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Neuroimmune Mechanisms in Autism Spectrum Disorder:
Current Evidence, Pathophysiological Insights,
and Therapeutic Implications
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Abstract

Autism spectrum disorder (ASD) has been linked to immune dys-
regulation for two decades, but the field has shifted from describing
inflammation to asking whether immune processes are causal, con-
sequential, or coincidental in a subset of affected individuals. The
objective of the review was to critically synthesize evidence on neu-
roimmune mechanisms in ASD, reconcile conflicting findings, evalu-
ate methodological quality, and assess the maturity of neuroimmune
therapeutic targets. Critical narrative review of literature identified
through searches of PubMed/MEDLINE, Scopus, and Web of Sci-
ence (final search June 30, 2026) and reference screening, integrating
postmortem, transcriptomic, imaging, peripheral and cerebrospinal
fluid biomarker, epidemiological, animal-model, and clinical-trial
evidence. Evidence was weighted by explicit appraisal criteria, in-
cluding proximity to the central nervous system, species, design,
sample size, replication, and mechanistic specificity. Postmortem and
transcriptomic studies, including cell-type-resolved genomics, impli-
cate altered microglial and astrocytic states, whereas the few in vivo
translocator protein positron emission tomography studies are small
and directionally heterogeneous. The largest peripheral cytokine me-
ta-analysis reports small-to-moderate group elevations of several me-
diators, including tumor necrosis factor-o, with high heterogeneity,
frequent high risk of bias, and no consistent association with autism
traits. Cerebrospinal fluid studies are more numerous than often as-
sumed but small and rarely controlled, and serum—cerebrospinal fluid
correspondence within autistic children was low. Experimental mater-
nal immune activation provides one of the most fully specified causal
pathways in animal models, including an interleukin-17A-dependent
mechanism, whereas human epidemiological associations are mod-
est and non-specific. Maternal autoantibody-related autism is the
comparatively best-characterized candidate neuroimmune subgroup,
although its causal role in humans is unestablished. Complement
findings are directionally inconsistent, and most immunomodulatory
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trials are small, short, adjunctive, and reliant on behavioral endpoints.
Neuroimmune abnormalities in ASD are biologically heterogeneous
and differ in evidentiary strength across mechanistic domains; evi-
dence of heterogeneity does not by itself establish independently rep-
licated, biologically defined subgroups. Peripheral immune measures
cannot be assumed to index central neuroinflammation, and pathways
demonstrated in animal models await human validation. No broad
neuroimmune therapy is established for the core features of ASD.
Progress will require biologically informed stratification, central or
mechanism-proximal measurement, longitudinal designs, independ-
ent replication, and mechanism-matched trials.
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Introduction

Immune abnormalities have been reported in autism spectrum
disorder (ASD) for two decades, across postmortem, transcrip-
tomic, and peripheral immunological studies [1-4]. What re-
mains unresolved is the direction of causality, the proportion of
affected individuals in whom immune processes are operative,
and whether the immune signal represents a tractable thera-
peutic target or a consequence of altered neurodevelopment.

Terminology

In this review, “neuroimmune mechanisms” denotes interac-
tions between immune-related molecules, cells, or signaling
pathways and the development or function of the nervous sys-
tem. The term is broader than neuroinflammation. Classical
neuroinflammation refers to an inflammatory response within
the central nervous system (CNS), involving reactive glia and
inflammatory mediators and, in some conditions, leukocyte in-
filtration or tissue injury. Many processes relevant to ASD do
not fit that description: developmental immune signaling that
shapes cortical growth, microglial and complement-dependent
synaptic refinement, maternal immune activation (MIA), ma-
ternal antibodies directed at fetal brain proteins, barrier-related
transport at the blood-brain and blood—cerebrospinal fluid
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(CSF) interfaces, immune—metabolic interactions, and gut—
immune-brain signaling. These may alter neurodevelopment
without a classical inflammatory state, and the two terms are
therefore not used interchangeably here. Similarly, “micro-
glial activation” is used only where a study assessed micro-
glial morphology, markers, or function directly; where a study
measured translocator protein (TSPO) binding, cell density,
gene expression, or soluble mediators, the measured quantity
is named instead.

The modern era began with the demonstration of active
neuroglial responses in ASD brain tissue: prominent astroglial
and microglial reactivity on immunocytochemistry across cer-
ebellum, anterior cingulate and midfrontal gyrus, with a dis-
tinctive cytokine profile in both brain parenchyma and CSF,
and an absence of lymphocytic infiltration or immunoglobulin
deposition [1]. That negative finding is consequential: the pat-
tern is more consistent with an innate, resident-glial process
than with a classical autoimmune encephalitis, and subsequent
mechanistic proposals have had to accommodate it. Independ-
ent groups then reported increased microglial density and mor-
phology consistent with activation in dorsolateral prefrontal
cortex (DLPFC), with a particular signal in white matter [2],
followed by evidence that the spatial relationship between mi-
croglia and neurons is abnormal in ASD—microglia sit clos-
er to neuronal somata than in controls [3]. That observation
shifted attention from the magnitude of the glial response to
its possible functional consequences for circuit development.

The picture is not uniform. A transcript-level study of glial
marker expression in autistic postmortem prefrontal cortex and
cerebellum found region-dependent rather than uniform chang-
es: astrocytic and microglial markers were elevated in prefrontal
cortex, whereas in cerebellum only astrocytic markers were el-
evated [4]. Discrepancies of this kind are commonly attributed
to small samples, agonal state, postmortem interval, medica-
tion exposure, and regional sampling. These explanations are
plausible, but attributing all inconsistency to methodology risks
discounting informative negative results, and this review treats
such divergences as findings requiring explanation.

Several syntheses have shaped the field, including reviews
of immune mediators in brain and peripheral tissue [5] and of
cytokine dysregulation and environmental contributions [6],
systematic reviews of postmortem neuroinflammation [7] and
of microglia-mediated mechanisms [8], and a review of innate
immune dysfunction [9]. Two 2026 reviews have advanced the
central glial literature, one emphasizing microglial and astro-
cytic regulation of neuronal maturation, excitatory—inhibitory
balance and GABAergic signaling during critical developmen-
tal periods [10], the other microglial heterogeneity, immuno-
metabolism and synapse-related pathways [11]. The present
review does not report new primary findings. Its contribution
is an integrated, cross-domain critical appraisal that connects
central glial evidence with peripheral and CSF immune find-
ings, MIA, autoantibodies, complement, barrier biology, mi-
crobiota-related evidence, biomarkers, and therapeutic transla-
tion, while explicitly weighing evidence class, contradictory
results, the strength of causal inference, biological heterogene-
ity, and translational maturity across these domains.

Four developments over the past 5 to 10 years materially
change the interpretation of the older literature:

(1) Cell-type resolution. Single-cell and single-nucleus
genomics have resolved ASD cortical pathology into cell-type-
specific signatures, demonstrating that upregulated immune and
glial programs and downregulated neuronal programs occupy
distinct cellular compartments rather than representing a diffuse
tissue-level shift [12]. This reframes bulk-tissue findings of at-
tenuated regional transcriptional identity, altered splicing and
long non-coding RNA regulation [13], of dysregulated innate
immune genes coupled to suppressed activity-dependent neu-
ronal genes [14], and of the original convergent module archi-
tecture in which a neuronal-synaptic module is downregulated
while an immune-glial module is upregulated [15].

(2) A candidate autoantibody-related subtype. Maternal
autoantibody-related ASD (MAR-ASD) has progressed from
an association to a candidate subtype with specified antigenic
targets, quantitative risk-assessment data, and supporting ani-
mal models, including one driven by endogenous antigen ex-
posure [16, 17]. Few other proposed neuroimmune subgroups
combine human specificity data with experimental corrobora-
tion in this way, although a causal role in human ASD has not
been established.

(3) An experimentally specified MIA pathway. The ma-
ternal interleukin-17A (IL-17A) axis, its dependence on ma-
ternal commensal microbiota, and the identification of a dis-
crete cortical locus whose manipulation reverses the offspring
phenotype together constitute one of the most fully specified
causal chains demonstrated within animal models among the
evidence reviewed here [18, 19]; its operation in human preg-
nancy has not been demonstrated.

(4) Experimental microbiota manipulations and their first
clinical tests. Transfer of ASD-associated human microbiota to
germ-free mice [20], identification of a gut-derived metabolite
altering brain activity in mice [21], and the first randomized
placebo-controlled oral fecal microbiota transplantation trial
[22] have extended this domain beyond purely correlational
evidence, although the human data remain preliminary and do
not establish a causal contribution of the microbiota to ASD.

These advances sit alongside a persistent inconsistency
in the peripheral literature. Meta-analyses of circulating cy-
tokines report small-to-moderate group differences with sub-
stantial between-study heterogeneity [23, 24], pooled analysis
of anti-inflammatory mediators yields a mixed pattern [25],
and a systematic review and network meta-analysis extended
the comparison to attention-deficit/hyperactivity disorder
alongside ASD [26], addressing a question of diagnostic speci-
ficity that single-disorder analyses cannot resolve. A credible
synthesis must account for the fact that central tissue findings
show greater qualitative convergence than peripheral findings.

This review is therefore organized as a critical synthesis
rather than a catalog. It advances the interpretation that neuro-
immune abnormalities in ASD are biologically heterogeneous
and are unlikely to operate uniformly across the diagnosis, that
the evidence for specific, independently replicated neuroim-
mune subgroups varies considerably between candidate mech-
anisms, and that the use of peripheral measures as surrogates
for central processes has limited progress. Sections “Neuroim-
mune Basis of ASD” to “Blood and CSF Biomarkers” evaluate
the mechanistic domains; Sections “Emerging Neuroimmune
Therapeutic Strategies” to “Conclusion” assess translational
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status, including a comparison of candidate subgroups and an
integrated, evidence-graded mechanistic model (Section “Pre-
cision Neurology and Future Directions”).

Review Approach and Evidence Appraisal

This article is a critical narrative review. It is not a system-
atic review, does not follow PRISMA methodology, and is not
intended to be exhaustive; no quantitative synthesis was per-
formed.

Literature identification

Relevant literature was identified through searches of Pub-
Med/MEDLINE, Scopus, and Web of Science Core Collection
combining terms for autism with terms for neuroimmune, in-
flammatory, glial, cytokine, maternal immune, autoantibody,
complement, redox, barrier, CSF, microbiota, biomarker, and
immunotherapeutic concepts. The database-specific search
strings are reported below so that the searches can be repeated;
they formalize the keyword set used for this review in the syn-
tax of each database. The final search of PubMed/ MEDLINE,
Scopus, and Web of Science Core Collection was conducted on
June 30, 2026. Additional studies were identified by screening
the reference lists of relevant publications and recent reviews.
The evidence base comprises peer-reviewed primary human
studies, experimental animal studies, systematic reviews, and
meta-analyses selected for direct relevance to the scope of this
critical narrative review.

PubMed/MEDLINE (final search June 30, 2026): ("Au-
tism Spectrum Disorder"[Mesh] OR autis*[tiab] OR "autism
spectrum"[tiab]) AND ("Neuroimmunomodulation"[Mesh] OR
"Neuroinflammatory Diseases"[Mesh] OR neuroimmun*[tiab]
OR neuroinflamm*[tiab] OR "Microglia"[Mesh] OR micro
glia*[tiab] OR "Astrocytes"[Mesh] OR astrocyt*[tiab] OR
astroglia*[tiab] OR "Cytokines"[Mesh] OR cytokine*[tiab] OR
"Chemokines"[Mesh] OR chemokine*[tiab] OR interleukin*
[tiab] OR "maternal immune activation"[tiab] OR ((matern
al[tiab] OR prenatal[tiab] OR gestational[tiab]) AND (infection*
[tiab] OR inflammat*[tiab] OR fever[tiab])) OR "Complement
System Proteins"[Mesh] OR complement[tiab] OR "Oxidative
Stress"[Mesh] OR "oxidative stress"[tiab] OR "Blood-Brain
Barrier"[Mesh] OR "blood-brain barrier"[tiab] OR "Cerebr
ospinal Fluid"[Mesh] OR "cerebrospinal fluid"[tiab] OR
"Autoantibodies"[Mesh] OR autoantibod*[tiab] OR "Gastro-
intestinal Microbiome"[Mesh] OR microbiome[tiab] OR micr
obiota[tiab] OR "Immunomodulation"[Mesh] OR immunom
odulat*[tiab] OR "anti-inflammatory"[tiab] OR "Biomarkers"
[Mesh] OR biomarker*[tiab] OR "translocator protein"[tiab]
OR TSPO[tiab]) AND ("1900/01/01"[dp] : "2026/06/30"[dp])

Scopus (final search June 30, 2026): TITLE-ABS-
KEY (autis* OR "autism spectrum") AND TITLE-ABS-KEY
(neuroimmun* OR neuroinflamm* OR microglia* OR astro-
cyt* OR astroglia* OR cytokine* OR chemokine* OR inter-
leukin®* OR "maternal immune activation" OR ((maternal OR
prenatal OR gestational) W/3 (infection® OR inflammat* OR

fever)) OR complement OR "oxidative stress" OR "blood-
brain barrier" OR "cerebrospinal fluid" OR autoantibod* OR
microbiome OR microbiota OR immunomodulat* OR "anti-
inflammatory" OR biomarker* OR "translocator protein" OR
TSPO) AND PUBYEAR <2027, with records published after
June 30, 2026 excluded at screening.

Web of Science Core Collection (final search June 30,2026):
TS=(autis* OR "autism spectrum") AND TS=(neuroimmun*
OR neuroinflamm* OR microglia* OR astrocyt* OR astroglia*
OR cytokine* OR chemokine* OR interleukin®* OR "mater-
nal immune activation" OR ((maternal OR prenatal OR ges-
tational) NEAR/3 (infection* OR inflammat* OR fever)) OR
complement OR "oxidative stress" OR "blood-brain barrier"
OR "cerebrospinal fluid" OR autoantibod* OR microbiome OR
microbiota OR immunomodulat* OR "anti-inflammatory" OR
biomarker* OR "translocator protein" OR TSPO), publication
dates to June 30, 2026.

Records identified and screened

Because this study was designed as a critical narrative review
rather than a systematic review, contemporaneous database-
level record counts and formal screening-flow counts were
not retained. Searches were conducted in PubMed/MEDLINE,
Scopus, and Web of Science Core Collection through June 30,
2026, with studies selected by the author for direct relevance
to the mechanistic and translational questions addressed. No
PRISMA flow diagram was generated. In total, 128 publica-
tions are cited in this review.

Critical appraisal

Studies were appraised according to proximity to CNS evi-
dence, species, study design, sample size, independent replica-
tion, methodological quality, biological and mechanistic speci-
ficity, consistency across studies, and translational relevance.
Consistent with narrative review methodology, no formal
risk-of-bias instrument was applied and no quality threshold
was used as an inclusion criterion; where published system-
atic reviews had applied such instruments, their ratings were
taken into account. The weighting described below represents
structured critical appraisal rather than a validated quantitative
scoring system.

Evidence-strength criteria and conflicting findings

When studies conflicted, the following considerations were ap-
plied in combination rather than as a fixed hierarchy. (1) Com-
partment: direct CNS evidence (postmortem tissue, in vivo im-
aging, and CSF) was given priority over peripheral measures for
statements about brain processes, and peripheral findings were
interpreted as evidence about the periphery unless paired central
data were available. (2) Species: human evidence was given pri-
ority for statements about ASD, and animal evidence was used
to judge whether a pathway can operate rather than whether it
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Table 1. Author-Derived Framework for Interpreting Evidence in ASD Neuroimmunology Informed by the Studies Reviewed in This

Article

Evidence class Representative studies Principal Principal limitation iy

strength ence supported
Postmortem [1-4, 41, 42, 44] Direct CNS tis- Small samples; agonal and medica- Presence of a process;
neuropathology sue evidence tion confounds; late-stage sampling not its timing or cause
Bulk tissue [13-15, 33] Unbiased, Tissue-level, not cell-type resolved; Tissue-level association
transcriptomics genome-wide cannot distinguish cause from response
Single-cell and [12] Cell-type-resolved Few donors; postmortem; cannot Cellular localiza-
single-nucleus distinguish cause from response tion of the signal
genomics
In vivo TSPO-PET  [45-48] Living brain; TSPO not cell-specific; small samples;  Altered TSPO signal; not

repeatable

Peripheral bio- [23-26, 38, 62-64] Scalable; ac-
marker studies cessible

CSF studies [1,65-67] Proximal to CNS
Epidemiologi- [28-31, 68-71] Population scale;
cal cohorts temporal ordering
Rodent MIA and au- [17-19, 49, 72-75, 81] Experimental con-
toantibody models trol; mechanism
Non-human [76-78] Neurodevelop-
primate models mental proximity
Randomized [22, 111, 116, 118, 119, Controlled test
controlled trials 121, 122, 124, 127] of interven-

tion effects

differing radioligands and quantifica-
tion; directionally heterogeneous

Correspondence with CNS not
established; assay heterogene-
ity; frequent high risk of bias

Small samples; invasive; matched
controls often absent; few
paired serum—CSF designs

Residual confounding not ex-
cluded by design

Construct validity lim-
its; species differences

Very small samples; cost

Many studies are small, short,
or adjunctive; behavioral end-
points predominate

its cellular source or cause

Association only

Association; within-person
compartment comparison

Risk association; ex-
posure timing

Sufficiency of a path-
way in the model

Translational plausibility

Intervention effect if ad-
equately powered; mecha-
nism requires demonstrated

target engagement

All entries represent the author’s appraisal rather than findings reported in the cited studies.

does operate in affected individuals. (3) Design: prospective de-
signs were weighted above retrospective ones, controlled above
uncontrolled intervention studies, and designs with explicit
control of confounding above those without. (4) Precision and
replication: larger samples, independent replication by different
groups, and pooled estimates with formal risk-of-bias assess-
ment were weighted above single small studies. (5) Specificity:
findings tied to a defined antigen, cell type, or pathway, or tested
against another neurodevelopmental condition, were weighted
above non-specific group differences. (6) Consistency: con-
cordant direction across studies and compartments increased
confidence, whereas directional heterogeneity was treated as a
finding to be explained rather than averaged away. Where a con-
flict could not be resolved on these grounds, both findings are
reported and plausible methodological or biological reasons for
the discrepancy are discussed. Judgments labeled as appraisal in
the text and tables were reached in this way.

Scope

Behavioral, educational, and psychosocial interventions are out-
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side the scope of this review except where they bear directly on
neuroimmune mechanisms. Case reports, conference abstracts,
and non-peer-reviewed sources are not used as evidential support.

Weighting of evidence

Human and experimental animal evidence are reported sepa-
rately throughout and are not combined into single statements
of effect. Experimental animal studies are treated as establish-
ing sufficiency of a pathway within the model rather than as
evidence of causation in humans. Human observational data
are treated as establishing association only. Where human and
animal findings diverge, both are presented and the divergence
is discussed rather than resolved by preference. Table 1 sets out
the interpretive framework applied; it represents the author’s
appraisal rather than findings reported in the cited studies.

Use of previous reviews

Earlier narrative and systematic reviews were used to char-
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acterize the prior state of the field. Systematic reviews and
meta-analyses were also used to support pooled estimates and
assessments of evidence consistency, whereas primary studies
were prioritized for specific mechanistic claims.

A note on interpretive content

Statements and table columns labeled as appraisal represent
the author’s assessment of the evidence reviewed here, and
are distinguished throughout from the findings reported in the
source studies. Comparative appraisals are restricted to the
evidence assessed in this review.

Neuroimmune Basis of ASD

Familial and genetic immune signals

The oldest line of evidence is familial. Clustering of auto-
immune disorders in families of children with ASD was de-
scribed in the late 1990s [27], and registry-based work sub-
sequently associated maternal rheumatoid arthritis and celiac
disease, and family history of type 1 diabetes, with offspring
ASD [28]. Parental autoimmune disease showed a modest as-
sociation in a Swedish cohort [29], and meta-analysis of the
accumulated studies confirms a small but consistent eleva-
tion in risk [30].

A familial autoimmune association is compatible with at
least three models: shared immune-genetic liability; maternal
immune exposure acting on the fetus; and ascertainment or re-
porting artifact in studies relying on parental recall. In a large
multisite case—control study, maternal eczema/psoriasis and
asthma were associated with modestly increased odds of both
ASD and other developmental delay, whereas paternal and
wider family histories of immune conditions were not, indicat-
ing associations that are modest and not specific to ASD [31].
A further nuance is sex specificity: maternal immune condi-
tions are over-represented in males with ASD and associate
with behavioral and emotional, but not cognitive, comorbidity
[32]. This is one of the few immune findings with an explicit
sex interaction, and it should be read alongside transcriptomic
evidence that glial and immune gene modules upregulated in
ASD overlap with male-biased expression programs [33].

Direct immunogenetic evidence remains modest. An HLA-
A2 class I association was reported early [34], and HLA-G al-
lelic distribution differences have been replicated in a defined
population [35]. Rare variants in immune mediator genes have
been identified as candidate risk factors [36], and HLA impu-
tation in a large cohort has suggested interplay between gut
inflammatory processes and ASD susceptibility [37]. Collec-
tively these findings remain suggestive rather than established,
because the reported associations derive from limited samples,
population stratification is a recurrent concern in studies of this
design, and the associations have not achieved extensive inde-
pendent replication. The available immunogenetic evidence is
limited and insufficiently replicated; a possible modifying role
remains plausible but unconfirmed.

Peripheral immune phenotypes

Immune abnormalities in ASD are demonstrable but heteroge-
neous. Elevated plasma cytokines have been associated with
more impaired behavioral outcomes and with regression [38],
and stimulation-based profiling has identified distinct immune
endophenotypes that segregate subgroups rather than charac-
terizing the population [39]. This endophenotype framing is,
in the author’s assessment, an important conceptual contri-
bution of the peripheral immunology literature, although the
subgroups were derived in a single cohort and have not been
independently replicated, and the framing is not consistently
applied in studies that analyze ASD as a single group. Allergic-
type symptomatology without corresponding IgE-mediated
sensitization has also been described, raising the possibility of
non-allergic mast cell activation [40].

Microglia and Astrocytes

Consistently reported findings

Altered microglial and astroglial states are among the most
consistently reported neuropathological observations in ASD.
Beyond the index study [1], increased microglial density and
morphology consistent with activation have been documented
in dorsolateral prefrontal cortex (DLPFC) [2], abnormal mi-
croglia—neuron spatial relationships described in the same
region [3], and increased microglial density reported in addi-
tional cortical territories, including fronto-insular and visual
cortex [7, 41]. Astroglial involvement is supported by elevated
glial fibrillary acidic protein (GFAP) in superior frontal, pari-
etal, and cerebellar cortices [42] and by increased GFAP and
chemokine production in the index cohort [1]. In orbitofrontal
cortex, increased nuclear factor-xB (NF-kB) p65 expression
was found in neurons, astrocytes, and microglia, most promi-
nently in microglia, suggesting one transcriptional route by
which glial inflammatory signaling could be sustained [43].
Elevated pro-inflammatory mediators have also been meas-
ured directly in ASD frontal cortex tissue [44].

In vivo evidence derives from a small number of TSPO
positron emission tomography (PET) studies whose results
are directionally heterogeneous. Using the first-generation
radioligand [11C]-(R)-PK11195, an initial study of 20 young
adult men with ASD reported higher binding potential than in
controls across several regions, most prominently the cerebel-
lum [45]. A subsequent study using the second-generation ra-
dioligand [11C]PBR28 in 15 young adult men with ASD and
18 controls found lower regional TSPO signal in ASD, with
no region showing an increase [46]. A fully quantified [18F]
FEPPA study of 13 adults with ASD and 13 controls found no
overall group difference; lower binding emerged only in a post
hoc analysis that excluded two participants with a concurrent
major depressive episode [47]. A pilot study of 12 women with
ASD and 10 controls, using the same [11C]PBR28 approach as
the male cohort, found regionally higher signal in the midcin-
gulate cortex and splenium of the corpus callosum [48].
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These studies differ in radioligand generation, outcome
measure (binding potential, uptake relative to a whole-brain
pseudo-reference region, or volume of distribution from full
kinetic modeling), sex composition, handling of the TSPO
rs6971 genotype, medication exposure, and psychiatric comor-
bidity, and none included more than 20 participants with ASD
[45—48]. TSPO is a mitochondrial protein expressed by micro-
glia, astrocytes, and other cell types and has functions beyond
inflammation [46, 47]; the measured quantity is therefore best
described as TSPO radioligand binding, or a glial-associated
TSPO signal, rather than as microglial activation. Taken to-
gether, the in vivo literature is limited, based on small samples,
methodologically heterogeneous and directionally inconsist-
ent. It does not demonstrate consistently increased microglial
activation in living autistic individuals, and it can neither con-
firm nor refute the postmortem findings.

The scarcity of such data warrants emphasis: the mecha-
nistic processes evaluated in Sections “MIA” to “Gut-Im-
mune—Brain Axis” are prenatal or early postnatal, whereas all
in vivo TSPO studies to date have been conducted in adults
[45—48]. Structural, diffusion, and functional imaging do not
measure neuroinflammation and cannot substitute for modali-
ties that do; this review therefore includes no standalone neu-
roimaging section, and adequately powered, developmentally
timed glial-marker imaging is a first-order priority (Section
“Precision Neurology and Future Directions”).

Recent mechanistic synthesis frames microglial and astro-
cytic abnormalities as interacting disturbances of neuron—glia
communication rather than a unitary inflammatory state, with
potential consequences for excitatory—inhibitory balance and
GABAergic circuit maturation [10]; this framing is concep-
tual, and such imbalance has not been demonstrated directly
in the postmortem cohorts discussed above. Bulk-tissue tran-
scriptomic studies provide convergent supporting evidence at
the tissue level. The upregulated cortical module in ASD is en-
riched for microglial and astrocytic genes and is anticorrelated
with a downregulated neuronal-synaptic module [15]; this ar-
chitecture has been reproduced with expanded methodology
[13] and in analyses emphasizing innate immune gene dysreg-
ulation alongside suppressed activity-dependent neuronal tran-
scription [14]. Cell-type-resolved genomics has since assigned
these programs to distinct cellular populations, supporting a
cellular localization of the immune signature rather than an ef-
fect of altered cell proportions alone [12].

Discordant findings and their possible sources

Against this, a transcript-level marker study found region-de-
pendent rather than uniform changes, with elevated microglial
markers in prefrontal cortex but not in cerebellum [4]. Recent
synthesis reinforces that “microglial activation” is not a unitary
phenotype: findings vary by developmental stage, brain region,
sex, cohort composition, and measurement modality, and cur-
rent human evidence supports heterogeneous immune- and glia-
associated states in a subset of ASD brains rather than a single
diagnosis-wide program [11]. Consistent with this, differences
in marker selection and regional sampling may partly explain

the discordant findings across the studies reviewed here, which
variously assessed immunohistochemical, protein-level, and
transcript-level indices in cerebellum, dorsolateral prefrontal,
fronto-insular, and visual cortex [1-4, 41, 42]. The directionally
heterogeneous in vivo TSPO findings, which include a possible
sex difference [46, 48], add a further source of variation. Devel-
opmental timing is a further consideration: the postmortem co-
horts comprise predominantly adolescents and adults, whereas
the mechanistic literature implicates prenatal and early postnatal
processes [18, 19, 49]. Tissue sampled long after that period can-
not readily distinguish an ongoing process from a residual one.

The pruning hypothesis

The mechanistic attraction of microglia in ASD derives from
their developmental function. Microglia engulf synaptic ma-
terial in an activity- and complement-dependent manner via
complement receptor 3 [50]; deficient microglial pruning, as in
fractalkine receptor deficiency, produces immature connectivi-
ty and behavioral abnormalities [51]; and the upstream tagging
step is mediated by the classical complement cascade [52].
Given the developmental role of synaptic refinement [50—
52] and the glial abnormalities reported in ASD [1-3], comple-
ment-mediated pruning represents a mechanistically attractive
hypothesis that does not require inflammation in the classical
sense. The difficulty, addressed in Section “Complement Sys-
tem and Synaptic Pruning”, is that the human complement data
do not point unambiguously in the predicted direction. The pa-
thology may be either over-pruning or under-pruning, and the
available human evidence does not establish which, although
therapeutic proposals generally presuppose the former (Table 2).

Cytokine and Chemokine Dysregulation

The central discordance

Cytokine research in ASD illustrates a recurrent difficulty in
translational neuroimmunology: the most accessible compart-
ment may not be the most informative one.

The peripheral literature is extensive: early work reported
Th2-skewed cytokine production from stimulated peripheral
blood mononuclear cells [53] and elevated pro-inflammatory
output in children with regression and dietary protein intol-
erance [54]. Later studies described decreased IL-23 without
corresponding IL-17 change [55], differential monocyte re-
sponses across Toll-like receptor ligands [56], increased IL-17
confined to children with comorbid asthma [57], and altered
natural killer cell gene expression with dissociation between
baseline and stimulated activity [58]. Plasma cytokine eleva-
tions have been linked to behavioral severity and regression
[38], increased myeloid dendritic cell frequencies correlate
with amygdala volume and repetitive behaviors [59], and per-
oxiredoxin changes with accompanying cytokine alterations
have been reported in plasma [60]. Immune aberrations have
also been reported in a non-Western tertiary care cohort [61].
A recent case—control study expanded the peripheral profile to
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Table 2. Glial Findings in ASD: Convergence and Divergence

. . Direc- . Limitation/au-
Finding Modality tion Regions At et
Astroglial and microglial reactivity; elevated ~ Postmortem i Cerebellum, ACC, midfrontal Innate, not adap-
MCP-1, TGF-B1; no lymphocytic infiltrate [1] + CSF tive; n small
Increased microglial density; ac- Postmortem 1 DLPFC, esp. white matter Region-specific
tivated morphology [2]

Abnormal microglia—neuron spa- Postmortem Altered DLPFC Spatial relationship
tial organization [3] rather than cell number
Increased microglial density [41] Postmortem 1 Fronto-insular and visual cortex Regions differ from
DLPFC studies
Elevated GFAP [42] Postmortem i Frontal, parietal, cerebellar Marker-dependent
Region-dependent glial marker expression [4]  Postmortem t/mixed PFC (astrocytic and microglial 1);  Partial discordance;
(transcript) cerebellum (astrocytic 1 only) transcript level
NF-«B p65 upregulation in neu- Postmortem i Orbitofrontal cortex Most pronounced in mi-
rons and glia [43] croglia; n =9 per group
Higher [11C]-(R)-PK11195 binding [45] PET, in vivo 1 Multiple; cerebellar predominance  Men; first-gener-
ation ligand
Lower [11C]PBR2S signal [46] PET, in vivo l Multiple cortical and sub- Men; relative up-
cortical regions take measure
No overall difference in [18F] PET, in vivo No dif-  Prefrontal, temporal, cerebel- Mixed sex; post
FEPPA binding [47] ference lar, anterior cingulate hoc exclusion
(| post
hoc)
Higher [11C]PBR2S signal in women [48] PET, in vivo 1T (re- Midcingulate cortex; splenium Women; pilot sample
gional)
Immune-glial module upregulation [13—15] Bulk tran- 1 Cortex Tissue-level; cannot
scriptomics separate cause/response
Cell-type-specific glial signatures [12] Single-cell 1 Cortex Supports cellu-
genomics lar localization

Interpretive columns represent the author’s appraisal rather than findings reported by the cited studies (see Section “Review Approach and Evidence

Appraisal’).

circulating cytokines with biological roles in microglial reg-
ulation: serum IL-34, CSF-1, interferon-y (IFN-y), IL-4, IL-
10, and IL-17 were elevated in 42 children with ASD relative
to 40 controls, whereas IL-12, transforming growth factor-§
(TGF-B), and IL-23 did not differ significantly [62]. The si-
multaneous elevation of mediators conventionally assigned
to different T-helper and regulatory programs argues against
a unitary peripheral immune phenotype. No marker correlated
with autism severity, and the strongest discrimination, for IL-
10, was modest (area under the curve 0.743) [62]. IL-34 and
CSF-1 have biological roles in microglial regulation but were
measured in serum without any central measurement, and can-
not be read as evidence of microglial activation.
Meta-analysis brings this into focus without resolving it.
An early meta-analysis of 17 studies reported higher IL-1,
IL-6, IL-8, IFN-y, eotaxin and monocyte chemoattractant pro-
tein-1 (MCP-1), and lower TGF-B1, in ASD [23]. Pooled anal-
ysis of anti-inflammatory cytokines reported lower IL-10 and
IL-1 receptor antagonist (IL-1RA) and slightly higher IL-5,
with no significant difference for TGF-f, IL-4, or IL-13 [25].
Systematic reviews of the cellular sources of these abnormali-

ties implicate altered function of several cell types, including
monocytes, neutrophils, T-cell subsets, and natural killer cells,
rather than a single originating population [63, 64].

The largest synthesis to date included 98 studies, 54 cy-
tokines, 4,236 autistic participants, and 3,333 non-autistic
controls, and assessed risk of bias with an adapted Newcas-
tle-Ottawa Scale [24]. The study found higher IL-1p, IL-4,
IL-6, IL-8, IFN-y, tumor necrosis factor-a (TNF-a)), CXC mo-
tif chemokine ligand 1 (CXCL1), and macrophage migration
inhibitory factor (MIF) in autistic participants, with small-to-
moderate effects (Hedges” g approximately 0.25-0.62); the
pooled TNF-a difference was g = 0.31 (95% confidence inter-
val 0.11-0.51) [24]. Three features qualify this result. About
one-third of the included studies were rated at high risk of
bias, and excluding them rendered the IL-6, TNF-a, CXCLI,
and MIF differences non-significant, with the TNF-a differ-
ence approximately halved. Heterogeneity was large for most
significant cytokines, and under the authors’ conventional evi-
dence criteria, only IL-1p reached a “suggestive” level, the re-
mainder being “weak”. Finally, narrative synthesis found no
consistent association between cytokine concentrations and
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autism traits within autistic samples [24].

An updated network meta-analysis of 74 studies, includ-
ing 4,331 participants with ASD, found higher C-reactive
protein and several cytokines, including IL-6, IL-8, and IL-
1B, together with higher brain-derived neurotrophic factor, a
neurotrophin rather than an inflammatory mediator, relative
to healthy controls; pairwise analyses additionally identified
elevations in IL-4, IL-7, IL-12, IL-1a, MIP-1p, eotaxin, and
GM-CSF [26]. The network analysis also generated compari-
sons between ASD and attention-deficit/hyperactivity disorder
(ADHD): pooled estimates for TNF-a, IL-2, IL-8, IL-1p, and
MCP-1 were higher in ASD, whereas ADHD showed lower
TNF-q, IL-2, and MCP-1 relative to controls [26]. These find-
ings are inconsistent with a fully shared peripheral inflamma-
tory profile across the two neurodevelopmental diagnoses and
suggest cross-diagnostic differences in pooled peripheral im-
mune measures; age- and sex-related moderation of several es-
timates, and the absence of individual-level classification data,
nonetheless preclude claims of diagnostic specificity.

Read together, these syntheses strengthen the conclusion
that group-level elevations of several pro-inflammatory me-
diators, particularly IL-1p, IL-6, IL-8, and IFN-y, recur across
independent pooled analyses [23, 24, 26]. They also modify
the earlier picture in specific respects: TNF-a, not significant-
ly elevated in earlier pooling [23], was elevated in the largest
analysis but was sensitive to study quality; the reduced TGF-f1
reported earlier [23] and the anti-inflammatory profile report-
ed in [25] were not reproduced; and MCP-1 and IL-17 did not
reach significance amid very large heterogeneity [24]. The
newer evidence therefore complicates rather than settles the
peripheral picture: several mediators are consistently elevated
at group level, but effect sizes are modest, quality-restricted
estimates are smaller, and the absence of within-group associa-
tion with autism traits argues against treating these measures
as indices of severity.

Correspondence between peripheral and central findings

The only longitudinal study pairing serum and CSF immune
mediators enrolled 104 children with autistic disorder and 54
typically developing controls, but CSF was obtained only from
autistic participants (n = 67), because lumbar puncture was not
performed in controls [65]. Its CSF data therefore cannot sup-
port any statement about whether CSF profiles distinguish au-
tistic from non-autistic children. What the study did show is
that, within autistic children, serum and CSF profiles differed
substantially and were weakly or not correlated; that serum
markers of active inflammation, including IL-6, TNF-a, and
IL-1B, did not differ from controls; and that within-person sta-
bility of most serum analytes over time was low [65].

The wider CSF literature is larger than this single study
suggests. A 2025 systematic review identified 49 studies of CSF
in ASD published between 1977 and 2025, spanning immune
mediators, proteins and amino acids, monoamine metabolites,
folate, oxytocin and vasopressin, and magnetic resonance
imaging measures of extra-axial CSF volume [66]. Immune
markers were examined in a minority of these studies; reported

findings included higher concentrations of several cytokines,
chemokines, and growth factors but lower concentrations of
others, and some studies reported no difference [66]. Individ-
ual controlled studies illustrate this directional heterogeneity:
the index neuropathological cohort reported markedly elevated
CSF MCP-1 [1], whereas a study of 24 adults with ASD, com-
pared with patients with idiopathic intracranial hypertension,
found lower MCP-1 and interferon-y-induced protein-10 and
higher IL-8 [67]. The review applied no formal quality assess-
ment and did not pool estimates, and its authors noted small
and variable samples, predominantly male and pediatric par-
ticipants, and limited attention to comorbidity [66].

Several implications follow. First, CSF evidence in ASD
is not limited to one or two studies, but it is fragmented across
analyte classes, frequently relies on convenience comparison
groups rather than matched neurotypical controls, and seldom
pairs central with peripheral measurement in the same par-
ticipants; it cannot yet establish a reproducible CSF immune
signature of ASD [66]. Second, the available within-person
comparison indicates that peripheral cytokine concentrations
should not be assumed to index CNS immune status, and bio-
marker programs treating serum cytokines as surrogates for
neuroinflammation rest on an assumption that has not been
validated [65]. Third, the more consistent brain-level findings
(Section “Microglia and Astrocytes”) and the less consist-
ent blood-level findings are not necessarily in conflict, since
they sample different compartments. Finally, the ASD-ADHD
contrast suggests that peripheral immune findings are not ex-
plained entirely by shared neurodevelopmental or behavioral
features [26], although group-level contrasts do not establish
correspondence with central immune activity.

Systematic reviews and meta-analyses of this literature
identify further sources of between-study inconsistency, in-
cluding differences in assay platform, in the use of unstimu-
lated versus stimulated designs, in participant age range, in
clinical characterization, in sex composition and sample type,
in the handling of comorbidity and medication exposure, and
in study quality [23-25, 63, 64]. A related consideration, sup-
ported by stimulation-based endophenotype work, is that ASD
is analyzed as an undifferentiated group in most of these stud-
ies although immune responses appear to segregate into sub-
groups [39] (Table 3).

The TGF-B1 row of Table 3 merits comment. Reduced pe-
ripheral TGF-B1 was reported in an early meta-analysis [23]
but was not reproduced in subsequent pooled analyses [24, 25],
whereas increased TGF-B1 was reported in brain tissue in the
index neuropathological study [1]. The peripheral reduction
should therefore no longer be treated as an established finding.
The broader point is that the reported direction of change can
differ between compartments and between syntheses, and find-
ings from different compartments should not be pooled.

MIA

The human epidemiological signal

MIA is characterized by detailed experimental mechanistic
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Table 3. Cytokine Abnormalities in ASD: Synthesis Across Evidence Levels

Central or tissue-

Mediator  Peripheral direction Consistency level evidence Author appraisal

IL-1B 1 Replicated across meta- Not established Strongest pooled peripheral
analyses [23, 24, 26] signal; non-specific innate marker

IL-6 1 Replicated [23, 24, 26]; at- Frontal cortex tissue [44] Central in murine MIA [49]
tenuated after excluding high
risk-of-bias studies [24]

IL-8/ 1 Replicated [23, 24, 26] Frontal cortex tissue [44]; 1 Non-specific

CXCL8 CSF in one adult study [67]

MCP-1/ 1 [23]; not significant Inconsistent; very large 1 brain and CSF [1]; | Directionally inconsist-

CCL2 in largest pooling [24] heterogeneity [24] CSF in adults [67] ent across compartments

TNF-a 1 [24]; not 1 in ear- Sensitive to study quality [24] Frontal cortex tissue [44] Higher in ASD than ADHD [26]

lier pooling [23]

1L-2 Not consistently 1
versus controls

IL-17A 1 in subgroups [57]
and one cohort [62]

IL-23 1 [55]; no differ-
ence [24, 62]

IFN-y i

IL-4/IL-10 IL-4 1 [24, 26, 62];
IL-10 | [25], 1 [62],
no difference [24]

1L-34/ 1 [62]

CSEF-1

TGF-B1 1 [23]; no differ-
ence [24, 25, 62]

CXCLU/ 1 [24]

Higher in ASD than ADHD [26]
Not significant on pooling [24]
Low

Replicated [23, 24, 62]

Inconsistent

Single cohort
Low

Few studies; not robust to

None

| IL-17 mRNA in
frontal cortex [89]

1 IL-23 mRNA in
frontal cortex [89]

Frontal cortex tissue [44]

None

None; measured
in serum only

1 in brain tissue [1]

None

Cross-diagnostic contrast only

Central in murine MIA [18];
human support weak

Not aligned with the mu-
rine IL-17A axis

Co-clevated with Th2- and
Th17-associated mediators [62]

Direction varies by synthesis

Not evidence of mi-
croglial activation

Earlier pooled reduc-
tion not reproduced

Requires replication

MIF quality restriction [24]
IL-1RA 1 [25]; 1 only in quality-
restricted analysis [24]

Inconsistent

None Direction depends on

study selection

Interpretive columns represent the author’s appraisal rather than findings reported by the cited studies (see Section “Review Approach and Evidence
Appraisal”). Cross-diagnostic group differences do not constitute validated individual-level diagnostic accuracy.

evidence alongside modest and non-specific human epidemio-
logical associations, a contrast that complicates translation.

Danish registry data first linked maternal infection re-
quiring hospitalization during pregnancy to offspring ASD,
with trimester-dependent patterns for viral and bacterial ex-
posures [68]. Swedish registry data replicated an association
with infection-related hospitalization during pregnancy that
was not confined to a single gestational window [69]. Prospec-
tive cohort data on prenatal fever are consistent with a role for
the maternal inflammatory response: fever exposure, particu-
larly in the second trimester and with a dose—response pattern
across episodes, was associated with increased ASD risk [70].
Conversely, a large health-system cohort found no robust asso-
ciation for influenza infection or vaccination during pregnancy
after adjustment for multiple comparisons [71].

Three points follow. The pattern is compatible with a
non-specific inflammatory mechanism rather than a pathogen-
specific one [68, 69], although it does not establish that ma-

ternal inflammation causes ASD. The associations are mod-
est, maternal infection is neither necessary nor sufficient, and
these data do not permit estimation of the proportion of ASD
attributable to gestational infection. The designs are vulnerable
to shared confounding, since maternal infection susceptibility,
healthcare-seeking behavior and maternal immune genetics
may each correlate with offspring outcome independently of
gestational inflammation. The fever data may approximate the
maternal inflammatory response more directly than pathogen-
specific analyses [70], although residual confounding, expo-
sure misclassification and confounding by infection severity
and antipyretic use remain.

Mechanism: from IL-6 to the IL-17A axis

The experimental literature permits stronger causal infer-
ence, within the model. In the polyinosinic:polycytidylic acid
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Table 4. Maternal Immune Activation: Evidence Hierarchy and Translational Status

Level Key findings (reference)

Strength (author appraisal)

Unresolved issue (author appraisal)

Human registry  Infection hospitalization associated with ASD;

[68, 69] non-specific across pathogens/trimesters
Human prospec- Prenatal fever, dose-dependent, sec-
tive [70] ond-trimester predominance

Human nega- No robust influenza infection or

tive [71] vaccination association

Rodent mecha-
nism [49, 72-74]

IL-6 necessary and sufficient in the model;
fetal brain transcriptional response; per-
sistent offspring immune change

Rodent pathway = Maternal Th17/IL-17A required; microbiota-
[18, 19, 75] dependent; reversible via S1DZ circuit
Non-human Behavioral, brain growth, cogni-

primate [76-78]  tive and immune alterations

Population scale; tem-
poral ordering

Proxy for cytokine re-
sponse, not pathogen

Large, well-adjusted; re-
duces specificity claims

Experimental causal-
ity within the model

Most fully specified experi-
mental pathway reviewed here

Closest neurodevelop-
mental proximity of the
models reviewed

Modest effect; residual confound-
ing not excluded by these designs

Fever ascertainment; anti-
pyretic confounding

Does not exclude non-in-
fluenza inflammation

Experimental stimulus and fixed ges-
tational timing limit construct validity

Not demonstrated in humans

Very small samples; fixed-
timepoint exposure

Interpretive columns represent the author’s appraisal rather than findings reported by the cited studies (see Section “Review Approach and Evidence

Appraisal’).

model, IL-6 was necessary and sufficient for the offspring be-
havioral phenotype: blockade abolished it and administration
alone reproduced it [49]. This is among the most direct dem-
onstrations that a single maternal cytokine can alter fetal neu-
rodevelopment in an experimental model. Offspring of MIA
dams displayed social, communication-related, and repetitive-
behavior phenotypes, described in the original report as mouse
analogues of the then-recognized core autism domains [72],
and acute fetal-brain transcriptional responses to MIA involve
coordinated immune and stress-response programs [73]. MIA
offspring also exhibit persistent postnatal immune dysregula-
tion, including altered regulatory T-cell populations, indicating
that the exposure produces persistent postnatal immune altera-
tions in the experimental model [74].

A key refinement came with identification of the mater-
nal IL-17A pathway. In the murine MIA model, maternal Th17
cells and IL-17A signaling to the fetal cortex were shown to be
required for both the behavioral phenotype and a focal cortical
patch dysplasia, with IL-17A blockade preventing both [18].
In mice, this pathway proved contingent on maternal commen-
sal microbiota—colonization with specific Th17-inducing gut
bacteria determined whether MIA produced offspring abnor-
malities at all [75]. The circuit-level endpoint was then local-
ized: activity in the dysplastic primary somatosensory cortex
dysgranular zone was shown to be required for the behavioral
abnormalities in the model, which were reversed by targeted
manipulation of its activity [19].

Together, these studies describe one of the most fully
specified experimental causal chains within the evidence re-
viewed here, linking maternal microbiota, maternal Th17/
IL-17A signaling, fetal cortical abnormalities, circuit-level ef-
fects, and reversible behavior in the model [18, 19, 75]. Its
principal limitation is that it has not been demonstrated in hu-
mans: the available human IL-17 data are subgroup-restricted
and inconsistent [55, 57], pooled peripheral IL-17 estimates
are non-significant and highly heterogeneous [24], and no hu-
man study has identified the corresponding cortical lesion.
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Non-human primate evidence

Non-human primate work narrows the translational gap with-
out closing it. Rhesus macaque offspring of dams exposed to
MIA displayed altered behavioral development, including ab-
normal social and repetitive behaviors [76]. Longitudinal neu-
roimaging and cognitive assessment in an independent primate
cohort demonstrated altered postnatal brain growth trajecto-
ries and cognitive changes [77], and MIA-exposed primate
offspring showed persistently altered immune responses on
stimulation into the juvenile period [78], paralleling the rodent
finding of durable immune reprogramming [74].

Among the experimental models reviewed here, non-hu-
man primate studies provide the greatest neurodevelopmental
proximity to humans, although sample sizes are necessarily
small [76-78]. In the author’s appraisal of construct valid-
ity, a further constraint is that these paradigms deliver a de-
fined immune stimulus at a fixed gestational point, which is
a controlled experimental exposure rather than a model of the
graded and heterogeneous exposures occurring in human preg-
nancy (Table 4).

Maternal Autoantibodies

A comparatively well-characterized candidate subgroup

Where MIA offers a mechanism without an identified hu-
man population, MAR-ASD offers a human population with
a defined candidate mechanism, and among the neuroimmune
subgroups reviewed here it has the most developed combina-
tion of antigen definition, phenotypic association, and animal-
model support. It nonetheless remains a candidate subgroup,
because its causal contribution to ASD in humans has not been
established.
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Table 5. Autoantibody Findings in ASD: Mechanistic Maturity

Finding

Human evidence (reference) Animal corroboration

Maturity (au-

Phenotypic anchor thor appraisal)

MAR autoantibodies to fetal
brain proteins [16, 79]

Defined antigens; re-
ported specificity; risk-
assessment estimates

Folate receptor alpha autoan-

Fetal intraventricular IgG
injection [81]; endoge-
nous-antigen model [17]

Substantial prevalence report- Not applicable (pro-

Abnormal brain
enlargement [80]

Comparatively well-
characterized candi-
date subgroup; human
causality not established

Proposed impair- Moderate; therapeu-

tibodies (FRAAs) [87, 88] ed in studied samples; assay =~ posed mechanism is ment of cerebral tically testable
characteristics described [88]  transport blockade) folate transport
Child brain-reactive an- Detected; heteroge- None None established Low

tibodies [83, 84] neous targets

Anti-neural antigen antibodies Immunoassay cross-reactivity None

with mimicry claims [85, 86]

Low—methodo-
logically fragile

None established

Interpretive columns represent the author’s appraisal rather than findings reported by the cited studies (see Section “Review Approach and Evidence

Appraisal’).

The antigenic targets are identified: maternal autoantibod-
ies reactive to a defined set of fetal brain proteins, including
lactate dehydrogenase A and B, stress-induced phosphoprotein
1, collapsin response mediator proteins, and Y-box binding
protein 1, were detected in a substantial minority of mothers
of children with ASD and were largely absent in comparison
mothers [79]. Subsequent work refined this into specific anti-
gen combinations reported to have high specificity for ASD,
supporting a risk-assessment framework [16]. The reported es-
timates describe the proportion of the studied samples carrying
these patterns and should not be read as a demonstrated causal
fraction of all ASD.

Three lines strengthen the mechanistic plausibility of this
association. Children of autoantibody-positive mothers show
abnormal brain enlargement, suggesting a neuroanatomically
distinguishable subgroup [80]. Direct injection of purified IgG
from mothers carrying these autoantibodies into the cerebral
ventricles of embryonic mice increased cortical neural precur-
sor proliferation and produced larger brains and larger cortical
neurons in adulthood, a neuroanatomical phenotype direction-
ally similar to the human observation [81]; because this design
bypasses maternal transfer and the placenta, it is distinct from
a conventional maternal passive-transfer model. An endog-
enous antigen-driven mouse model, in which dams generate
the autoantibodies themselves, produces offspring behavioral
abnormalities [17], addressing the principal objection to an-
tibody-transfer designs, namely non-physiological antibody
dose, route, and timing.

Maternal metabolic conditions have been associated with
the presence of these autoantibodies [82], suggesting a pos-
sible upstream link between maternal metabolic health and
fetal brain-reactive humoral autoimmunity that remains under-
investigated.

Autoantibodies in affected individuals: a weaker literature

The literature on autoantibodies in affected children is con-
siderably less robust. Brain-reactive antibodies have been re-

ported in plasma [83, 84], as have antibodies to neural antigens
alongside altered brain-derived neurotrophic factor [85], and
antibodies to neuron-specific antigens with proposed cross-
reactivity to dietary and microbial epitopes [86]. The last of
these illustrates a methodological limitation of this literature:
molecular mimicry inferred from immunoassay cross-reactivi-
ty is a hypothesis-generating observation rather than evidence
of pathogenicity, since pathogenicity would require demon-
stration that the antibody reaches the CNS, binds its target in
situ, and produces functional consequences. None of these
studies provides that demonstration, and the absence of im-
munoglobulin deposition in ASD brain tissue [1] remains a
substantial constraint on pathogenic interpretations.

A partial exception is folate receptor alpha autoantibodies
(FRAAS), which are proposed to interfere with folate trans-
port at the choroid plexus and are therefore mechanistically
distinct, acting at the blood—CSF interface rather than on neu-
ral tissue. These have been reported in a substantial proportion
of studied ASD samples [87], with assay development clari-
fying the distinction between blocking and binding antibod-
ies and the dietary conditions required for valid measurement
[88]. Because the proposed mechanism predicts a specific and
potentially correctable downstream deficiency, it links an au-
toantibody finding to a directly testable therapeutic hypothesis
(Section “Emerging Neuroimmune Therapeutic Strategies”™)
(Table 5).

Complement System and Synaptic Pruning

A mechanistically attractive model with directionally
inconsistent human data

The complement-microglia pruning axis is mechanistically
elegant. In the developing visual system, the classical com-
plement cascade tags synapses for elimination [52]; microglia
execute that elimination through complement receptor 3 in an
activity-dependent manner [50]; and disruption of microglial
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pruning capacity yields immature connectivity and behavio-
ral abnormalities [51]. These observations make complement-
driven over-pruning a mechanistically attractive candidate
process in ASD.

The human data do not support it in the expected direc-
tion. In postmortem middle frontal gyrus, mRNA levels of
complement components Clq, C3, and C4 were lower in ASD,
whereas C2, C5, and mannan-binding lectin serine protease 1
(MASP1) were higher, and knockdown of C3 in mouse pre-
frontal cortex produced social and repetitive-behavior abnor-
malities rather than protecting against them [89]. This does not
fit the over-pruning model as it is usually stated. A targeted
plasma proteomic study using multiple reaction monitoring
identified differential abundance of 16 of 33 complement and
coagulation proteins in children with ASD [90]; because these
measurements were made in plasma, they inform peripheral
complement and coagulation activity rather than synaptic
complement tagging in brain.

Reconciling the discrepancy

Several readings are possible and none is currently excluded.

A developmental-timing reading holds that complement
activity is transiently excessive during the prenatal or early
postnatal pruning window and subsequently downregulated,
so that adult postmortem tissue captures a compensatory rather
than a pathogenic state; this is not testable with available hu-
man material.

A directional-heterogeneity reading holds that both over- and
under-pruning occur in different individuals or regions, producing
net findings that depend on sampling, which cannot be tested with-
out subgroup-resolved data. A model-inapplicability reading holds
that the retinogeniculate pruning paradigm [52] may not transfer
straightforwardly to human association cortex.

The practical implication is that the direction of comple-
ment involvement in ASD should not be treated as established.
The directionally inconsistent human evidence [89, 90] makes
complement inhibition premature in ASD because the biologi-
cal direction requiring therapeutic correction has not been es-
tablished. The mechanistic appeal of this model currently ex-
ceeds its human evidential support.

Blood-Brain Barrier (BBB) Dysfunction

Barrier alteration is one potential route through which periph-
eral immune activity could influence the CNS, but not the only
proposed route, and peripheral immune signals may influence
the brain without gross barrier disruption [5].

The most direct evidence comes from a study examining
both barriers in the same research program [91]. In postmor-
tem frontal cortex and cerebellum from eight ASD donors,
findings for barrier-associated tight-junction components were
mixed rather than uniformly reduced: claudin-5 and claudin-12
mRNA were increased in both regions, claudin-3 and tricellu-
lin were increased in cortex, claudin-5 protein was increased,
claudin-12 protein appeared reduced in cortex, and matrix

metalloproteinase-9 (MMP-9) was higher in cortex [91]. In
duodenal biopsies, most ASD samples showed reduced bar-
rier-forming and increased pore-forming tight-junction com-
ponents, a configuration favoring greater intestinal epithelial
permeability [91]. Elevated serum zonulin has been reported
separately as a marker of intestinal permeability [92].

Four kinds of barrier evidence should be kept distinct.
BBB permeability concerns the cerebral endothelium and has
not been measured functionally in living autistic individuals
within this evidence base; the postmortem expression data
above describe molecular composition, not permeability.
Blood—CSF barrier function at the choroid plexus is relevant
chiefly to FRAAs (Section “Autoantibodies in affected indi-
viduals: a weaker literature™). Intestinal epithelial permeability
concerns the gut mucosa and is supported by biopsy expres-
sion data and serum zonulin [91, 92]. Systemic biomarkers in-
terpreted as indirect indices of barrier function are not specific
to any one barrier, and intestinal permeability findings do not
constitute evidence of BBB disruption.

Three cautions are required. First, the brain barrier find-
ings derive from a single small postmortem series, are mixed
in direction, and have not been independently replicated; given
the reproducibility problems documented elsewhere in this re-
view, that is not a minor caveat. Second, elevated serum zonu-
lin indexes intestinal rather than cerebrovascular permeabil-
ity [92]; the inference from one to the other is an assumption
rather than a measurement. Third, substantial and persistent
barrier dysfunction might be expected to increase correspond-
ence between peripheral and central immune measures, where-
as the available within-person serum—CSF comparison found
low correspondence [65]. Given the small evidence base, this
finding weakens but does not exclude the barrier hypothesis.
Barrier dysfunction restricted to a subgroup, or transient and
developmentally confined, would also remain compatible with
the available data.

Barrier alteration is therefore biologically plausible, sup-
ported at a molecular level by limited, mixed, and unreplicated
data, and functionally unquantified; in the author’s appraisal,
it is among the least well-established components of the pro-
posed causal chain connecting peripheral immunity to ASD
neurobiology.

Gut-Immune-Brain Axis

Descriptive microbiome studies and their limits

Compositional differences in the gastrointestinal microbiota of
children with ASD have been reported for over two decades,
from culture-based analyses of late-onset autism [93] through
studies relating flora and gastrointestinal status to symptom
severity [94], detection of Sutterella species in intestinal bi-
opsies [95], reduced Prevotella and other fermentative taxa
[96], altered fecal microbiota and metabolome [97], shifts in
Firmicutes/Bacteroidetes ratio with fungal overgrowth [9§],
and characterization of features in young children [99]. Mu-
cosal rather than fecal sampling has identified microbiome—
neuroimmune signatures that correlate specifically with func-
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tional abdominal pain in ASD [100], and differential immune
responses have been documented in children with ASD and
comorbid gastrointestinal symptoms [101].

Taken together, these studies repeatedly report group-level
differences in microbiota composition, although the taxa af-
fected and the direction of change vary substantially between
reports. The methods used range from culture-based approach-
es [93] through targeted PCR [95] to sequencing-based pro-
filing with differing platforms and pipelines [96-100], and
the studies differ in whether stool or mucosa was sampled, in
how gastrointestinal comorbidity was characterized, and in
the extent to which diet, medication exposure, and sibling or
household matching were addressed. In the author’s appraisal,
these differences are plausible contributors to the observed in-
consistency. The direction of causality cannot be inferred from
such designs, since altered diet and gastrointestinal physiology
could produce microbiome differences without contributing to
neurodevelopment.

The mucosal study [100] is instructive precisely because it
does not overclaim—it relates microbiome features to a specif-
ic gastrointestinal symptom rather than to autism itself, which
is the more defensible inferential structure.

Experimental evidence of pathway sufficiency in animal
models

Within the gut-immune-brain literature reviewed here, experi-
mental animal studies provide the clearest evidence of pathway
sufficiency. MIA offspring display gastrointestinal barrier de-
fects, altered microbiota, and elevated circulating 4-ethylphe-
nylsulfate (4EPS), and treatment with a commensal Bacteroides
species corrected barrier function, metabolite levels, and several
behavioral abnormalities [102]. The identity of the mediating
metabolite has since been pursued directly: 4EPS was shown
to alter brain activity and anxiety-like behavior, with effects
on oligodendrocyte maturation providing a candidate cellular
substrate [21]. Independently, a bacterial fermentation product,
propionic acid, administered intracerebroventricularly impaired
social behavior in rats [103], and murine models of ASD display
altered gut microbiota and microbial activity [104].

Complementary experimental studies demonstrated mi-
crobial manipulation in different directions. Restoration of a
depleted commensal rescued social and synaptic phenotypes
in ASD-related mouse models: maternal high-fat diet in mice
produced offspring social deficits attributable to loss of a single
commensal species, with Lactobacillus reuteri reconstitution
restoring oxytocin-dependent synaptic function in the ventral
tegmental area [105], and the same organism rescued social be-
havior across multiple genetically and environmentally distinct
models through a vagus-dependent oxytocinergic mechanism
[106]. Conversely, transfer of ASD-associated human micro-
biota into germ-free mice produced donor-dependent behavioral
and metabolic phenotypes not observed after transfer of control
microbiota, with candidate mediators identified [20].

Taken together, these experiments demonstrate that se-
lected microbial manipulations and metabolites are sufficient
to alter relevant behavioral or neurobiological outcomes in the

specific models studied. The limitation is that the germ-free
host context restricts direct extrapolation to conventionally
colonized human development: demonstrating that ASD-asso-
ciated microbiota can induce behavioral change in a gnotobi-
otic rodent [20] does not establish that microbiota composition
contributes to human ASD.

Clinical translation

Human intervention data remain limited. Open-label microbiota
transfer therapy in 18 children reported improvement in gastro-
intestinal and behavioral symptoms [107], reported to persist
at 2 years [108], and a small double-blind, placebo-controlled
study of probiotics with fructo-oligosaccharide (16 children on
active treatment and 10 on placebo, with the method of group
allocation not reported and seven of the 16 completing 108 days
of treatment) reported changes in symptoms, microbiota, and
neurotransmitter-related metabolites [109]. A systematic review
concluded that the available fecal microbiota transplantation
studies were few, small, and methodologically limited, with-
out adequately controlled designs [110]. A 2026 double-blind
randomized trial assigned 182 children with ASD to placebo
or one of two kefir-derived probiotic formulations. Although
within-group changes in adaptive functioning, autism-related
measures, inflammatory and metabolic biomarkers, and micro-
biota composition were reported, the study found no statistically
significant between-group differences in the principal clinical
outcomes [111]. It therefore does not establish clinical efficacy,
although it provides controlled safety, feasibility, biomarker, and
microbiome data that may inform larger and longer studies. Sep-
arately, the 2024 randomized, double-blind, placebo-controlled
trial of oral fecal microbiota transplantation represented a meth-
odological advance and reported between-group differences on
selected symptom measures [22]. Its sample size, follow-up
duration, endpoint structure, and susceptibility to functional
unblinding through perceptible gastrointestinal effects limit in-
terpretation, and the extent to which concurrent gastrointestinal
improvement influenced caregiver ratings cannot be determined
from the published design.

The open-label studies warrant particular caution: without
a control arm and with caregiver-reported endpoints, improve-
ment cannot be distinguished from expectancy effects or de-
velopmental change over the follow-up interval, a conclusion
also reached by the systematic review of this literature [107,
108, 110]. The reported 2-year persistence [108] is therefore
compatible with a sustained treatment effect and with devel-
opmental change, and the available design does not adjudicate
between them (Table 6).

Oxidative Stress, Redox Dysregulation, and
Neuroimmune Interactions

Convergence between brain and periphery

Peripheral and tissue-level studies provide partially conver-
gent evidence of redox dysregulation in ASD.
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Table 6. Gut—-Immune—Brain Axis: What Each Evidence Tier Can and Cannot Establish

Tier

Representative evidence (reference) Establishes

Does not establish (author appraisal)

Human descrip-
tive [93-101]

Barrier mark-
ers [91, 92]

Rodent mechanism
[21, 102-104]

Rodent reconstitu-
tion [105, 106]

Human-to-germ-
free transfer [20]

Uncontrolled human
studies [107, 108]

Controlled trials
[22, 109, 111]

Compositional and metabolomic dif-  Association

ferences; mucosal immune correlates

Mixed brain tight-junction ex- Molecular plausibility
pression; intestinal tight-junction

changes; elevated zonulin

Metabolite-driven behavioral Sufficiency of spe-

and oligodendroglial effects cific metabolites

Single-species rescue via va-
gal-oxytocin pathway

A manipulable
pathway in the ex-
perimental models

Donor-dependent behavioral
and metabolic phenotypes

Donor-dependent
phenotypes in
germ-free mice

Association within an
uncontrolled design

Symptom improvement reported

Controlled estimates
of intervention effects

Oral FMT RCT [22]; small
double-blind, placebo-controlled

Causal direction; diet and medication confounding

Functional BBB permeability; intesti-
nal markers do not index the BBB

Human relevance of concentrations achieved

Applicability to idiopathic human ASD

That it operates in human development

Effect distinguishable from expec-
tancy or developmental change

Consistent clinical benefit or microbiome mediation;
the FMT trial is limited by sample size and possible

probiotic—prebiotic study [109];
kefir-derived probiotic RCT [111]

Evidence base judged
small and low quality

Systematic
review [110]

Basis for cur-
rent caution

functional unblinding [22], and the probiotic RCT
showed no between-group clinical effect [111]

Nothing further; no pooled effect estimate

Interpretive columns represent the author’s appraisal rather than findings reported by the cited studies (see Section “Review Approach and Evidence

Appraisal’).

In ASD cerebellar tissue, evidence of oxidative damage
and inflammation was found in association with a low glu-
tathione redox status, directly coupling redox imbalance to
the inflammatory signature described in Section ‘“Microglia
and Astrocytes” [112]. Peripherally, meta-analysis of oxida-
tive stress biomarkers demonstrated consistent abnormalities
[113], and a substantially larger meta-analysis encompassing
87 studies and over 9,000 participants confirmed reduced anti-
oxidant capacity—notably glutathione—alongside markers of
increased oxidative damage [114]. These meta-analyses pro-
vide a comparatively extensive pooled evidence base for pe-
ripheral redox abnormalities [113, 114], although direct com-
parison with the cytokine literature is limited by differences
in outcomes measured, assay methods, study populations, and
heterogeneity.

Redox and immune abnormalities also co-occur within the
same studies rather than being reported in parallel literatures:
oxidative damage and low glutathione redox status were found
alongside inflammatory markers in ASD cerebellum [112],
NF-kB upregulation has been demonstrated in ASD glia [43],
and plasma peroxiredoxin alterations have been reported to-
gether with inflammatory cytokine changes [60]. Mitochon-
drial dysfunction is frequently proposed as a related process,
but the evidence base assessed here addresses mitochondrial
biology only by inference from redox markers and contains no
direct measurements of respiratory chain function, mitochon-
drial DNA, adenosine triphosphate production or lactate, and
pyruvate metabolism. For that reason, this section is framed
around oxidative stress and redox dysregulation rather than

mitochondrial biology, and no conclusions about bioenergetic
function are drawn.

In vivo measurement of brain glutathione

Magnetic resonance spectroscopy permits in vivo measure-
ment of regional brain glutathione. In adults with ASD, no sig-
nificant group differences were identified in the cortical and
subcortical regions examined [115]. This finding does not di-
rectly test peripheral—central correspondence, because paired
peripheral and brain measurements were not evaluated, but it
does show that the peripheral redox abnormalities reported at
group level [113, 114] are not automatically reproduced by in
vivo measurement of brain glutathione.

Generalizability is limited: the cohort comprised adults,
whereas redox abnormalities may be developmentally restricted,
and the regions sampled may not correspond to those in which
tissue-level abnormalities have been reported [112]. The finding
indicates that peripheral redox measures should not be assumed
to index brain redox status without direct paired measurement, a
design absent from the evidence reviewed here.

Direct in vivo evidence in this field is sparse and modality-
specific: a small and directionally heterogeneous set of PET
studies has assessed TSPO binding [45-48], whereas one
spectroscopy study assessed glutathione [115]. Their findings
cannot be treated as replications or contradictions of one an-
other, since the two modalities interrogate different biological
processes. What they share is that all were conducted in adults.
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Antioxidant intervention as a mechanistic probe

Antioxidant trials are informative beyond their clinical results
because they function as tests of the redox hypothesis. A ran-
domized controlled pilot of oral N-acetylcysteine reported im-
provement in irritability [116], and a subsequent meta-analysis
of randomized trials reported significant pooled improvements
over 8—12 weeks in Aberrant Behavior Checklist total, hyper-
activity, and irritability scores and in social awareness, without
effects on repetitive behavior [117]. Each pooled estimate rest-
ed on two to four small, short trials, and the authors considered
further evidence necessary before a general recommendation
[117]. Sulforaphane, investigated partly on the basis of its pro-
posed effects on nuclear factor erythroid 2-related factor 2-de-
pendent antioxidant pathways [118, 119], produced improve-
ment in behavioral measures in a randomized trial, with return
toward baseline after discontinuation [118]; a further rand-
omized placebo-controlled trial reported benefit for irritability
when given as an adjunct [119]. None of these trials measured
engagement of the proposed redox pathway in participants.

The return toward baseline after withdrawal reported in
the sulforaphane trial is compatible with a treatment-related ef-
fect [118], but the study was small, involved a restricted demo-
graphic, and did not measure central target engagement. In the
absence of demonstrated engagement of the proposed pathway
in brain, a clinical effect could not confidently be attributed to
central redox modulation.

Immune Genetics and Transcriptomic Evidence

Transcriptomic studies provide an important source of conver-
gent evidence for immune-related alterations in ASD cortex,
while also raising the possibility that these alterations are sec-
ondary to a primary neurodevelopmental process.

The foundational observation is architectural: ASD cor-
tex shows attenuation of normal frontal-temporal transcrip-
tional differentiation, with a downregulated neuronal-synaptic
module and an upregulated immune-glial module [15]. In that
analysis, the upregulated immune module was not enriched for
genetic association signal whereas the downregulated neuronal
module was, which is compatible with the immune signature
being a response to, rather than a driver of, the primary neu-
rodevelopmental process, although a single enrichment analy-
sis cannot establish this [15]. Expanded analyses incorporating
splicing and long non-coding RNA regulation reproduced this
architecture [13], as did work emphasizing dysregulated in-
nate immune genes alongside suppressed activity-dependent
neuronal transcription [14]. Sex-stratified analysis found that
upregulated glial and immune modules overlap with male-bi-
ased expression programs [33], aligning with the observation
that maternal immune conditions associate preferentially with
male offspring [32].

Single-cell and single-nucleus genomics has resolved
these bulk signatures into cell-type-specific programs, support-
ing localization of glial immune and neuronal transcriptional
signatures to distinct cellular populations [12]. This reframes
the older postmortem discrepancies (Section “Discordant find-

ings and their possible sources”): studies measuring different
markers in different regions were sampling different cellular
compartments of a heterogeneous process.

The immunogenetic literature has not kept pace. HLA
class I associations [34] and HLA-G allelic differences [35]
are suggestive; rare variants in immune mediator genes have
been proposed as risk factors [36]; and HLA imputation has
indicated possible interaction between gut inflammatory pro-
cesses and ASD liability [37]. None of these findings has been
extensively independently replicated within the evidence re-
viewed here, and the sample sizes involved are small.

The transcriptomic immune signal is therefore compara-
tively robust whereas the immunogenetic signal is weak.
These observations are compatible with, but do not establish, a
predominantly downstream or modifying role for immune ac-
tivation, while a primary genetically driven immune contribu-
tion may be restricted to a subset of individuals. An alternative
that cannot be excluded is that immune genetic effects operate
through the maternal rather than the offspring genome and are
therefore undetectable in standard case—control designs; this is
testable through maternal genotype studies, which the present
evidence base does not contain.

Blood and CSF Biomarkers

The state of the field

Biomarker development in ASD neuroimmunology has pro-
duced numerous candidate markers, none of which, among the
evidence reviewed here, has undergone sufficient independent
validation for routine clinical use [23-25, 63, 64].

Biomarker categories are used here as defined in the FDA—
NIH Biomarkers, EndpointS, and other Tools (BEST) resource
[120]. A diagnostic biomarker detects or confirms the presence
of a condition or identifies individuals with a subtype of it; a
prognostic biomarker identifies the likelihood of a future clini-
cal event or outcome independent of treatment; a predictive
biomarker identifies individuals who are more likely than sim-
ilar individuals without the marker to experience a favorable
or unfavorable effect from a specific intervention or exposure;
and a pharmacodynamic/response biomarker shows that a bio-
logical response has occurred after an intervention. Correlation
with ASD status or severity does not make a marker predictive,
and none of the candidates reviewed here has been validated in
any of these roles for clinical use.

Circulating cytokines have been the dominant candidate
class. As detailed in Section “Cytokine and Chemokine Dys-
regulation”, pooled group differences are small to moderate,
heterogeneous, and partly dependent on study quality [23-25],
cases and controls overlap substantially, and within-group as-
sociations with autism traits are inconsistent [24]. In a recent
cohort, the highest area under the curve for any single cytokine
was 0.743 and no marker correlated with symptom severity
[62], and network meta-analytic differences between ASD and
ADHD [26] support group-level differentiation without estab-
lishing individual-level discrimination, external validation, or
peripheral—central correspondence. On current evidence, cir-
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culating cytokines are not diagnostic biomarkers for ASD; any
value is more likely to lie in stratification, which itself requires
prospective validation.

CSF immune markers are biologically closer to the brain
but are not yet usable as biomarkers: available studies are
small, directionally inconsistent, and rarely include matched
controls, and within autistic children serum and CSF profiles
corresponded poorly [1, 65-67].

Two candidates depart from this pattern by being anchored
to a mechanism rather than a group difference. Maternal au-
toantibody patterns have shown high reported specificity in
case—control samples and are associated with a neuroanatomi-
cal phenotype [16, 79, 80]; they are best regarded as candi-
date risk or subtype markers requiring prospective validation.
FRAAs are linked to a proposed transport mechanism and a
biologically specified downstream consequence [87, 88], and
their association with response to folinic acid (Section “Mech-
anism-matched interventions™) is a candidate predictive bio-
marker hypothesis that has not been tested with prospective
biomarker-stratified randomization. Both differ from broad
cytokine panels in being linked to specific proposed mecha-
nisms and subgroup hypotheses rather than to disorder-level
detection.

Additional candidates with partial support include periph-
eral redox markers, which are among the more consistently
reported pooled peripheral findings reviewed here [113, 114],
although no paired peripheral-central validation study was
identified and one separate brain-spectroscopy study found no
group difference in regional glutathione [115]; plasma perox-
iredoxins with accompanying cytokine alterations [60]; serum
zonulin as an intestinal permeability proxy [92]; myeloid den-
dritic cell frequency, which was increased in ASD and cor-
related with amygdala volume and repetitive behavior in one
cohort [59]; and stimulation-derived immune endophenotypes,
which stratify rather than diagnose [39].

What would constitute progress

A recurrent design choice is the search for a single analyte sep-
arating ASD from non-ASD. Given the etiological heterogene-
ity of the diagnosis, this is poorly matched to the biology: by
analogy, it resembles searching for a single marker identifying
dementia, a term denoting a syndrome encompassing several
distinct pathologies.

Progress will require biomarkers defined by mechanism
and validated against a central or structural anchor (Table 7).

Emerging Neuroimmune Therapeutic Strategies

No broad neuroimmune or anti-inflammatory therapy is cur-
rently established for the core features of ASD. Individual in-
terventions have preliminary evidence or a subgroup-specific
rationale, and they are appraised below according to the signal
of benefit, trial design, sample size, replication, endpoints, evi-
dence of target engagement, participant selection, and clinical
readiness.

Broad anti-inflammatory approaches

Most of the broad anti-inflammatory and immunomodulato-
ry studies reviewed in this subsection share four design fea-
tures: small samples, short duration, adjunctive administration
alongside antipsychotics, and behavioral rather than mecha-
nistic endpoints [116, 117, 121-125]. These features reduce
precision and, more importantly, make it difficult to determine
whether any observed benefit reflects modulation of the hy-
pothesized neuroimmune process.

Celecoxib added to risperidone improved irritability, leth-
argy, and stereotypic behavior in a randomized, double-blind,
placebo-controlled trial [121], and pentoxifylline as an ad-
junct produced improvement across several aberrant behavior
subscales [122]. Both were conducted in a single center with
overlapping methodology, both used caregiver-rated primary
outcomes, and both were adjunctive—a design in which the
intervention may plausibly act by potentiating risperidone or
attenuating its adverse effects rather than by anti-inflammatory
action. Prednisolone as an adjunct in regressive-type ASD sim-
ilarly produced behavioral improvement [124], and although
the regressive phenotype is the most plausible candidate for an
inflammatory mechanism, the trial provides no immunological
confirmation that such a mechanism was engaged.

A negative trial in this group is informative. An open-label
pilot of minocycline, selected for its inhibitory effect on micro-
glia, produced no clinical improvement in children with autism
and regressive features, despite measurable changes in CSF
and serum markers [123]. The dissociation is best described as
biomarker change without detectable clinical improvement; the
study did not measure microglial inhibition in brain and there-
fore does not establish central target engagement. Several inter-
pretations remain open: that microglial alteration in established
ASD reflects a residual rather than an active process, that the in-
tervention was administered outside any relevant developmental
window, or that the target is not clinically relevant at this stage.
The study does not provide evidence supporting the clinical ef-
ficacy of minocycline, or of non-specific microglial inhibition,
in established ASD; its small uncontrolled design does not, how-
ever, definitively resolve the therapeutic relevance of the target.

Immunoglobulin therapy

Intravenous immunoglobulin has been examined on the ration-
ale that ASD involves humoral immune abnormality. An open-
label pilot reported improvement on autism symptom meas-
ures and markers of neuroinflammation [125]. A systematic
review and meta-analysis reported possible subsets with low
total IgG and elevated IgG4, with substantial between-study
variability, and described IVIG as promising; however, of 27
treatment publications only four were prospective controlled
studies, one of them double-blind and placebo-controlled, and
the pooled treatment estimates derived from two retrospective
studies including 46 participants [126].

On the strength of that evidence base [125, 126], the cur-
rent data are insufficient to support the use of immunoglobulin
therapy in ASD outside established immunological indications
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Table 7. Biomarker Candidates: Current Standing

Candidate

Compartment

Consistency (author appraisal)

CNS anchor

Standing (author appraisal)

MAR autoantibody
panel [16, 79]

Maternal serum

High specificity reported [16]

Folate receptor Serum Substantial prevalence reported
o autoantibodies in studied samples [87, 128]
(FRAAs) [87, 88]

Redox markers Blood Among the more consist-
(GSH, damage ently reported pooled periph-
markers) [113, 114] eral findings reviewed here
Pro-inflammatory ~ Plasma/serum Small-moderate pooled differ-
cytokine panels ences; quality-sensitive [24]
[23, 26, 38]

TGF-B1 [23, 25] Plasma | in early pooling [23] only
Immune endo- Stimulated PBMC  Subgroup clustering re-
phenotypes [39] ported in one study [39]
Myeloid den- Blood Single cohort

dritic cells [59]

Serum zonulin [92] Serum Single cohort

CSF immune me- CSF Directionally inconsistent;

diators [1, 65-67]

few controlled studies [66]

Brain enlargement [80];
animal model [17, 81]

Proposed interference

with choroid plexus

folate transport [87, 88]

Tissue-level find-
ings [112]

Low serum—CSF
correspondence
within ASD [65]

Opposite direction re-
ported in brain tissue [1]

None

Amygdala vol-
ume correlation

Intestinal, not cer-
ebrovascular

Direct

Candidate risk or subtype marker;
prospective validation required

Candidate predictive marker for
folinic acid response; not pro-
spectively validated [127, 128]

No paired peripheral—central valida-
tion; one brain-spectroscopy study
found no group difference [115]

Not diagnostic; stratifica-
tion role unvalidated

Not reproduced in later
pooling [24, 25]

Potential stratification ap-
proach; not diagnostic

Hypothesis-generating

Limited; indirect proxy

Not a validated marker; controlled
paired serum—CSF data needed

Interpretive columns represent the author’s appraisal rather than findings reported by the cited studies (see Section “Review Approach and Evidence

Appraisal’).

or clinical trials, particularly given the resource requirements
of repeated administration. The mechanistic rationale is fur-
ther weakened by the absence of immunoglobulin deposition
in ASD brain tissue [1].

Mechanism-matched interventions

Prospectively biomarker-enriched or biomarker-stratified tri-
als provide the most direct means of testing a stratified thera-
peutic model.

Folinic acid improved verbal communication in children
with ASD and language impairment in a randomized, double-
blind, placebo-controlled trial, and a biomarker-associated
analysis reported a larger response among FRAA-positive par-
ticipants [127]. Systematic review and meta-analysis supports
continued investigation of this pathway [128]. However, partici-
pants were not prospectively randomized according to FRAA
status; the finding therefore represents preliminary biomarker-
associated treatment evidence rather than validation of a predic-
tive biomarker. Independent, adequately powered multicenter
trials with prespecified biomarker stratification are required.

Antioxidant interventions occupy an intermediate position:
N-acetylcysteine has small randomized trials with significant
pooled improvements in irritability, hyperactivity, and social
awareness [116, 117], and sulforaphane has randomized evi-
dence of benefit with a withdrawal effect [118, 119], but neither
has demonstrated engagement of the proposed redox pathway
in brain. Microbiota-directed therapies have advanced to ran-

226

domized controlled testing, with selected between-group dif-
ferences reported in the fecal microbiota transplantation trial
[22] but no significant between-group clinical differences in the
kefir-derived probiotic trial [111], following earlier uncontrolled
reports [107, 108] that were judged insufficient in a subsequent
systematic review [110] and a small double-blind, placebo-con-
trolled study with substantial attrition [109] (Table 8).

Across these interventions the pattern is consistent. Sig-
nals of benefit come mainly from small, single-center, or ad-
junctive trials with caregiver-rated behavioral endpoints; in-
dependent replication is uncommon; target engagement has
rarely been measured; and participants have generally not been
selected for the biological process the intervention is intended
to correct. Biomarker-associated findings, such as the larger
folinic acid response among FRA A-positive participants [127],
are hypotheses for prospective testing rather than evidence of
an established biomarker-guided therapy. No intervention re-
viewed here is ready for routine clinical use as a neuroimmune
treatment for the core features of ASD.

Precision Neurology and Future Directions
From disorder-level to mechanism-level analysis

A recurring feature of the studies reviewed here is analysis at the
level of the diagnosis rather than the mechanism: cytokine stud-
ies average across children with and without immune involve-

Articles © The authors | Journal compilation © | Neurol Res and Elmer Press Inc™ | = https:/jnr.elmerpub.com



Shateri

J Neurol Res. 2026;16(4):210-237

Table 8. Immunomodulatory and Mechanism-Directed Interventions in ASD

Intervention Design Outcome (reference) Mechanistic confirmation Author appraisal
Celecoxib RCT, adjunctive, Improved irritability, leth- Not assessed Adjunctive design; effect
adjunct [121] single center argy, stereotypy cannot be attributed to
anti-inflammatory action
Pentoxifylline RCT, adjunctive Improvement across ABC subscales Not assessed Same limitation; over-
adjunct [122] lapping methodology
Prednisolone RCT, adjunctive Behavioral improvement Not assessed Candidate subgroup;

adjunct, regres-
sive ASD [124]
Minocy-

cline [123]

IVIG [125, 126]

N-acetylcysteine
[116, 117]

Sulforaphane
[118,119]

Folinic acid,
FRAA-associ-
ated [127, 128]

Microbiota-
directed
interventions
[22, 107-111]

Open-label pilot

Open-label pilot;
systematic review
and meta-analysis

RCTs; meta-analysis

Two RCTs

RCT with bio-
marker-associated
analysis (not strati-
fied randomization)

Open-label; double-
blind placebo-
controlled; RCTs

No clinical improvement

Improvement reported; few
controlled studies [126]

Pooled improvement in irritability,

Peripheral and CSF biomarker
changes only; central target
engagement not measured

Not assessed

Not assessed

hyperactivity, and social awareness
(2—4 small trials per outcome) [117]

Improvement; rever-
sal on withdrawal

Improved verbal communica-

tion; larger response reported in

FRAA-positive participants

Improvement in uncontrolled
studies; selected differences
in one FMT RCT [22]; none
in one probiotic RCT [111]

Proposed Nrf2-related

mechanism; target engage-

ment not measured

Transport mechanism
not directly measured

Not assessed

mechanism not confirmed

Biomarker change
without detectable clini-
cal improvement

Not established outside
immunological indica-
tions or clinical trials

Short, small trials; larger
replication needed

Positive trials; engage-
ment unmeasured;
replication needed
Preliminary; prospec-
tive biomarker-strat-
ified trial needed

Mixed controlled re-
sults; microbiome me-
diation not shown

Interpretive columns represent the author’s appraisal rather than findings reported by the cited studies (see Section “Review Approach and Evidence

Appraisal”).

ment [23, 25], trials enroll unselected participants [116, 117,
121, 122], and postmortem cohorts are heterogeneous [1, 2, 4].
Where a mechanism or subgroup was defined in advance, find-
ings have been more internally coherent [16, 17, 39, 79-81, 87,
88, 127, 128], although most such findings come from a small
number of research groups and await independent replication.

Evidence of heterogeneity versus replicated subgroups

Evidence that ASD is biologically heterogeneous with respect
to immune measures is not the same as evidence that specific
neuroimmune subgroups exist. Heterogeneity is shown by
wide between-study and between-individual variation in pe-
ripheral, CSF, tissue, and imaging measures [4, 24, 39, 66].
A biologically defined subgroup would additionally require a
prespecified, measurable marker that identifies the same indi-
viduals across independent cohorts, an association with a clini-
cal or neurobiological phenotype, and preferably mechanistic
support and a differential response to a matched intervention.
Table 9 compares candidate subgroups against these criteria;
none currently meets all of them.

On this basis, MAR-ASD is the comparatively best-charac-
terized candidate subgroup, combining defined antigens, case—
control specificity data, a neuroanatomical association and two
kinds of animal model [16, 17, 79-81], although its estimates
derive largely from a single research program and its causal role
in humans is not established. FRAA positivity has a replicated
association, a proposed mechanism, and a treatment-response
signal, but assay dependence and the absence of prospectively
stratified trials leave its biological definition incomplete [87,
88, 127, 128]. Immune endophenotypes defined by stimulated
cytokine responses [39], children with regression and elevated
plasma cytokines [38, 123, 124], and children with gastrointes-
tinal symptoms and mucosal immune signatures [100, 101] are
partially supported stratifications. Subgroups defined by mater-
nal infection or fever, by the maternal IL-17A axis, by comple-
ment or by TSPO signal remain mechanistic hypotheses or ex-
ploratory findings in humans [18, 46, 48, 68—70, 89].

An integrated, evidence-graded mechanistic model

Figure 1 integrates the domains reviewed here into a single
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Table 9. Candidate Neuroimmune Subgroups in ASD: Demonstrated Versus Hypothesized

Candidate subgroup Human evidence s q Phenotypc.s and Current status (au-
or mechanism i T Mechanistic evidence Biomarker therapeutic e )
relevance
Maternal autoanti- Defined antigen patterns ~ Fetal intraventricular ~ Maternal se- Brain enlargement ~ Comparatively well-
body-related ASD in mothers; high case— IgG and endogenous-  rum antigen  in a subgroup [80]; characterized candidate;
control specificity; data ~ antigen mouse panel [16] no targeted therapy independent replica-
largely from one research models [17, 81] tion and human causal
program [16, 79, 82] evidence lacking
FRAA-positive Reported in a substantial ~ Proposed blockade Serum Larger folinic Replicated association,
proportion of studied of choroid plexus blocking/ acid response in incomplete biological
samples; assay-de- folate transport; not binding biomarker-associ-  definition; predictive value
pendent [87, 88, 128] directly measured [87] FRAAs [88] ated analysis [127] untested prospectively
Stimulation- Cytokine-response clus-  Not established Stimu- Behavioral corre-  Exploratory; re-
defined immune ters in one cohort [39] lated PBMC lates reported in the quires replication
endophenotypes cytokine same cohort [39];
profile no therapy tested
Regression with Plasma cytokines Not established Plasma Prednisolone Partially supported
elevated cytokines associated with re- cytokines adjunct improved stratification; mecha-
gression [38, 54] behavior [124]; mi- nism unconfirmed
nocycline showed
no benefit [123]
Gastrointestinal Mucosal and peripheral ~ Barrier and micro- Mucosal Symptom-spe- Partially supported; ASD-
symptoms with immune differences in biota mechanisms in  profiles; cific associations specific definition lacking
mucosal immune ASD with gastrointesti-  animal models [102] serum [100]; microbiota

signatures nal symptoms [100, 101] zonulin [92] trials not strati-
fied [22, 111]

Maternal infection Modest, non-specific Rodent and pri- Exposure Not established Mechanistically plau-

or fever exposure registry and cohort mate MIA models history; no sible; not a definable
associations [68—70] [49, 76-78] validated subgroup in humans

biomarker

Maternal IL-17A axis Not demonstrated; hu- Defined murine None None Hypothesis derived
man IL-17 data incon- pathway [18, 19, 75]  validated from animal models
sistent [24, 55, 57]

Complement-related ~ Mixed brain mRNA Developmental prun-  None Direction of any Exploratory; direc-

synaptic alteration and plasma protein ing biology [50-52] effect unknown tion unresolved
findings [89, 90]

Altered TSPO signal ~ Small, direction- Signal not cell- TSPO-PET  Possible sex dif- Insufficiently validated

ally heterogeneous
PET studies [45—48]

type specific

ference [46, 48]

Status categories represent the author’s appraisal (Section “Review Approach and Evidence Appraisal’), ordered from comparatively well char-
acterized to hypothesized. No candidate meets all criteria for an independently replicated, biologically defined subgroup. FRAA: folate receptor
alpha autoantibody; IgG: immunoglobulin G; PBMC: peripheral blood mononuclear cell; PET: positron emission tomography; TSPO: translocator
protein.

schematic. It is organized from maternal, environmental, and
host factors, through immune perturbations and neuroimmune
processes, to neurodevelopmental and circuit effects and clini-
cal phenotypes, and it grades each link by the strength of sup-
porting evidence. The schematic does not depict a single caus-
al pathway. It shows several partially overlapping candidate
pathways, most of which are supported in animal models or by
human associations rather than by human causal evidence, and
it assumes that different pathways, or none, may be operative
in different individuals.

Research priorities

Priority I—Adequately powered, developmentally timed in
Vivo neuroimmune imaging

The direct evidence in living brain consists of a few small
adult TSPO-PET studies with discordant results [45—48].
Studies in children and adolescents are required, with harmo-
nized radioligands and quantification, TSPO genotype strati-
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Candidate pathways are partially overlapping, not a single causal sequence; different pathways, or none, may operate in
different individuals.

Figure 1. Integrated, evidence-graded model of candidate neuroimmune pathways in autism spectrum disorder (ASD). The sche-
matic summarizes the review from upstream maternal, environmental and host factors (top tier), through immune perturbations,
neuroimmune and central nervous system (CNS) processes, and neurodevelopmental and circuit effects, to behavioral and clinical
phenotypes (bottom tier). Arrow style indicates the strength of support for each link in the author’s appraisal (Section “Review Ap-
proach and Evidence Appraisal’): solid arrows, comparatively stronger support combining human data with convergent mechanistic
evidence; dashed arrows, moderate or indirect support, such as a human association without an established mechanism or a
mechanism demonstrated only in animal models; dotted arrows, preliminary or hypothesized links. Links are drawn as parallel, par-
tially overlapping candidate pathways rather than a single causal sequence; any pathway may operate in some individuals and not
in others, and none has been shown to be necessary or sufficient for ASD in humans. A note beneath the arrow key restates that the
pathways are partially overlapping candidates. The figure contains no patient data and is drawn with editable Word shapes. 4EPS:
4-ethylphenylsulfate; BBB: blood—brain barrier; CSF: cerebrospinal fluid; FRAA: folate receptor alpha autoantibody; IL: interleukin;
MAR: maternal autoantibody-related; MIA: maternal immune activation; Th17: T helper 17 cell; TSPO: translocator protein.

Articles © The authors | Journal compilation © | Neurol Res and Elmer Press Inc™ | = https:/jnr.elmerpub.com

229



Neuroimmune Mechanisms in Autism

J Neurol Res. 2026;16(4):210-237

fication, sex-balanced samples, concurrent peripheral and,
where ethically possible, CSF sampling, and prespecified
regional hypotheses derived from the postmortem literature
[1-3, 41, 42]. Until such studies exist, in vivo central neu-
roinflammation in ASD should be described as plausible but
inadequately demonstrated.

Priority 2—State-resolved and spatially resolved glial pheno-
ping

Binary activation models should give way to approaches de-
fining microglial states by developmental period and brain
region, examining immunometabolic and synapse-related
programs, and integrating these with astrocytic and neuronal
states [10, 11]. Immunometabolism remains an emerging do-
main rather than an established ASD mechanism, since this
evidence base contains no ASD-specific primary data on mi-
croglial metabolism.

Priority 3—Developmental timing

The mechanistic evidence concerns prenatal and early postna-
tal biology [18, 19, 49, 81], whereas most human measurement
occurs years later. Prospective cohorts sampling maternal and
neonatal immune status with longitudinal neurodevelopmental
and imaging follow-up are required.

Priority 4—Resolve the direction of complement involve-
ment

The over-pruning model is not consistent with the human find-
ing of reduced C3 and its behavioral consequences in rodents
[89], nor with the mixed proteomic findings [90]. Establish-
ing the direction of complement involvement in ASD is a pre-
requisite for evaluating any complement-directed therapeutic
hypothesis.

Priority 5—Human corroboration of the IL-174 pathway

The murine pathway is mechanistically well specified [18, 19,
75], whereas the human data are subgroup-restricted and in-
consistent [24, 55, 57]. Maternal IL-17A measurement in pro-
spective pregnancy cohorts with offspring outcome ascertain-
ment would provide a direct test.

Priority 6—Compartment-bridging biomarker studies

Paired serum—CSF studies with appropriate comparison groups
are needed to determine whether the low within-person corre-
spondence reported in the existing longitudinal study [65] is re-
producible, and whether any CSF immune profile distinguishes
autistic from non-autistic individuals [66]. Paired peripheral-
redox and brain-spectroscopy designs are also required, since

no study in this evidence base measured both compartments in
the same participants [113—115].

Priority 7—Maternal genetics

If immune contributions act through the maternal genome,
standard offspring case—control designs would not detect
them. Maternal immunogenetic studies would test this directly
and would contextualize the familial autoimmunity literature
[27-31].

Priority 8—Trial redesign

Future immunomodulatory trials should be monotherapeutic
rather than adjunctive, biomarker-stratified at entry, powered
for subgroup effects, and endpointed on prespecified target-
engagement and pharmacodynamic measures as well as be-
havioral measures [123, 127] (Table 10).

Current Limitations

Several limitations apply to the evidence base and to this re-
view.

Evidence base

The postmortem cohorts reviewed here are small, predomi-
nantly male, and composed largely of adolescents and adults,
and cannot address the prenatal and early postnatal window
implicated by the mechanistic literature [1-4, 41, 42]. In vivo
TSPO-PET studies are few, small, and confined to adults [45—
48]. Peripheral immune studies vary in assay platform, stimu-
lation protocol, comparison-group matching, and clinical char-
acterization to a degree that complicates pooling, and about
one-third of studies in the largest cytokine meta-analysis were
rated at high risk of bias [23-25, 63, 64]. CSF studies, although
more numerous than often assumed, are small, heterogeneous
in analytes and comparison groups, and rarely paired with pe-
ripheral sampling [1, 65-67]. Animal models have inherent
construct validity limits, and the MIA paradigms reviewed
here deliver defined experimental stimuli at fixed gestational
timepoints rather than reproducing human exposure patterns
[49, 72, 76—78]. Many of the broad anti-inflammatory and im-
munomodulatory trials are small, brief, frequently adjunctive,
and dependent on caregiver-rated outcomes [116, 121-125].
Publication bias cannot be excluded and was not formally as-
sessed here.

Structural adaptation of this review

For the reasons given in Section “Consistently reported find-
ings”, no standalone neuroimaging section is included, and
Section “Oxidative Stress, Redox Dysregulation, and Neuro-
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Table 10. Major Neuroimmune Hypotheses and Evidence Domains in ASD: Current Appraisal and Testability

Mechanism

Strongest support (reference)

Principal gap or discord-
ant finding (reference)

Current status (au-
thor appraisal)

Altered microglial
and astroglial states

MIA via IL-6
and IL-17A

Maternal brain-reac-
tive autoantibodies

Complement-medi-
ated over-pruning

Barrier dysfunction

Microbiota-
immune-brain
signaling

Oxidative stress and
redox dysregulation

Immune-genetic
liability

Postmortem [1-3, 41, 42]; bulk and
single-cell transcriptomic [12—15]

Rodent pathway sufficiency [18,

19, 49, 75]; primate [76—78]

Antigen definition [79]; reported

specificity [16]; animal models
[17, 81]; brain enlargement [80]

Developmental biology [50-52]

Mixed brain tight-junction and MMP-9
findings [91]; intestinal markers [91, 92]

Metabolite mechanisms [21, 102, 103];
reconstitution [105, 106]; transfer [20];
controlled clinical trials [22, 111]

Tissue [112]; large meta-analyses

[113, 114]; NF-kB findings [43]

HLA and rare variant signals [34-37]

Region-dependent marker find-

ings [4]; directionally heteroge-

neous TSPO-PET [45-48]

Pathway not demonstrated in humans; mod-
est epidemiological associations [68—71]

Applies to a subgroup; hu-
man causality not established

Reduced C3 with adverse behav-
ioral effect in rodents [89]; mixed
proteomic findings [90]

Unreplicated; no functional BBB measure-
ment; low serum—CSF correspondence [65]

Human descriptive studies not de-
signed to exclude dietary and medi-
cation confounding [93—100]

No group difference in in vivo glutathione
[115]; no paired peripheral-central
design; no direct bioenergetic data

Immune modules not geneti-
cally enriched [15]

Consistently reported
at tissue level; in vivo
status unresolved

Experimentally well speci-
fied; limited human anchoring

Comparatively well-charac-
terized candidate subgroup

Direction unresolved on the
evidence reviewed here

Among the least well-
established compo-
nents reviewed here

Experimentally supported;
controlled clinical findings
remain mixed and preliminary

Among the more consistent
peripheral findings reviewed
here; central status unclear

Possible modifying role

Interpretive columns represent the author’s appraisal rather than findings reported by the cited studies (Section “Review Approach and Evidence

Appraisal’).

immune Interactions” is framed around oxidative stress and re-
dox dysregulation rather than mitochondrial dysfunction, since
no direct bioenergetic data are available here.

Review methodology

This was a critical narrative review rather than a systematic re-
view. Database searches with documented search strings were
used to identify relevant evidence (Section “Review Approach
and Evidence Appraisal”), but contemporaneous record counts
were not retained, no PRISMA-based study-selection process,
formal risk-of-bias instrument, or quantitative synthesis was
applied, and study selection by a single author may have in-
troduced selection bias. The review does not claim exhaustive
coverage, and the selection and weighting of evidence reflect
the author’s structured critical appraisal.

Conclusion

Neuroimmune abnormalities are relevant to ASD research: al-
tered glial states and immune-related molecular pathways have
been reported repeatedly, particularly in postmortem and tran-
scriptomic studies. However, the evidence does not support
these abnormalities as being universal across the diagnosis or
as primary causal mechanisms in most affected individuals,

and it shows substantial biological heterogeneity.

Four principal conclusions emerge. First, the strength of
evidence differs markedly across mechanistic domains: tissue-
level glial findings are comparatively consistent, whereas in
vivo TSPO-PET findings are few and directionally heteroge-
neous, and pooled peripheral cytokine differences are mod-
est, heterogeneous, and sensitive to study quality. Second, pe-
ripheral immune measures cannot be assumed to reflect CNS
neuroinflammation, and CSF evidence, although broader than
often recognized, does not yet establish a reproducible central
immune signature. Third, causal pathways, including the ma-
ternal IL-17A axis, have been demonstrated in animal models
but await human validation, and human studies mainly estab-
lish associations. Fourth, mechanistically coherent candidate
subgroups exist but vary considerably in evidentiary maturity;
maternal autoantibody-related ASD is the comparatively best
characterized, and none has yet been independently replicated
as a biologically defined subgroup.

Progress has been constrained by reliance on peripheral
immune markers as proxies for CNS biology and by treating
autism spectrum disorder as a biologically homogeneous con-
dition despite considerable mechanistic diversity. Neuroim-
mune abnormalities are more plausibly interpreted as possible
modifiers or amplifiers of neurodevelopmental processes in
some individuals than as a singular initiating mechanism for
autism spectrum disorder.

No broad anti-inflammatory or neuroimmune therapy is
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currently established for the core features of ASD, and treat-
ment of unselected autistic populations on neuroimmune
grounds is not supported by current evidence. Future research
should emphasize biologically informed stratification, central or
mechanism-proximal measurement, longitudinal developmental
designs, independent replication, and mechanism-matched trials
with prespecified target-engagement biomarkers.

Overall, the available evidence supports a precision-med-
icine framework in which neuroimmune mechanisms are in-
vestigated as potential contributors within biologically defined
subgroups rather than as a universal explanation for ASD.
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