may underlie the social and cognitive deficits 
characteristic of ASD—as well as volumetric reduc-
tions in the amygdala and hippocampus in rodent stud-
ies [145, 146], have been documented. These regions 
are integral to emotion processing and memory, respec-
tively. Additionally, anomalies of the brain vasculature 
have also been reported [147]. In the context of schizo-
phrenia, poly(I:C)-based animal models reveal patient-
relevant neuroanatomical alterations, including reduced 
hippocampal volumes, region-specific gray and white 
matter changes [148], ventricular enlargement [148], 
and decreased densities of parvalbumin-expressing 



Page 10 of 17Szabó et al. Journal of Neuroinflammation          (2025) 22:192 

interneurons and perineuronal nets in the basolateral 
amygdala [148], collectively reflecting widespread neu-
rodevelopmental disruption. Synaptic abnormalities have 
been implicated in the pathophysiology of both ASD and 
schizophrenia. Poly(I:C) studies report reduced dendritic 
spine density and arborisation in the cortex and hippo-
campus [70, 149], along with decreased expression of key 
postsynaptic proteins in excitatory hippocampal synapses 
during pubescence, such as PSD95 and SynGAP [150], 
indicating impaired organization and strengthening of 
excitatory receptor complexes and associated signaling 
proteins during synaptic maturation and connectivity. 
These changes are accompanied by excitation/inhibition 
imbalance in cortical circuits [151, 152], and ultrastruc-
tural synaptic abnormalities, including increased number 
of malformed synaptosomes [137] indicating disrupted 
synaptic architecture.

Altogether, poly(I:C)-induced activation of TLR3 in 
rodent models effectively mimics viral maternal immune 
activation and provides mechanistic insight into how 
maternal cytokines, chemokines, and placental signaling 
disturbances can influence fetal brain development dur-
ing critical neurodevelopmental windows.

Bacterial infections
Maternal bacterial infection during pregnancy may also 
produce long-term alterations in the structure and func-
tion of the fetal brain [95, 99] and are linked to psychotic 
disorders, particularly in males, with severity of infec-
tion playing a role. The effect of multisystemic bacterial 
infection is almost twice that of less severe local bacterial 
infection [153]. Bacterial infections, especially asymp-
tomatic UTIs, are often left untreated in antenatal care, 
potentially posing a significant threat to healthy fetal 
development. Animal studies show prenatal lipopoly-
saccharide exposure, mimicking gram-negative bacte-
rial infection, induces autistic-like behaviours [154, 155]. 
LPS acting on the TLR4 receptor leads to the formation 
of a receptor complex consisting of dimerised TLR4 and 
MD-2. This activates two signalling pathways: a MyD88/
Mal-dependent pathway for early NF-κB activation, and 
a TRIF/TRAM-dependent pathway for late NF-κB and 
IRF3 activation, through which the induction of inflam-
masome, cytokines, chemokines and other transcription 
factors starts [156].

In humans, maternal urinary tract infections are com-
mon during pregnancy due to immune, hormonal, ana-
tomical and habitual changes. Infections that are not 
treated with antibiotics are associated with an increased 
risk of mental retardation or developmental delay in 
infants [157]. Neonatal sepsis is also associated with 
an increased risk of autism diagnosis in both preterm 
and in-term children [158]. P2X7 activation, confirmed 
in animal sepsis studies [159] leads to recruitment of 

inflammatory cells in the cerebral vasculature, destruc-
tion of the BBB, activation of microglial cells in the brain, 
apoptosis of brain cells and other damage processes lead-
ing to diffuse brain damage as a result of secondary infec-
tion in other parts of the body [160]. At the same time, 
the P2X7 receptor is required for the development of 
the sepsis-associated inflammatory response through-
out the body [161]. Martínez-García et al. showed that, 
in addition to its more known effects, P2X7 may also 
play a role in the generation of mitochondrial dysfunc-
tion during sepsis, leading to impaired NLRP3 and IL-1β 
activation, which is involved in the development of an 
immunodeficient status in patients with sepsis and in the 
associated mortality. Blocking the P2X7 seems to be pro-
tective against sepsis pathogenesis [159, 162], and organ 
dysfunction [163–165]. Pharmacological inhibition or 
genetic deletion of P2X7 receptor attenuates the produc-
tion of IL-1β, reduces neuroinflammation and prevents 
cognitive impairments in sepsis-surviving animals [166]. 
However, surprisingly there are a few studies describing 
a protective role of P2X7 by decreasing bacterial dis-
semination as well with increased mortality in P2rx7−/− 
mice [167, 168]. Fialho et al. also draw attention to the 
potential protective effect of P2X7 in neonatal sepsis and 
that therapeutic targeting of purinergic receptors should 
respect the pathogen-controlling beneficial effects of 
P2X7 in addition to its excessive inflammatory response-
inducing effects [161]. However, taking into account the 
relevant literature data, it can be concluded that the role 
of P2X7 in sepsis, the anti-inflammatory feature of P2X7 
antagonists and the hypo-inflammatory nature of neona-
tal immune responses make P2X7 a potential target for 
neonatal sepsis as an adjunct to antibiotic therapy, pro-
vided that pathogen elimination as a result of antibiotic 
treatment is adequately supported by laboratory tests. As 
surviving neonatal sepsis has potential to cause a range 
of neurocognitive impairments, successful clinical imple-
mentation of P2X7 inhibition may reduce the devel-
opment of neurodevelopmental disorders in affected 
children.

Prenatal Toxoplasma gondii infection
Toxoplasma gondii, a major cause of human spontane-
ous abortions [169], primarily infects the brain, targeting 
neurons. The parasite evades immune responses for per-
sistent infection [170]. Intrauterine infection risks fetal 
brain defects and subsequent neuropsychiatric disorders 
[171, 172]. In infected mouse neural progenitor cells, 
P2X7 receptor expression increases, alongside altered 
ectonucleotidase activity, augmenting ATP/ADP hydro-
lysis. This suggests extracellular ATP activates P2X7 on 
microglia, and continued activation of P2X7 receptors 
by ATP during chronic infection has been proposed 
as a mechanism for the elimination of T. gondii [173]. 
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Moreira-Souza and Coutinho-Silva’s review summarises 
the role of purinergic signalling in T. gondii infection, 
highlighting in vitro studies demonstrating P2X7 activa-
tion’s microbicidal effect in phagocytic and parasite con-
trol in non-phagocytic cells [174].

Autoimmune diseases
There is evidence to assume that the inflammatory envi-
ronment in pregnant mothers can be triggered by damage 
to intrinsic mechanisms in addition to external stimuli, 
creating a similar inflammatory environment and induc-
ing signalling pathways that can lead to the development 
of a potential neurodevelopmental disorder [175]. Dur-
ing autoimmunity, a specific adaptive immune response 
is mounted against self antigens and abnormal IgG can 
cross the placenta [176], potentially causing fetal issues. 
Maternal autoimmune diseases are linked to develop-
mental disorders [177, 178], and maternal autoantibodies 
increase ASD risk [179, 180]. Maternal hypothyroidism, 
especially in the first trimester, is also associated with 
ASD [181] disrupting neuronal migration. Even a moder-
ate transient period of first-trimester maternal hypothy-
roxinemia, not necessarily associated with TSH elevation, 
disrupts the migration of neurons to the cortical layers at 
the onset of neurogenesis in rats [182]. In autoimmune 
encephalitis, the immune system attacks brain cells, caus-
ing inflammation and autism-like traits [183]. In rodents, 
maternal autoantibodies administered during gesta-
tion migrated to the cortical parenchyma, altering coro-
nal development and neuritogenesis, resulting in fewer 
mature dendritic spines in adult mice [184, 185], ) and 
displayed ASD-like behaviours including increased repet-
itive behaviours and altered social interactions [186]. The 
P2X7 receptor has also been implicated in autoimmune 
encephalitis as an early exacerbator of CNS inflammation 
[187], and fuels autoimmunity via proinflammatory cyto-
kine release [188]. P2X7 inhibitors were in clinical phase 
II trials in the treatment of some autoimmune diseases 
[189, 190], so it would be important to further investi-
gate the role of P2X7 during pregnancy and its potential 
external modulation during this critical period.

Translational relevance of the P2X7/NLRP3/IL-1β 
pathway in neurodevelopment
Experimental evidence linking maternal inflammation to 
neurodevelopmental outcomes
Growing evidence suggests maternal inflammation is 
the key mediator of the increased risk of developmental 
abnormalities linked to environmental conditions men-
tioned earlier. Recent studies have extensively examined 
how pregnancy-related inflammation is connected to 
neurological disorders, using experimental data from ani-
mal studies to assess its impact on brain development. 
Activated maternal immunity elevates extracellular ATP 

in developing neural structures [138, 191]. Beamer et al. 
found that increased extracellular ATP, via P2X7 recep-
tors, alters action potential threshold and maximum fir-
ing frequency, thereby modulating neonatal subplate 
neuron activity [69]. Recently, we showed that MIA-
induced proinflammatory cytokine- and chemokine-level 
increase in maternal plasma (IL-1β, RANTES, MCP-1) 
and fetal brain (IL-1β, IL-2, IL-6, MCP-1) is regulated 
by the P2X7 - NLRP3 pathway in a mouse model of ASD 
[137]. Genetic or pharmacological inhibition of P2X7 
receptor resulted in the absence of autism-like behav-
iours and cytokine level alterations in young adulthood 
suggesting that P2X7 alone is sufficient and also neces-
sary for the development of autistic features in mice dur-
ing neuronal development [137, 138]. Similarly, maternal 
treatment with NLRP3 antagonist or a neutralising IL-1β 
antibody during pregnancy also counteracted the devel-
opment of autistic phenotype in offspring mice [137]. 
Coadministration of IL-1 receptor antagonist with LPS 
seems to alleviate LPS-induced placental inflamma-
tion and fetal brain damage (forebrain white matter and 
motor behavioural alterations) in offspring rats as well 
[192]. Prenatal poly(I:C) exposure elevates the P2X7/
NLRP3/IL-1β inflammatory pathway in the nucleus 
accumbens of female juvenile rats [193]. Both LPS and 
poly(I:C) treatment induced the expression and activa-
tion of NLRP3 and IL-1β in the brain of offspring rats 
showing schizophrenia-like behaviours [194] In vitro 
studies show higher baseline and LPS-induced Cas-
pase-1, NLRP3, and secreted IL-1β levels in PBMCs from 
individuals with ASD [195]. Inhibition of the NLRP3 
with MCC950 blocks both the NLRP3-mediated and the 
baseline IL-1β production and decreased caspase-1 activ-
ity in the PBMC cultures [195]. Postnatal human studies 
show that children and adults with ASD have increased 
plasma IL-1β [196]. These results suggest that elevated 
IL-1β expression in the brain may be a long-term prod-
uct of sustained inflammation. Elevated IL-1β in the cir-
culation shortly after preterm birth has been associated 
with an increased risk of neurodevelopmental disorders 
at 24 months of age in humans [197]. In term/near-term 
newborns, elevated systemic and cerebrospinal IL-1β on 
the first days of life has been linked to impaired cerebral 
metabolism and developmental delay at 30 months of age 
[198, 199]. Kelly et al. support the clinical utilization of 
interleukin-1 receptor antagonists for infants at greatest 
risk of perinatal inflammation and neurodevelopmental 
impairment [200]. While the exact mechanisms of P2X7/
NLRP3/IL-1β pathway activation in pathological brain 
development remain unclear, some morphological dif-
ferences have been described. In pathological conditions 
P2X7 activation also causes abnormalities in dendritic 
morphology and deficits in dendritic outgrowth, based 
on an ex vivo study using a poly(I:C) mouse model, and 
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the identical treatment leads to behavior abnormalities 
on young-adilt offspring [70]. Fetsko et al. showed that 
CNS-specific expression of IL-1β interferes with BBB 
development by disrupting Wnt/β-catenin signalling in 
brain endothelial cells during neurovascular develop-
ment, leading to a significant reduction in CNS angio-
genesis and barrier formation [61].

Genetic variants of the PX7 receptor and their potential 
role in neurodevelopmental susceptibility
Given the critical roles of P2X7, NLRP3, and IL-1β in 
brain development and neuroinflammatory processes, 
genetic variations affecting these pathways may influ-
ence neurodevelopmental outcomes, particularly under 
inflammatory conditions. Several single-nucleotide poly-
morphisms (SNPs) in the P2RX7 gene are known to alter 
receptor function, influencing pore formation, ATP sensi-
tivity, or cytokine release. Among these, two well-studied 
gain-of-function variants are rs2230912 (Gln460Arg) and 
rs1718119 (Ala348Thr). The rs2230912 variant has been 
associated with increased P2X7-mediated IL-1β release 
and heightened inflammatory responses [201, 202]. Clini-
cal studies have linked it to rapid cycling in bipolar dis-
order type 1, where P2RX7 expression was found to be 
modulated by sleep deprivation [203] and also to major 
depression [204]. Similarly, rs1718119 has been asso-
ciated with increased cytokine release, enhanced pore 
activity, and elevated receptor function [202]. This vari-
ant has also been linked to increased depression severity 
[205] and may interact with rs2230912 in influencing sus-
ceptibility to affective disorders, including rapid cycling 
in bipolar disorder [203]. Moreover, a recent proteome-
wide association study identified P2RX7 among 25 
brain-expressed proteins causally linked to depression, 
providing additional support for the involvement of 
this receptor in affective disorders [206]. Other vari-
ants, including rs1653625, rs3751143, rs208294 and 
rs7958311, have also been associated with depressive 
disorders [205, 207, 208]. However, no data are currently 
available on their association with schizophrenia or ASD. 
Similarly, no significant association between P2RX7 poly-
morphisms and schizophrenia was detected in a Danish 
cohort [209]. The authors emphasise that the possibility 
of a weak or subtype-specific genetic contribution can-
not be excluded due to limited statistical power and low 
variant frequencies. Despite biological plausibility and 
shared inflammatory mechanisms, no P2RX7 variants 
have shown consistent, genome-wide significant asso-
ciations with schizophrenia yet [209, 210]. Similarly, no 
P2RX7 variants have been directly associated with autism 
spectrum disorder (ASD) in genetic studies to date. Nev-
ertheless, experimental models have demonstrated that 
P2X7-mediated neuroinflammation during prenatal 
development can contribute to ASD-like phenotypes, 

highlighting the need for future research into whether 
P2RX7 genetic variation modulates ASD risk, particu-
larly under conditions of maternal immune activation.

Although no specific NLRP3 or IL1B gene variants 
have been directly associated with schizophrenia, autism, 
or depression, polymorphisms in these genes have been 
implicated in broader neuroinflammatory processes. 
Gain-of-function mutations in NLRP3 can lead to exces-
sive IL-1β production and are primarily linked to auto-
inflammatory syndromes, but the resulting chronic 
inflammation may also impact neurodevelopmental pro-
cesses [211]. While these mutations are primarily asso-
ciated with autoinflammatory syndromes, the resultant 
chronic inflammation could conceivably impact neuro-
developmental processes, although direct links to specific 
neurodevelopmental disorders require further investiga-
tion to elucidate these potential connections.

As described earlier, P2X7/NLRP3/IL-1β pathway plays 
essential roles in both embryonic and adult neurodevel-
opment—including axonal growth, cell cycle regulation, 
and neuroinflammatory modulation. A gain-of-func-
tion variant may exaggerate ATP-induced inflamma-
some activation during critical developmental windows, 
potentially shifting the delicate balance of P2X7 activity 
from physiological neurodevelopmental regulation to 
pathological inflammation. While no P2RX7 variant has 
been directly linked to autism or schizophrenia, the con-
vergence of genetic predisposition and environmental 
immune challenges—such as maternal infection—could 
intensify neuroinflammatory responses, contributing to 
altered neuronal migration, synaptic formation, or neu-
rogenesis. This gene–environment interaction model 
provides a plausible framework for understanding the 
heterogeneity of neurodevelopmental outcomes fol-
lowing prenatal immune activation and highlights the 
importance of studying genetic susceptibility in conjunc-
tion with temporally specific inflammatory exposures.

Targeting the P2X7/NLRP3/IL-1β axis: therapeutic 
strategies, ethical challenges, and population relevance
The P2X7/NLRP3/IL-1β signalling axis has emerged 
as a promising therapeutic target in various neurologi-
cal and psychiatric disorders characterized by neuro-
inflammation. Preclinical studies have demonstrated 
that pharmacological inhibition of this pathway may 
ameliorate behavioral and neuropathological symp-
toms in models of depression [212], multiple sclerosis 
[213, 214], Alzheimer’s disease [215, 216], and traumatic 
brain injury [217]. Selective P2X7 antagonists such as 
JNJ-47965567 and NLRP3 inhibitors like MCC950 have 
shown efficacy in reducing IL-1β production, decreasing 
neuroinflammation, and improving behavioral outcomes 
in animal studies [137, 211, 218]. In maternal immune 
activation (MIA) models, blockade of P2X7, NLRP3, or 
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IL-1β signaling during pregnancy mitigated neurodevel-
opmental and behavioral alterations in offspring [137], 
supporting the therapeutic relevance of this pathway 
in prenatal contexts. Although JNJ-47965567 has not 
been tested in pregnant women, preclinical studies have 
reported it to be non-toxic and well-tolerated, supporting 
its safety profile in general use [219]. Nonetheless, any 
pharmacological agent that interferes with immune sig-
naling carries a theoretical risk of off-target effects, par-
ticularly during sensitive developmental windows such as 
pregnancy.

However, the potential use of immunomodulatory 
agents during pregnancy raises substantial ethical con-
cerns. The P2X7 receptor, NLRP3 inflammasome, and 
IL-1β also play essential physiological roles in normal 
neurodevelopment, including their contributions to 
neural differentiation, synaptic plasticity, and immune 
surveillance. Consequently, selective modulation that 
preserves baseline activity while attenuating pathological 
hyperactivation is critical to prevent unintended inter-
ference with developmental processes. This principle 
is especially important in pregnancy, where therapeu-
tic strategies must ensure both maternal safety and fetal 
neurodevelopmental integrity. Therefore, therapeutic 
interventions must aim to restore immune balance rather 
than achieve complete inhibition.

The scope of the problem further underlines the 
urgency of developing targeted, safe interventions. 
Autism spectrum disorder affects approximately 1 in 36 
children [220], while the lifetime prevalence of schizo-
phrenia is estimated at around 1 in 300 people globally 
[221]. Growing epidemiological evidence indicates that 
a significant proportion of these neurodevelopmental 
disorders may be linked to prenatal environmental fac-
tors, including maternal infections, autoimmune condi-
tions, and inflammatory exposures [90]. This highlights 
the importance of understanding how inflammation-
driven pathways—such as P2X7/NLRP3/IL-1β—medi-
ate these effects and how they might be safely modulated 
in future therapeutic approaches. Taken together, these 
considerations suggest that while the P2X7/NLRP3/
IL-1β pathway holds great promise as a therapeutic tar-
get, any clinical application must be grounded in preci-
sion, timing, and ethical responsibility. Further research 
is warranted to develop targeted strategies that normalize 
immune activity without compromising essential devel-
opmental functions, paving the way for safe preventive or 
therapeutic interventions during pregnancy.

Conclusion
Neurodevelopmental diseases have been linked to the 
activation of the P2X7 receptor, inducing the assembly of 
the NLRP3 inflammasome and the subsequent release of 
IL-1β and other proinflammatory mediators. The review 

of the relevant literature on the role of immune activa-
tion through the P2X7/NLRP3/IL-1β pathway in the 
effects of infection and neuronal inflammation on brain 
development highlights the need to further investigate 
the effects of P2X7 inhibition in various neurodevelop-
mental conditions and to translate these findings into 
clinical applications. Blocking components of this path-
way presents a promising therapeutic approach to miti-
gate neurodevelopmental damage caused by perinatal 
inflammation, particularly during critical periods such 
as the first and second trimesters. However, there are 
two key aspects of future approaches to eliminate: First, 
it is important to evaluate the protective role of P2X7 in 
defence mechanisms against microorganisms during all 
prenatal conditions, alongside its detrimental effects that 
lead to significant neurodegeneration and neuroinflam-
mation. Second, any therapeutic intervention should be 
designed to avoid disrupting the P2X7-mediated mecha-
nisms that are essential for normal physiological develop-
ment. Overall, targeting the P2X7/NLRP3/IL-1β pathway 
may offer new options for prevention and treatment, 
emphasising the balance between managing inflamma-
tory responses to protect fetal brain development and 
maintaining necessary immune functions.
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