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Abstract

Autism spectrum disorder (ASD) is characterized by persistent impairments in social com-
munication together with restricted and repetitive patterns of behavior. Although ASD has
traditionally been viewed primarily as a disorder of neural circuitry, increasing evidence in-
dicates that interactions between the immune and nervous systems contribute substantially
to brain development and cognitive function. This review develops a neuroimmune–
cognitive–account of ASD by examining how immune signaling may influence neural
organization and, in turn, cognitive function. Evidence from neuroimmunology, systems
neuroscience, and experimental studies of neuromodulation is synthesized to examine
relationships among immune signaling, neural network organization, and cognition. Dis-
turbances in these processes have been associated with alterations in excitation–inhibition
–balance and atypical large-scale connectivity, especially within networks supporting social
cognition. We also examine the role of neuromodulatory systems, with particular emphasis
on oxytocin and vasopressin, as intermediaries between biological regulation and cogni-
tive processing. Experimental findings indicate that oxytocin can transiently modulate
activity within social brain networks and increase the salience of socially relevant stimuli,
although effects across clinical studies remain modest and inconsistent. The reviewed
evidence suggests that disturbances in neuroimmune regulation may contribute to altered
communication among distributed neural systems, providing one possible account of
cognitive dysfunction in ASD. Social deficits, repetitive behaviors, and sensory differences
reflect disturbances in the coordination of distributed neural systems rather than isolated
impairments within single regions or pathways. This view has important implications
for intervention, suggesting that approaches directed at individual molecular or neural
targets alone are unlikely to produce broad or lasting effects. More effective strategies
may require interventions that address interactions among immune function, neural dy-
namics, and cognitive processes. The resulting neuroimmune–cognitive account generates
testable hypotheses concerning how immune processes may influence neural organization
and cognition in ASD while providing a conceptual basis for future experimental and
clinical research.

Keywords: autism spectrum disorder (ASD); neuroimmunology; cognitive integration;
brain connectivity; oxytocin; neuroimmune–neural interactions

Int. J. Cogn. Sci. 2026, 2, 17 https://doi.org/10.3390/ijcs2030017

https://crossmark.crossref.org/dialog?doi=10.3390/ijcs2030017&domain=pdf&date_stamp=2026-08-04
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijcs
https://www.mdpi.com
https://orcid.org/0000-0002-9975-7331
https://doi.org/10.3390/ijcs2030017


Int. J. Cogn. Sci. 2026, 2, 17 2 of 23

1. Introduction
Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by

persistent impairments in social communication and interaction together with restricted
and repetitive patterns of behavior. Although these features are defined behaviorally, they
reflect underlying differences in the organization and function of cognitive and neural
systems. Among these characteristics, social dysfunction is the most consistent and defining
feature, emerging early in development and influencing subsequent cognitive, emotional,
and behavioral trajectories (Frith & Frith, 2007; Müller et al., 2011).

Despite substantial advances in neuroscience, there is still no established pharmaco-
logical intervention that reliably addresses the core social deficits associated with ASD
(Sikich et al., 2021; Preti et al., 2014). This limitation reflects a broader conceptual problem.
Although numerous biological and cognitive mechanisms have been implicated in ASD,
there remains no widely accepted framework explaining how immune signaling, neural
development, large-scale network organization, and cognition are linked across levels
of biological organization. Traditional models have emphasized abnormalities in neural
circuitry, notably with disruptions in large-scale connectivity and atypical activation of
brain regions supporting social cognition. Although these models have provided impor-
tant insights, they do not fully account for the developmental origins, heterogeneity, and
context-dependent features of cognitive impairment in ASD.

Increasing attention has turned toward neuroimmunology, the study of interactions
between the nervous and immune systems as an important contributor to brain develop-
ment and function. The nervous and immune systems form a highly interconnected and
bidirectional network in which signaling molecules such as cytokines, chemokines, and
growth factors may influence neural activity across the lifespan (Deverman & Patterson,
2009; Zipp et al., 2023). These interactions are not confined to pathological conditions but
also subserve normal neurodevelopmental processes, including neurogenesis, synapse
formation, and circuit refinement (L. Wang et al., 2025).

Immune-related processes are increasingly recognized as important regulators of neu-
rodevelopmental trajectories. Cytokines regulate neuronal proliferation, differentiation,
and survival as well as synaptic plasticity and connectivity (Deverman & Patterson, 2009;
Linnerbauer et al., 2020; Monet & Quan, 2023). Microglia, the resident immune cells of
the central nervous system, are critically involved in synaptic pruning, the developmental
elimination of excess synaptic connections required for the establishment of efficient and
specialized neural networks (Paolicelli et al., 2011). Disturbances in these processes may
result in either excessive or insufficient pruning, both of which have been implicated in
neurodevelopmental disorders, including ASD (Eltokhi, 2025). Growing evidence has
prompted increasing interest in whether ASD may be understood not solely as a disor-
der of neural circuitry but also as one involving disturbances in neuroimmune–neural
interactions. Immune signaling influences neural systems directly through modulation
of synaptic transmission and plasticity and indirectly through alterations in large-scale
network organization and excitation–inhibition balance (Imbriani et al., 2026).

Microglial and astrocytic dysfunction, for example, may alter the development of
both excitatory and inhibitory synapses, contributing to network instability and altered
information exchange across large-scale neural networks (Imbriani et al., 2026; Xiong
et al., 2023). Such neurodevelopmental changes are singularly important during critical
developmental periods, when neural systems are especially sensitive to biological and
environmental influences.

These biological interactions become important when considering social cognition,
the cognitive domain most consistently affected in ASD. Social cognition depends on co-
ordinated activity across distributed neural networks, including the amygdala, medial
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prefrontal cortex, superior temporal sulcus, and cingulate cortex. These regions support
functions such as emotion recognition, mental state attribution, and social attention. In
ASD, these networks frequently show atypical activation and connectivity patterns, often
interpreted as reflecting reduced interactions among distributed cortical networks. Neu-
roimmune mechanisms may contribute to these alterations through their effects on synaptic
efficiency, neural responsiveness, and large-scale network organization.

In addition to influencing neural connectivity, neuroimmune processes interact with
neuromodulatory systems supporting social behavior. Among the most extensively studied
are the oxytocin (OT) and arginine vasopressin (AVP) systems. These neuropeptides
support social bonding, attachment, and prosocial behavior across species (Carter, 2014).
In humans, oxytocin has been associated with enhanced emotion recognition, eye gaze,
and interpersonal trust (Meyer-Lindenberg et al., 2011).

A growing body of work has examined the role of oxytocin in ASD. Experimental
studies suggest that oxytocin administration can improve performance on social cognition
tasks and increase attention to socially relevant cues (Guastella et al., 2010). Functional
neuroimaging studies further show that oxytocin modulates activity in brain regions
associated with social processing, including the amygdala and mesocorticolimbic reward
systems (Gordon et al., 2013). At the same time, meta-analytic findings indicate that the
behavioral effects of oxytocin are generally modest and variable, with inconsistent effects
on both social cognition and repetitive behaviors (Preti et al., 2014).

The heterogeneity of these outcomes highlights an important issue: interventions tar-
geting a single neuromodulatory system within a complex biological network are unlikely
to produce uniform effects across individuals. Genetic background, receptor expression,
developmental timing, and environmental context all may influence interactions between
neuroimmune and neuromodulatory systems. Variation in the oxytocin receptor gene
(OXTR), for example, has been associated with differences in social behavior and neural
structure, to a greater extent within the amygdala (Tost et al., 2010). These studies rein-
force the view that ASD is a heterogeneous condition arising through interactions among
multiple biological systems rather than from a single underlying deficit.

Many of these biological processes converge on mechanisms that are thought to
influence functional communication across cortical systems. Social cognition depends on
coordinated interactions among perception, attention, memory, and predictive processes.
Disturbances affecting the neural systems supporting these functions may contribute to
the characteristic difficulties in social understanding and interaction observed in ASD.
Neuroimmune influences may participate in these disturbances through effects on synaptic
connectivity, excitation–inhibition balance, and the salience of socially relevant stimuli.

The purpose of the present review is not simply to summarize evidence from neu-
roimmunology, systems neuroscience, and cognitive science but to integrate these studies
into a multilevel conceptual account of cognitive dysfunction in ASD. Rather than treating
immune, neural, and cognitive processes as separate domains, we consider how interac-
tions among these systems may contribute to the development and expression of ASD.
We argue that cognition should be understood as an emergent property of interacting
neuroimmune–neural systems and examine how disturbances across these systems may
contribute to the social and behavioral characteristics of ASD.

Specifically, we review evidence concerning (i) neuroimmune influences on brain
development, (ii) large-scale brain connectivity, (iii) neuromodulatory systems mediate
aspects of social cognition, and (iv) experimental findings relating oxytocin to neural and
cognitive processing. Building on this evidence, we develop a neuroimmune–cognitive
framework that generates testable hypotheses regarding how immune signaling may
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influence neural organization and, ultimately, cognitive function in ASD while remaining
compatible with existing neuroscientific models of the disorder.

Because the objective of this article is conceptual integration rather than quantitative
evidence synthesis, the review was conducted as a narrative review. The methods used to
identify and select the literature are described in the following section.

2. Review Methodology
The present article was conducted as a narrative review designed to integrate evidence

from neuroimmunology, systems neuroscience, developmental neuroscience, and cognitive
science relevant to autism spectrum disorder (ASD). The objective was not to provide
a quantitative synthesis of the literature but to examine whether findings across these
complementary fields could be integrated into a coherent conceptual account linking
neuroimmune processes with cognitive dysfunction in ASD.

The literature was identified through searches of PubMed, Web of Science, and Scopus,
supplemented by manual searches of reference lists from relevant publications. Search
terms included combinations of autism spectrum disorder, ASD, neuroimmunology, mi-
croglia, astrocytes, cytokines, synaptic pruning, brain connectivity, functional connectivity,
social cognition, oxytocin, vasopressin, neurodevelopment, maternal immune activation,
and cognitive neuroscience. The literature published through 2026 was considered.

Priority was given to peer-reviewed original experimental, clinical, and translational
studies. Seminal publications were retained where they established foundational con-
cepts or experimental findings, while more recent studies were preferentially included to
reflect current advances in the field. Review articles and meta-analyses were cited selec-
tively to provide conceptual context, summarize established bodies of evidence, identify
broader trends in the literature, and support areas in which extensive empirical findings
have accumulated.

Studies were selected on the basis of their relevance to the central objective of the
review: understanding how interactions among immune signaling, neural development,
and large-scale brain organization may contribute to cognitive dysfunction in ASD. Because
the purpose of the article was conceptual integration rather than systematic evidence
synthesis, formal assessment of study quality, risk of bias, or quantitative meta-analysis
was not undertaken. Consequently, the review is subject to the limitations inherent to
narrative reviews, including the possibility of selection bias and incomplete coverage of all
relevant publications.

3. Neuroimmunology and Brain Development
Neurodevelopment is increasingly recognized as a process shaped not only by neu-

ronal mechanisms but also by dynamic interactions between the nervous and immune
systems. The central nervous system (CNS) develops within a complex biological environ-
ment in which immune signaling molecules, glial cells, and peripheral immune influences
collectively regulate the formation, refinement, and stabilization of neural circuits. These
processes are especially critical during early development, when neural systems exhibit
heightened plasticity and sensitivity to environmental and endogenous signals.

A central component of neuroimmune influence on brain development is the role
of cytokines and other immune signaling molecules. Cytokines, including interleukins,
tumor necrosis factor (TNF), and interferons, are not only mediators of immune responses
but also regulators of neural development and synaptic plasticity. They may influence
neuronal proliferation, migration, and differentiation, as well as synaptic transmission
and long-term potentiation (Matta et al., 2019; Deverman & Patterson, 2009; Ashwood
et al., 2011). Cytokine signaling must be tightly regulated; both insufficient and excessive
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signaling can disrupt normal developmental trajectories. Chronic or dysregulated cytokine
activity has been associated with alterations in neuronal function and cognitive processes,
supporting a potential pathway through which immune imbalance may contribute to
cognitive dysfunction (Matta et al., 2019; Ashwood et al., 2011).

Among the most critical cellular mediators of neuroimmune interactions are microglia,
the resident immune cells of the CNS. Microglia play a central role in shaping neural circuits
during development through processes such as synaptic pruning, the selective elimination
of excess synaptic connections. This process is essential for the refinement of neural
networks and the establishment of efficient information processing systems. Microglia
actively survey the neural environment and remove weak or redundant synapses, thereby
contributing to the optimization of network architecture (Luo & Wang, 2024; Mordelt & de
Witte, 2023; Paolicelli et al., 2011; Schafer et al., 2012). Disruptions in microglial function
have been implicated in neurodevelopmental disorders, including ASD. Experimental
models demonstrate that alterations in microglial activation, neuron–microglia signaling,
or phagocytic function can impair synaptic pruning and maturation, resulting in altered
functional connectivity and autism-relevant social behavioral deficits (Zhan et al., 2014).
For example, impaired microglial-mediated synaptic pruning has been associated with
abnormal connectivity patterns and deficits in social behavior. These findings suggest
that early disruptions in these processes can have lasting cognitive consequences (Xiong
et al., 2023). Excessive pruning may likewise reduce synaptic density and disrupt neural
transmission, underscoring the importance of maintaining a precise balance in synaptic
remodeling processes (Wu et al., 2024).

Microglia also play a crucial role in regulating the balance between excitatory and
inhibitory (E/I) synaptic activity. This balance is essential for stable and flexible neural
processing and is widely regarded as a key factor in the pathophysiology of ASD. Alter-
ations in microglial function can disrupt E/I balance by differentially affecting excitatory
and inhibitory synapses, leading to network-level dysregulation and impaired information
processing (Wake et al., 2019; Xiong et al., 2023). Such imbalances may contribute to both
the hyper-reactivity to sensory stimuli and the reduced functional communication among
distributed neural regions often observed in ASD.

In addition to microglia, astrocytes play a complementary role in neuroimmune
regulation of brain development. Astrocytes contribute to maintaining homeostasis within
the neural environment, including the regulation of neurotransmitter levels, ion balance,
and metabolic support. They also contribute to synaptic formation and plasticity by
releasing signaling molecules and modulating synaptic transmission. In ASD, astrocytic
dysfunction has been associated with altered glutamate metabolism and disruptions in
synaptic signaling, further contributing to network-level abnormalities (Xiong et al., 2023).

The interaction between microglia and astrocytes is important in the context of neu-
roinflammation. Activated glial cells release cytokines and chemokines that influence
neuronal activity and synaptic function. While acute neuroinflammatory responses can
be protective and support repair processes, chronic or dysregulated inflammation can
disrupt neural function and contribute to cognitive impairment (Matta et al., 2019). In ASD,
evidence of altered glial activation and cytokine profiles suggests that neuroinflammatory
processes may play a role in shaping atypical neural development (Erbescu et al., 2022;
Ashwood et al., 2011).

Another critical dimension of neuroimmune influence involves the interaction between
the CNS and peripheral systems, especially through the gut–brain–immune axis. The
gut microbiota can modulate immune signaling and may influence microglial function
through circulating metabolites and immune mediators. Dysregulation of this system has
been associated with altered microglial activation states and changes in synaptic pruning,
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potentially affecting neural circuits supporting behavior (Krishnapriya et al., 2025). This
highlights the extent to which neurodevelopment is influenced by systemic biological
processes that extend beyond the brain itself.

Developmental timing is a crucial factor in determining the impact of neuroimmune
processes. During critical periods of development, neural circuits undergo rapid formation
and refinement, making them vulnerable to perturbations. Maternal immune activation
(MIA), for example, has been associated with an increased risk of ASD, with experimental
and epidemiological evidence suggesting that immune challenges during pregnancy may
alter fetal brain development and contribute to later behavioral and cognitive changes
(Kim et al., 2024). These findings underscore the importance of temporal dynamics in
understanding how neuroimmune processes developmental trajectories.

Neuroimmune processes may also influence large-scale brain organization through
their effects on synaptic development, connectivity, and network dynamics. Disturbances
in these processes have been associated with alterations in both structural and functional
connectivity observed in ASD. Network-level changes may reduce communication among
distributed neural systems that support higher-order cognitive functions, including social
cognition, attention, and executive control (Zwierko et al., 2026).

Neuroimmune influences on brain development are not uniform but vary across
individuals based on genetic, environmental, and developmental factors. For example,
sex-dependent differences in microglial function have been observed in experimental mod-
els, suggesting that biological variability may contribute to differences in ASD prevalence
and presentation (Wu et al., 2024). Similarly, genetic factors that may influence immune
signaling pathways may interact with environmental exposures to shape individual devel-
opmental outcomes.

Collectively, this body of work provides a biological basis for considering how neu-
roimmune processes may influence development of neural systems relevant to cognition.
Rather than acting as a secondary or peripheral influence, the immune system plays a
central role in shaping the structural and functional architecture of the brain. Disruptions
in these processes can lead to alterations in neural connectivity and network dynamics,
which in turn affect the development of cognitive systems.

The body of evidence raises the possibility that neuroimmune processes may affect the
development and function of cognitive systems through their effects on neural organization.
Social cognition depends on coordinated activity across distributed neural networks that
must develop with appropriate patterns of connectivity and responsiveness. Disturbances
in neuroimmune signaling therefore represent one potential mechanism through which
these networks may develop atypically, with consequences for adaptive behavior and social
functioning. The following sections examine evidence linking neuroimmune regulation
with large-scale brain organization, neuromodulatory systems, and cognitive processes
implicated in ASD. The proposed relationships among immune signaling, cellular processes,
and synaptic development are summarized schematically in Figure 1.

The evidence reviewed in this section indicates that neuroimmune processes contribute
to neural development at molecular, cellular, and systems levels. The body of evidence
provides a biological basis for examining how disturbances in immune signaling may alter
the organization of neural systems supporting cognition. Subsequent sections consider
evidence linking these developmental processes to large-scale brain organization, social
cognition, and neuromodulatory mechanisms relevant to ASD.
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Figure 1. Neuroimmune regulation of synaptic rules and emergent network topology. Neuroimmune
processes, including cytokine signaling and glial activity, regulate the parameters that govern synaptic
formation, elimination, and the excitation–inhibition balance. These processes define a synaptic rule
set characterized by formation probability, pruning probability, and stability constraints. The balance
of these parameters determines the distribution of connections within developing neural networks,
giving rise to specific topological properties such as path length and clustering. Variations in these
rules lead to differences in large-scale network organization, ranging from distributed configurations
that support efficient communication to more segregated structures with reduced communication
efficiency across the network. We emphasize that network architecture emerges from underlying
synaptic dynamics shaped by neuroimmune regulation, rather than from independent alterations at
the network level. (The figure shown is a theoretical illustration summarizing concepts discussed in
the text and is not an empirical representation).

4. Neuroimmune Influences on Cognitive Systems in Autism
Spectrum Disorder

The neuroimmune mechanisms discussed in the preceding section are not confined to
cellular or molecular processes. Their potential significance extends to large-scale neural
systems that support cognition. In autism spectrum disorder (ASD), alterations in immune
signaling, glial function, and synaptic development have been associated with alterations
in the organization and dynamics of large-scale neural networks. Changes in large-scale
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network organization may influence cognitive processes contributing to social cognition,
behavioral flexibility, and predictive processing.

A prominent feature of ASD is atypical brain connectivity. Structural and functional
imaging studies have reported complex patterns of altered local and long-range connectiv-
ity, including reduced long-range connectivity and increased local connectivity in some
samples, although findings vary with age, brain region, and methodology (Müller et al.,
2011; Jiang et al., 2022). This pattern has generally been interpreted as reflecting alterations
in the balance between distributed and localized processing, with possible consequences
for cognition. Long-range connectivity is generally thought to support communication
among distributed cortical systems, whereas local connectivity supports more specialized
processing within local circuits. When this balance is disrupted, cognitive processing may
become highly detailed while remaining poorly coordinated across systems.

Neuroimmune processes provide a biologically plausible mechanism underlying these
connectivity patterns. Cytokine activity, microglial function, and glial–neuronal interactions
have been shown to influence synaptic development and pruning in experimental systems,
thereby influencing the organization of developing neural networks. Evidence suggests that
neuroimmune activation is associated with altered functional connectivity in ASD, particu-
larly within networks subserving social processing and self-referential cognition (Zwierko
et al., 2026). Elevated levels of pro-inflammatory cytokines, such as TNF-α and IL-1β, have
been linked to abnormal connectivity in the frontal-temporal and precuneus networks,
regions mediating social cognition and perspective-taking (Edmonson et al., 2014).

4.1. Brain Connectivity and Cognitive Integration

Altered connectivity has consequential implications for higher-order cognition. Effi-
cient cognitive processing depends on communication among distributed neural systems
supporting attention, memory, executive control, and social behavior. Disruptions affecting
these networks may reduce the efficiency with which information is exchanged across
cortical systems, contributing to fragmented or context-insensitive cognition.

Large-scale brain networks such as the default mode network (DMN), salience net-
work, and frontoparietal control network are relevant in this context. These networks
support internally directed cognition, attentional switching, and goal-directed behavior,
respectively. In ASD, abnormalities involving these networks have been reported consis-
tently, including reduced connectivity within the DMN and altered interactions between
networks (Buckner et al., 2008; Uddin et al., 2013; Müller et al., 2011; M. Wang et al.,
2023). Such alterations may impair communication across cortical networks required for
adaptive cognition.

Neuroimmune mechanisms may contribute to these network-level alterations through
effects on both synaptic connectivity and neural excitability. Disruptions in excitation–
inhibition (E/I) balance, associated with both synaptic protein dysfunction and immune-
mediated modulation, can alter the stability and flexibility of neural networks (Rubenstein
& Merzenich, 2003; Jiang et al., 2022). These changes may increase neural noise or reduce
signal coherence, thereby decreasing the efficiency of information processing across net-
works. These observations suggest that alterations in network organization may contribute
to cognitive dysfunction in ASD. Figure 2 summarizes how differences in network topology
may influence communication among distributed neural systems.
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Figure 2. Network topology and communication across distributed neural systems. Illustration of
how large-scale network organization constrains the efficiency of communication among distributed
neural systems. Networks with lower path length and moderate clustering support efficient communi-
cation across distributed regions, enabling coordinated system-level dynamics. In contrast, increases
in path length and clustering reduce the efficiency of information transfer, limiting integration across
the network. The figure emphasizes that individual regions do not determine integration capacity
but emerge from the global topology of connections. Variations in path length and clustering impose
structural constraints on communication efficiency, providing a mechanistic basis for understanding
differences in cognitive integration. (The figure is a theoretical illustration summarizing concepts
discussed in the text and does not represent empirical data).

4.2. Social Brain Networks and Social Cognition

Social cognition is among the most extensively studied cognitive domains in ASD.
It depends on a distributed network of brain regions commonly referred to as the “so-
cial brain,” including the medial prefrontal cortex, temporoparietal junction, superior
temporal sulcus, amygdala, and cingulate cortex (Frith & Frith, 2007; Müller et al., 2011).
These regions support functions such as emotion recognition, mentalizing, and attribution
of intentions.

In ASD, these networks often exhibit atypical patterns of activation and connectivity.
Functional neuroimaging studies have demonstrated reduced connectivity between key
regions of the social brain as well as altered relationships between social and sensorimotor
networks (M. Wang et al., 2023). The evidence further suggests that social dysfunction in
ASD may arise not only from deficits within individual regions but also from impaired
coordination across the network as a whole.

Neuroimmune processes may contribute to these alterations in several ways. Disrup-
tions in synaptic pruning and plasticity can affect the structural organization of social brain
circuits. Cytokine signaling and glial activation may alter neural responsiveness, influenc-
ing how these circuits process socially relevant information. In addition, immune-mediated
changes in neuromodulatory systems such as oxytocin and serotonin may alter the salience
of social stimuli, further affecting social cognition.
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At the cognitive level, these alterations may manifest as reduced sensitivity to social
cues, difficulty interpreting the mental states of others, and impaired use of emotional
and contextual information. These characteristics are unlikely to arise solely from dys-
function within isolated brain regions and are more consistent with disturbances affecting
communication among distributed neural systems.

4.3. Repetitive Behavior, Predictive Processing, and Cortico-Striatal System

In addition to social deficits, ASD is characterized by restricted and repetitive patterns
of behavior. These behaviors have been associated with dysfunction in cortico-striatal
circuits, notably those involving the dorsomedial striatum and its connections with frontal
cortical regions. These circuits are central for action selection, habit formation, and behav-
ioral flexibility.

These circuits are influenced by both neurotransmitter systems, including dopamine
and serotonin, and neuroimmune processes. Alterations in serotonergic signaling, in-
cluding activity involving the 5HT2A receptor, have been implicated in the regulation of
repetitive behaviors (Alvarez et al., 2022). At the same time, immune-mediated modulation
of synaptic function may affect plasticity within cortico-striatal circuits, contributing to
reduced flexibility and increased behavioral rigidity.

Repetitive behaviors may also reflect alterations in predictive processing. Predictive
processing theory proposes that the brain continuously generates predictions about incom-
ing sensory information and updates them based on error signals. In ASD, disturbances in
neural connectivity and E/I balance may impair the updating of predictions, leading to
overly stable or rigid internal models (Pellicano & Burr, 2012). Behaviorally, this rigidity
may appear as repetitive actions or restricted interests.

Neuroimmune processes may contribute to these alterations through effects on the
neural mechanisms underlying prediction and error correction. Changes in synaptic
plasticity and neurotransmitter function, for example, may influence how prediction errors
are encoded and integrated. Under such conditions, neural systems may favor stability
over flexibility, resulting in reduced adaptability in both cognition and behavior.

4.4. Toward a Neuroimmune–Cognitive Account of ASD

Evidence reviewed thus far supports the possibility that neuroimmune processes
may influence cognition through effects on neural systems operating at multiple levels.
Rather than producing isolated abnormalities, disturbances in immune signaling may
affect network organization, neuromodulation, and communication among distributed
neural systems. These mechanisms provide a biologically plausible account of several
cognitive characteristics observed in ASD while also accommodating variability arising
from differences in immune function, genetic background, and developmental timing
(Zwierko et al., 2026).

In the following section, we examine the oxytocin and vasopressin systems, two critical
neuromodulatory systems through which neuroimmune processes may influence cognition.
These systems provide an important link between biological regulation and social cognitive
function and may offer insight into both mechanisms and potential treatment approaches
in ASD.

5. Oxytocin, Vasopressin, and Social Cognition
Neuropeptides play an important role in the regulation of social behavior across

species by modulating neural circuits supporting social cognition, attachment, and affilia-
tive behavior. Among these, oxytocin (OT) and arginine vasopressin (AVP) have received
particular attention because of their established involvement in social bonding, pair forma-
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tion, and social recognition in both animal models and humans. These systems provide
one pathway linking biological regulation and higher-order cognitive processes and are
therefore relevant to understanding mechanisms underlying social dysfunction in autism
spectrum disorder (ASD).

Oxytocin is synthesized primarily within the paraventricular and supraoptic nuclei
of the hypothalamus and is released both centrally and peripherally. Within the brain,
oxytocin acts on a distributed network of regions contributing to social processing, includ-
ing the amygdala, nucleus accumbens, medial prefrontal cortex, and superior temporal
regions. Through its effects on these systems, oxytocin modulates attention to social stimuli,
emotional salience, and reward processing (Meyer-Lindenberg et al., 2011; Aspé-Sánchez
et al., 2016). Vasopressin, although structurally related, shows partially distinct receptor
distributions and has been more strongly associated with social memory, aggression, and
territorial behavior.

Available evidence suggests that oxytocin and vasopressin drive social information
processing by modulating neural systems participating in evaluating socially relevant
information rather than by directly generating behavior. These neuropeptides affect how
social information is perceived, evaluated, and acted upon. Oxytocin, for example, has been
reported to enhance attention to socially relevant cues such as eye gaze, facial expressions,
and vocal affect, thereby facilitating the extraction of socially meaningful information
(Sikich et al., 2021). The available evidence suggests that oxytocin may influence salience
attribution by biasing cognitive systems toward socially relevant inputs. Mayer et al. (2022),
however, did not observe comparable effects.

In ASD, several lines of evidence suggest dysregulation of the oxytocin system. Genetic
studies have identified associations between polymorphisms in the oxytocin receptor gene
(OXTR) and social behavior, including variation in empathy, social cognition, and amygdala
structure and function (Tost et al., 2010; Aspé-Sánchez et al., 2016). Alterations in baseline
oxytocin levels and receptor expression have also been reported, although findings remain
inconsistent across studies (Lal et al., 2025; Zhao et al., 2022). These observations suggest
that variability in oxytocin signaling may contribute to heterogeneity within ASD.

Early experimental studies suggested that intranasal oxytocin could improve several
aspects of social cognition in individuals with ASD, including recognition of emotional
states, attention to socially relevant cues, and performance on theory-of-mind tasks (Hol-
lander et al., 2007; Guastella et al., 2010; Stavropoulos & Carver, 2013). These early reports
generated considerable interest in oxytocin as a potential therapeutic target.

Subsequent randomized clinical trials have produced considerably more variable
results. Although some studies reported modest improvements in selected social outcomes,
others failed to demonstrate clinically meaningful benefits across primary outcome mea-
sures (Sikich et al., 2021; Mayer et al., 2022). Differences in participant characteristics,
treatment duration, dosage, outcome measures, and baseline biological variability have all
been proposed as contributing factors.

At the neural level, functional neuroimaging studies provide additional evidence
that oxytocin modulates activity within social brain networks. Administration of oxy-
tocin has been associated with enhanced activation in regions including the amygdala,
superior temporal sulcus, and medial prefrontal cortex during processing of socially rel-
evant stimuli (Gordon et al., 2013). The available evidence suggests that oxytocin can
increase the responsiveness of neural circuits participating in social cognition and social
information processing.

Oxytocin does not appear to enhance all aspects of cognition uniformly. Its effects
are context-dependent and appear to selectively influence socially relevant processing.
Oxytocin has been shown to increase differentiation between social and nonsocial stimuli
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by enhancing neural responses to socially meaningful inputs while attenuating responses
to irrelevant stimuli (Gordon et al., 2013). These effects may reflect modulation of selective
attention and relevance filtering, processes frequently discussed in relation to ASD. The
available evidence suggests that oxytocin may influence the allocation of processing re-
sources to socially relevant information rather than fundamentally altering the underlying
cognitive architecture supporting social behavior. Systematic reviews and meta-analyses
consistently conclude that although oxytocin can influence specific aspects of social cogni-
tion under experimental conditions, evidence for sustained clinical benefit remains limited
(Ooi et al., 2017; Preti et al., 2014). More recent meta-analytic evidence has reported a
small but statistically significant effect of oxytocin administration on social outcomes, al-
though the estimated effect was reduced after adjustment for publication bias and varied
according to factors including dosage; findings for routinized behaviors remained incon-
clusive (Audunsdottir et al., 2024). One factor that may contribute to this variability is
the interaction between oxytocin signaling and broader neuroimmune processes. Immune
activity can influence oxytocin receptor expression and sensitivity as well as the release
and transport of oxytocin within the brain. Conversely, oxytocin itself has been reported
to exert anti-inflammatory effects, suggesting a bidirectional relationship between these
systems (Zhao et al., 2022). This interaction raises the possibility that the effectiveness of
oxytocin-based interventions may depend partly on the neuroimmune state of the individ-
ual. Oxytocin may influence network dynamics rather than acting as a direct determinant of
behavior. By influencing neural synchrony and connectivity within and between large-scale
brain networks, oxytocin may influence patterns of communication among distributed
neural systems. Computational and neuroimaging analyses suggest that oxytocin can
modify functional integration and network organization within the default mode and
frontoparietal networks, with possible implications for social-cognitive processing (Zheng
et al., 2021). These neural effects may influence how individuals process and respond
to social information. Increased attention to social cues, improved emotion recognition,
and greater motivation for social interaction may arise through modulation of underlying
neural systems. However, modulation of neural responsiveness alone does not appear
sufficient to normalize social cognition in ASD, suggesting that changes in network activity
may not necessarily translate into long-term reorganization of distributed neural systems.

Although vasopressin has been studied less extensively in ASD, it provides comple-
mentary evidence on neuropeptide regulation of social cognition. AVP has been associated
with social memory and encoding of social information, and alterations in vasopressin
signaling have been linked to variation in social behavior. Like oxytocin, vasopressin
interacts with neural circuits subserving reward and social processing, suggesting that it
may contribute to the regulation of social cognition at multiple levels.

Studies of oxytocin and vasopressin indicate that these neuropeptide systems contribute
to social cognition in both typical development and ASD. At the same time, the variability
observed across experimental and clinical studies suggests that their effects depend on broader
characteristics of the neural and neuroimmune systems in which they operate.

Within the context of this review, oxytocin and vasopressin serve as examples of neuro-
modulatory systems through which immune signaling, neural network dynamics, and cog-
nitive processing may interact. Their study illustrates both the potential and the limitations
of targeting individual biological systems within a complex neurodevelopmental disorder.

6. Experimental Evidence: Oxytocin Modulation of Neural and Cognitive
Processing in ASD

A growing body of experimental work has examined the effects of oxytocin admin-
istration on neural activity and cognitive function in individuals with autism spectrum
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disorder (ASD). These studies provide empirical evidence relevant to understanding how
neuroimmune–neuromodulatory systems may influence social cognition. Functional neu-
roimaging paradigms, in particular, have been used to examine how oxytocin alters pro-
cessing of socially relevant compared with nonsocial stimuli, providing insight into neural
mechanisms through which this neuropeptide may influence social cognitive processing.

One commonly used experimental approach contrasts neural responses to social and
nonsocial stimuli. In a representative paradigm, participants perform tasks requiring
judgments about either social stimuli, such as identifying mental states from images of
human eyes, or nonsocial stimuli, such as categorizing images of vehicles. This design
allows researchers to isolate neural systems engaged in social cognitive processing and to
examine the modulatory effects of oxytocin under controlled conditions.

Functional magnetic resonance imaging (fMRI) studies using these paradigms have
consistently identified a network of brain regions showing increased activation in response
to social stimuli relative to nonsocial stimuli. These regions include the amygdala, medial
prefrontal cortex, superior temporal sulcus, inferior frontal gyrus, cingulate cortex, and
precuneus (Frith & Frith, 2007; Gordon et al., 2013). Together, these regions comprise
major components of the so-called “social brain,” supporting functions such as emotion
recognition, mental state attribution, and social attention.

Administration of intranasal oxytocin has been reported to modulate activity within
this network. Oxytocin increases neural responses to socially relevant stimuli while pro-
ducing comparatively limited or sometimes suppressive effects on responses to nonsocial
stimuli (Gordon et al., 2013). In the Eyes versus Vehicles paradigm, for example, oxytocin
administration is associated with increased activation in social brain regions during pro-
cessing of eye stimuli relative to vehicle stimuli when compared with placebo conditions.

Oxytocin administration has been associated with enhanced activation in the right
amygdala, a region mediating emotional salience and social relevance. Increased activity
has also been reported in bilateral superior frontal gyri, medial prefrontal cortices, superior
temporal sulci, inferior frontal gyri, and middle cingulate cortices (Gordon et al., 2013).
These findings suggest that oxytocin can alter activity within neural systems mediating
interpretation of and response to social information.

The observed neural effects have also been associated with measurable cognitive
and behavioral changes in some experimental studies. Reported effects include increased
willingness to engage in social interaction, improved comprehension of affective speech,
enhanced recognition of emotional expressions, and improved performance on tasks in-
volving inference of others’ mental states following oxytocin administration (Guastella
et al., 2010; Hollander et al., 2007). Some studies have also reported reductions in repet-
itive behaviors (Alvarez et al., 2022). However, these findings have not been replicated
consistently across larger clinical trials, indicating that behavioral effects remain variable.

Another feature of these experimental studies is the combination of neural and pe-
ripheral measures of oxytocin activity. In some paradigms, salivary oxytocin levels are
measured before and after administration, allowing examination of relationships between
peripheral changes in oxytocin and neural responses. Increases in salivary oxytocin have
been correlated with changes in brain activity, especially within social brain networks
(Gordon et al., 2013). The observed relationships support a relationship between systemic
neurochemical changes and localized neural processing.

Despite these observations, the effects of oxytocin have not been consistently demon-
strated across studies. Some investigations report modest improvements, whereas others
have failed to identify significant behavioral effects, especially in longer-term administra-
tion trials (Preti et al., 2014; Sikich et al., 2021). Although single-dose administration may
produce measurable changes in neural activation and short-term behavior, these changes

https://doi.org/10.3390/ijcs2030017

https://doi.org/10.3390/ijcs2030017


Int. J. Cogn. Sci. 2026, 2, 17 14 of 23

have not consistently translated into sustained improvements in social functioning. This
pattern suggests that transient modulation of neural activity alone may be insufficient to
produce durable changes in cognitive organization.

One possible interpretation is that oxytocin enhances salience and processing of social
information without fundamentally altering the underlying network organization support-
ing cognition. Oxytocin may function as a gain modulator, increasing the responsiveness
of social brain circuits to relevant stimuli without reorganizing the broader neural sys-
tem. Under these conditions, improvements in social cognition may remain transient and
context-dependent.

An important implication of this work is the importance of broader system inter-
actions. The effects of oxytocin may depend on the underlying condition of neural and
immune systems, including factors such as receptor density, synaptic organization, and
inflammatory signaling. Variability in these factors across individuals may contribute to
heterogeneity in treatment response.

The differential effects of oxytocin on social and nonsocial processing may also provide
insight into the nature of cognitive dysfunction in ASD. Selective enhancement of responses
to social stimuli suggests that the primary difficulty may not involve the capacity to process
social information itself, but rather the prioritization of socially relevant information within
broader cognitive systems. Oxytocin may transiently shift this balance by increasing the
relative weighting of social inputs within the cognitive system. In this sense, oxytocin
may modulate the weighting of specific connections within existing networks without
necessarily altering the underlying connections themselves, as illustrated in Figure 3.

Figure 3. Neuromodulation alters functional dynamics without changing network topology. Illustra-
tion of how neuromodulatory influences, such as oxytocin, alter the functional state of neural networks
by changing the relative weighting of existing connections rather than their structural organization.
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Changes in excitatory and inhibitory balance modify the strength and salience of specific pathways,
leading to shifts in network activity patterns. These alterations can produce states of increased or
decreased activation (e.g., overexcitation or underexcitation), affecting information processing and
responsiveness to stimuli. However, the underlying network topology remains unchanged, indicating
that neuromodulation operates on connection dynamics rather than structural architecture. This
distinction illustrates that functional changes in cognition can arise from modulation of network
activity without requiring reorganization of the network itself. (The figure is a theoretical illustration
summarizing concepts discussed in the text and does not represent empirical data).

Experimental findings indicate that oxytocin can influence neural activity and cogni-
tive processes related to social behavior in ASD, notably under controlled experimental con-
ditions. The available evidence also suggests that these effects primarily reflect modulation
of existing neural systems rather than reorganization of underlying network architecture.
The variability observed across experimental and clinical studies further indicates that
oxytocin is only one component of a more complex set of interactions involving immune
signaling, neural organization, and cognitive function. The following section examines
how these findings relate to interactions among immune signaling, neural organization,
and cognitive function in ASD.

7. Neuroimmune–Cognitive Integration in ASD
The preceding sections reviewed evidence from neuroimmunology, systems neuro-

science, and experimental studies of neuromodulation. Although no single line of evidence
provides a complete explanation for ASD, collectively these findings support a multilevel
account in which immune signaling, neural development, large-scale network organization,
and cognitive processing interact across development. The present section synthesizes these
observations into a neuroimmune–cognitive account and identifies testable implications
arising from these relationships.

Substantial experimental evidence indicates that immune processes play an active role
in brain development. Cytokine signaling, microglial activity, and glial–neuronal interac-
tions influence the formation and refinement of synaptic connections, thereby shaping the
structural architecture of neural systems (Paolicelli et al., 2011; Matta et al., 2019). These
processes do more than support neural development; they contribute to determining which
connections are strengthened, weakened, or eliminated. Neuroimmune dynamics may
influence the organization of neural networks underlying cognition.

Alterations in neuroimmune signaling may consequently produce measurable changes
in neural system properties. Such changes include disturbances in synaptic pruning,
alterations in excitation–inhibition balance, and changes in the strength and distribution of
connectivity across brain regions (Rubenstein & Merzenich, 2003; Xiong et al., 2023). At
the network level, these alterations may appear as reduced long-range connectivity and
altered communication among large-scale brain networks, notably those involved in social
cognition and executive control (Müller et al., 2011; M. Wang et al., 2023).

Network-level alterations have important implications for cognitive function. Cog-
nitive systems depend on efficient exchange of information across distributed networks
linking perception, attention, memory, and action. When communication across these
networks is disrupted, cognitive processing may become fragmented and less context-
sensitive. Such fragmentation is especially apparent in social cognition, where effective
interaction depends on rapid coordination of multiple sources of information, including
facial expression, vocal tone, and situational context (Frith & Frith, 2007).

Neuromodulatory systems such as oxytocin and vasopressin occupy an intermediary
position within the broader neuroimmune–neural network. Oxytocin, for example, modu-
lates the salience of social stimuli and increases the responsiveness of social brain circuits
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(Meyer-Lindenberg et al., 2011; Gordon et al., 2013). These effects, however, depend on
the underlying condition of neural networks and immune signaling. In systems where
network organization and communication are already compromised, neuromodulatory
enhancement may produce only limited or transient improvements.

This may also help explain the variability observed in experimental and clinical
studies of oxytocin in ASD. Although oxytocin can increase attention to social stimuli and
enhance activation within relevant neural circuits, it does not appear to fundamentally
reorganize the network architecture supporting cognition. Its effects tend to be modest,
context-dependent, and often short-lived (Preti et al., 2014; Sikich et al., 2021). The observed
heterogeneity may reflect the complexity of the system being targeted rather than the
simple failure of the intervention itself.

The evidence reviewed above supports four closely related conclusions that form the
conceptual foundation of the present neuroimmune–cognitive framework. First, neuroim-
mune signaling contributes to the development and refinement of synaptic organization.
Second, these developmental processes impact the organization of large-scale neural net-
works. Third, the efficiency with which distributed neural systems communicate constrains
higher-order cognitive functions, especially those supporting social cognition and behav-
ioral flexibility. Finally, neuromodulatory systems such as oxytocin may influence the
functional state of these networks without necessarily altering their underlying structural
organization. These conclusions provide a testable biological account linking neuroimmune
processes with network architecture and cognitive function in ASD.

On this basis, ASD may be viewed as involving disturbances in communication among
neural systems arising, in part, from neuroimmune dysregulation. Social deficits, repetitive
behaviors, and sensory differences need not be interpreted as independent abnormalities
but may instead represent different expressions of altered organization across distributed
neural systems. Repetitive behaviors, for example, may arise from reduced flexibility within
cortico-striatal circuits, whereas social deficits may reflect impaired integration within social
brain networks. Both may derive from disruptions affecting the same broader system.

Neuroimmune processes exert strong effects during critical developmental periods
when neural circuits are being established and refined. Perturbations occurring during these
periods may therefore have disproportionate and lasting effects on cognitive function (Kim
et al., 2024). This temporal dimension may help explain why ASD manifests early in devel-
opment and why earlier intervention is often associated with more favorable outcomes.

The proposed framework also provides a basis for understanding heterogeneity in
ASD. Variation in immune function, genetic background, and environmental exposure
may help explain heterogeneity in ASD. Differences in cytokine profiles, microglial ac-
tivity, or neuromodulatory receptor expression, for example, may contribute to distinct
developmental trajectories even among individuals sharing a common diagnosis. Such
variability underscores the importance of more individualized approaches to both research
and intervention.

The available evidence indicates that interventions directed at isolated biological
targets may be insufficient when disturbances involve interacting neural and immune
systems. Rather than focusing exclusively on a single neurotransmitter or brain region,
future interventions may need to address interactions among immune, neural, and cogni-
tive systems. Such approaches may combine pharmacological, behavioral, and cognitive
interventions while also considering immune function and developmental timing. These
proposed relationships among immune signaling, neural organization, network dynamics,
and cognitive function are summarized in Figure 4.
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Figure 4. Multilevel relationships among neuroimmune signaling, neural organization, and cognitive
function. Schematic representation of the hierarchical relationships linking neuroimmune processes,
synaptic dynamics, network topology, and cognitive function. Neuroimmune signaling establishes
synaptic rule sets that determine the formation and elimination of connections, giving rise to specific
network topologies (Figure 1). These topological properties constrain the communication efficiency
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across distributed neural systems (Figure 2). Neuromodulatory influences, such as oxytocin, alter the
functional weighting of existing connections, shifting network activity patterns without modifying
underlying structural topology (Figure 3). These dynamic changes can transiently enhance or reduce
integration capacity depending on the balance of excitatory and inhibitory influences. (The figure
is a theoretical illustration summarizing concepts discussed in the text and does not represent
empirical data).

The relationships outlined here may extend beyond ASD. If neuroimmune processes
contribute to the development and organization of neural systems supporting cognition,
similar mechanisms may also contribute to other neurodevelopmental and neuropsychi-
atric disorders characterized by altered network organization. This possibility remains
to be tested. Examining interactions among immune signaling, neural dynamics, and
cognitive function provides a means of linking biological mechanisms with higher-order
cognition while generating testable hypotheses about how neuroimmune processes shape
the emergence and organization of cognitive systems.

8. Clinical and Cognitive Implications
The neuroimmune–cognitive relationships discussed throughout this review have im-

plications for both understanding and treatment of ASD. Conceptualizing ASD as involving
dysregulation across interacting systems linking immune signaling, neural development,
neural organization, and cognitive function challenges approaches that focus primarily on
isolated symptoms or single biological targets. We instead emphasize the importance of
interventions addressing coordination and interaction among multiple systems.

One implication concerns the limited efficacy of current pharmacological treatments.
Despite extensive investigation of neuromodulatory systems such as oxytocin and serotonin,
no pharmacological intervention has consistently demonstrated strong effects on core social
deficits in ASD. As discussed previously, oxytocin administration can enhance aspects of
social cognition and increase responsiveness within social brain circuits (Gordon et al.,
2013; Guastella et al., 2010). These effects, however, are often modest, variable, and difficult
to sustain over time (Preti et al., 2014; Sikich et al., 2021).

Pharmacological interventions generally target specific molecular pathways or re-
ceptor systems, whereas ASD involves alterations spanning multiple levels of biological
and cognitive organization. Modulation of a single neuromodulatory system, such as
the oxytocinergic system, may temporarily alter neural responsiveness without reorga-
nizing distributed neural networks underlying cognitive function. These interventions
target individual components of the system rather than the interactions that give rise to
cognitive function.

This may also help explain variability in treatment response among individuals with
ASD. Genetic background, immune function, developmental history, and system archi-
tecture may all influence responsiveness to intervention. Variability in oxytocin receptor
expression or function, for example, may alter the effectiveness of oxytocin administra-
tion (Tost et al., 2010). Likewise, differences in baseline neuroimmune states, including
inflammatory activity or microglial activation, may influence the responsiveness of neural
systems to pharmacological modulation (Matta et al., 2019). These observations empha-
size the importance of considering individual biological differences when evaluating
treatment outcomes.

Developmental timing is another important consideration. Neuroimmune processes
exert strong effects during critical developmental periods when neural circuits are actively
forming and being refined. Interventions occurring during these periods may therefore
have greater long-term effects than those introduced later in development. Early modula-
tion of immune signaling or synaptic plasticity, for example, may influence developmental
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trajectories of network architecture and cognitive function (Kim et al., 2024). This high-
lights the importance of early detection and intervention in ASD and suggests that the
developmental stage should be considered carefully when designing treatment strategies.

An additional implication is that intervention may benefit from strengthening commu-
nication among cognitive systems rather than targeting isolated functions. Many traditional
interventions focus on specific domains such as language, social interaction, or behavioral
control. Although these approaches may produce meaningful improvements, they may
not fully address broader disturbances in coordination across cognitive systems. A more
integrative approach would aim to strengthen interactions among perception, attention,
memory, and action in ways that improve coherence and flexibility of cognitive processing.

This view is consistent with emerging multimodal approaches to intervention. Com-
bining behavioral therapies with pharmacological treatments, for example, may produce
complementary effects by influencing both neural responsiveness and cognitive learning
processes. Similarly, interventions incorporating sensory, motor, and cognitive compo-
nents may help strengthen communication across distributed neural systems and sup-
port more adaptive behavior. Such approaches are compatible with the view that cogni-
tion emerges through interaction among multiple systems rather than through isolated
functional modules.

The neuroimmune–cognitive relationship also has implications for the interpretation
of experimental findings. Improvements in neural activation or short-term behavioral
performance following intervention should not necessarily be interpreted as evidence
of lasting changes in cognitive organization. Studies of oxytocin, for example, suggest
that acute changes in neural responsiveness do not consistently translate into sustained
improvements in social functioning (Preti et al., 2014). This distinction underscores the
importance of evaluating both immediate and longer-term intervention effects together
with their influence on broader system organization.

The framework developed here also raises the possibility that interventions directed
toward immune processes may influence cognitive outcomes. Modulation of inflamma-
tory pathways or microglial activity could potentially affect synaptic plasticity, network
organization, and ultimately cognitive function. Although such approaches remain largely
experimental, they represent an important direction for future research given increasing
evidence linking immune dysregulation to ASD (Erbescu et al., 2022).

Another implication concerns heterogeneity within ASD. The multilevel nature of
the disorder suggests that individuals may show different patterns of dysfunction across
immune, neural, and cognitive systems. A uniform treatment approach is therefore unlikely
to be effective across all cases. More individualized or precision-based approaches may be
needed that consider profiles of neuroimmune function, neural connectivity, and cognitive
performance. Advances in neuroimaging, genetics, and biomarker identification may assist
in the development of such approaches.

Traditional clinical endpoints frequently emphasize observable behavioral changes,
such as reductions in repetitive behavior or improvements in social interaction. Although
these measures remain important, they may not fully capture underlying changes in cogni-
tive processes or system organization. Inclusion of measures related to neural connectivity,
network dynamics, and communication among distributed cognitive systems may provide
a more complete assessment of intervention effects.

The evidence reviewed here suggests that ASD is more appropriately understood in
terms of interacting immune, neural, and cognitive systems than as a collection of inde-
pendent deficits. This interpretation has implications for intervention because treatments
directed at individual molecular targets or behavioral symptoms alone may be insufficient
to address the broader biological and cognitive processes contributing to the disorder.
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Approaches that combine biological, behavioral, and cognitive interventions may therefore
prove more effective than strategies directed toward a single level of organization.

9. Conclusions
ASD has traditionally been described in terms of behavioral symptoms or localized

neural dysfunction. Although these approaches have provided important insights, they do
not fully explain the complexity, variability, and developmental character of the condition.
The evidence reviewed here is consistent with the view that ASD arises through interactions
among immune signaling, neural system organization, and cognitive integration. The
framework developed in this review links biological system dynamics with the emergence
and organization of cognitive processes.

Neuroimmune processes play an important role in brain development. Cytokine
signaling, microglial activity, and glial–neuronal–interactions contribute to the formation
and refinement of neural circuits. Disturbances in these processes may alter synaptic
organization, excitation–inhibition balance, and large-scale connectivity. These neural
alterations can disrupt communication across distributed networks supporting cognition.

One consequence of such disruptions may be impaired communication among dis-
tributed cognitive systems. Higher-order cognitive functions, including social cognition,
attention, and behavioral flexibility, depend on efficient exchange of information across
multiple domains and scales. In ASD, this coordination may be compromised, contributing
to fragmented, context-insensitive, or rigid patterns of cognitive processing. Social deficits,
repetitive behaviors, and sensory differences may therefore reflect different manifestations
of broader disturbances in communication among distributed neural systems.

The oxytocin and vasopressin systems illustrate how biological modulation may influ-
ence cognitive processes. These neuromodulatory systems affect salience and processing
of social information and can transiently enhance responsiveness within social brain net-
works. At the same time, variability and limited durability of these effects suggest that
modulation of individual components alone is unlikely to reorganize broader neural sys-
tems supporting cognition. Achieving more substantial and sustained improvements will
likely require interventions capable of influencing the interacting processes underlying
cognitive function.

Developmental timing and individual variability are also important considerations.
Neuroimmune processes exert especially strong effects during critical developmental
periods, suggesting that early intervention may be important. Variation in genetic, immune,
and neural factors may contribute to diverse developmental trajectories, emphasizing the
need for more individualized approaches to research and treatment.

These findings shift emphasis away from isolated mechanisms toward interactions
among immune, neural, and cognitive systems. Rather than seeking singular causes or
treatments, they support the development of approaches addressing coordination across
these systems. Such approaches may involve combinations of pharmacological, behavioral,
and environmental interventions together with identification of biomarkers reflecting
broader system states.

The neuroimmune–cognitive account may also have implications extending beyond
ASD. The relationships considered here may also inform investigation of other neu-
rodevelopmental and neuropsychiatric conditions in which immune function, neural
organization, and cognition interact. Examining these relationships may help clarify
how biological processes influence higher-order cognition across a broader range of
developmental conditions.

Future research will need to clarify the mechanisms linking neuroimmune processes
with neural and cognitive dynamics while determining the developmental conditions

https://doi.org/10.3390/ijcs2030017

https://doi.org/10.3390/ijcs2030017


Int. J. Cogn. Sci. 2026, 2, 17 21 of 23

under which these interactions exert their greatest influence. Longitudinal studies of
developmental trajectories, multimodal approaches integrating neuroimaging and immune
profiling, and computational models of system dynamics are likely to be valuable in
advancing this area of research.

The evidence reviewed here supports viewing ASD as a condition involving dys-
regulation across interacting immune, neural, and cognitive systems rather than as a
disorder arising from isolated abnormalities. Continued integration of discoveries from
neuroimmunology, systems neuroscience, and cognitive science should further improve
our understanding of the biological mechanisms underlying cognitive dysfunction while
informing interventions that more closely reflect the multilevel nature of the disorder.
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