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Abstract: Increasing evidence indicates that human endogenous retroviruses (HERVs)
are important to human health and are an underexplored component of many diseases.
Certain HERV families show unique expression patterns and immune responses in autism
spectrum disorder (ASD) patients compared to healthy controls, suggesting their potential
as biomarkers. Despite these interesting findings, the role of HERVs in ASD needs to be
further investigated. In this review, we discuss recent advances in genetic research on
ASD, with a particular emphasis on the implications of HERVs on neurodevelopment
and future genomic initiatives aimed at discovering ASD-related genes through Artificial
Intelligence. Given their pro-inflammatory and autoimmune characteristics, the existing
literature suggests that HERVs may contribute to the onset or worsening of ASD in in-
dividuals with a genetic predisposition. Therefore, we propose that investigating their
fundamental properties could not only improve existing therapies but also pave the way
for new therapeutic strategies.

Keywords: ASD; human endogenous retrovirus; genes; artificial intelligence

1. Introduction
Autism spectrum disorder (ASD) is a complex neurodevelopmental disorder charac-

terized by difficulties in social interaction and communication, as well as restricted interests
and repetitive behaviors [1]. The exact cause of ASD is still unknown. The data in the
literature suggest that environmental factors such as viral and bacterial infections may act
as triggers, in addition to a significant genetic component [2,3].

The diagnosis of ASD is currently based on clinical assessment and requires mul-
tidisciplinary teamwork. As detailed in the Section 2.1 titled “Characteristics of ASD,
Diagnosis, Signs, Symptoms, and Classification”, ASD may manifest as early as six months
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of age; however, a conclusive diagnosis is typically not made until the child reaches at
least 18 months of age. Moreover, the rapid increase in the prevalence of ASD recorded
by the Centers for Disease Control and Prevention (CDC) in the last two decades makes
the search for early diagnostic biomarkers associated with ASD urgently needed to antici-
pate therapeutic intervention as early as possible. Many promising biomarkers have been
developed for ASD, but, to date, they must be considered preliminary and not validated
for their efficacy in the diagnosis and treatment of ASD. These biomarkers considered
include prenatal history, genetic background, metabolic, abnormalities in mitochondrial,
folate, trans-methylation and trans-sulfuration pathways, immune system, particularly
autoantibodies and cytokine dysregulation, autonomic nervous system, and nutritional. Of
note, the development of neuroimaging genetics allows the identification of ASD-risk genes
that contribute to structural and functional abnormalities in the brain, elucidating mecha-
nisms and pathways that confer genetic risk. Moreover, integrating Artificial Intelligence
models with neuroimaging data seems to support an accurate diagnosis, facilitating the
identification of early biomarkers for ASD. Despite the efforts to identify such biomarkers
and the emerging of promising evidence, at present, the absence of validation studies
prevents its use in clinical practice [4,5].

For the majority of affected individuals, the primary causes of psychiatric and be-
havioral disorders involve multiple common inherited gene variants that, however, indi-
vidually account for small levels of phenotypic variation. Therefore, many studies have
identified endophenotypes, i.e., discrete quantitative clinical traits reflecting genetic like-
lihood in both patients and their unaffected relatives, to be considered disorder-specific
and, perhaps, diagnostically confirmatory [6]. Since they can participate in the concate-
nation of determinants between genotype and clinical phenotype, endophenotypes are
distinct from biomarkers as they can be central for understanding genetic contributions to
neurodevelopmental and psychiatric disorders [7].

In psychiatry, endophenotypes can be traits derived from laboratory and clinical
measures, such as gene variations and neurocognitive or behavioral deficits, and they are
integrated into family genetic and clinical studies. Examples of heritable endophenotypes
in ASD can be considered impaired social engagement, as assessed in twin toddlers by
ocular gazing while viewing human interactions [8], and hyperserotonemia, although with
no unequivocal heterogeneity of results [9]. Very recently, through a 3D novel technique
to trace structural brain changes linked to copy number variations (CNVs) at the 16p11.2
region in individuals with ASD, Kundu et al. (2024) identified new endophenotypes, which
enabled up to 95% accuracy in predicting 16p11.2 CNV from brain images alone and a
dose-dependent brain changes depending on either gene deletion or duplication [10].

In this review, we will discuss the latest findings on the possible impact of human
endogenous retroviruses (HERVs) in ASD based on recent discoveries in this field by
clinical microbiologists and their potential utility to clinicians, such as biomarkers. Also,
we present data that can help us consider HERVs not only as a biomarker of ASD but even
as a new endophenotype of this neurobehavioral disorder. Besides understanding human
neurodiversity, this new endophenotype can suggest that it may be possible to identify
children at high risk for autism, thus guiding early strategies to lessen the impact of the
deficit and accelerating precision medicine. In fact, we cannot exclude the possibility that
these repetitive and transposable elements may serve as therapeutic targets to improve the
ASD phenotype, following the model already applied to HERV-K in amyotrophic lateral
sclerosis (ALS) [11].

In ALS, reduced expression of the HERV-K subtype HML-2 following antiretroviral
treatment has been associated with slower disease progression. HERVs are repetitive
elements previously implicated in different types of psychiatric conditions, including
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schizophrenia, bipolar disorder, major depressive disorder, and attention deficit hyperac-
tivity disorder in ASD [12–20].

A comprehensive search strategy was used in the PubMed literature database, covering
the last 20 years. The keywords “human endogenous retroviruses”, “HERVs”, and “autism
spectrum disorder”, “ASD”, were used to refine the scope of the literature identified in the
initial searches.

HERVs are sequences that have been integrated into the human genome as a result of
retroviral infections [19]. They make up approximately 8% of the human genome. HERVs
contain both coding and non-coding sequences that have different biological functions,
ranging from immune response regulation to syncytiotrophoblast formation and gene
regulation [20].

In addition to this, it has been observed that the activity of HERVs can be modulated by
microorganisms such as Mycobacteria and Herpesviruses [21–25]; viral and bacterial infections
and stress can lead to their dysregulation, potentially contributing to diseases such as those
observed in neurodegeneration, pathological inflammation, multiple sclerosis, rheumatoid
arthritis, diabetes, celiac disease, and oncogenesis [26–36]. Studying their properties is,
therefore, of fundamental importance, as it could improve existing therapies and help to
develop new therapeutic strategies for diseases in which HERVs are involved.

In this review, we aim to provide a comprehensive discussion of the HERVs and
how they are related to diseases that affect the nervous system. We are going to start
by looking at the nature and characteristics of ASD, including its signs, symptoms, and
classification. This is followed by a description of the environmental and genetic risk factors
involved in the development of autism. There will also be a report on the epidemiology
of ASD in Sardinia, an island in the Mediterranean Sea characterized by a high incidence
and prevalence of autoimmune diseases compared to other regions of Italy and Europe,
such as adult and pediatric multiple sclerosis and chronic inflammatory demyelinating
polyneuropathy [37–40].

We will consider the proposed mechanisms by which HERV activity may be modulated
by microorganisms and how its dysregulation contributes to the pathology of autism. In
addition, we will discuss the neurobiology of ASD and analyze the role and activity of
HERVs in this condition. Finally, we discuss the future direction of research into HERVs
and ASD, including the use of Artificial Intelligence and Mendelian randomization [41].

2. Autism Spectrum Disorder
2.1. Characteristics of ASD, Diagnosis, Signs, Symptoms, and Classification

ASD is a neurodevelopmental disorder characterized by impairment in social commu-
nication and restricted and repetitive behavior or interests [42]. The clinical presentation
of ASD is highly heterogeneous, which justifies the classification of ASD as a spectrum
disorder. The severity of symptoms can vary from mild to severe, with manifestations
ranging from intellectual disabilities and language impairments, to, in some cases, average
cognitive functioning accompanied by significant difficulties in communication with social
purpose [1,43].

The global prevalence of ASD is approximately 1%, with significant variation between
countries. In the U.S., the rate has risen to 1 in 36 children [44,45]. Studies show variable
rates, with some regions reporting much lower prevalence, largely due to changes in
diagnostic criteria, enhanced diagnostic capabilities, and increased awareness [44–46]. The
estimated prevalence of ASD is higher in males than in females at a ratio of approximately
4:1 [42,45,47]. Recent studies suggest that this difference in prevalence could partly be
attributed to the females’ ability to mask their social difficulties. This capacity allows many



Microorganisms 2025, 13, 9 4 of 23

females to blend in social environments more effectively, which may delay or hinder their
diagnosis, contributing to underdiagnosis in females with ASD [48–50].

The diagnosis of ASD is clinical and requires a multidisciplinary team of clinicians, in-
volving figures such as psychiatrists, psychologists, and specialists in neurodevelopmental
disorders [51]. The diagnosis consists of detailed behavioral observation and anamnesis,
focusing on the individual’s developmental history and current behavior [52]. To assist
clinicians in making an accurate diagnosis, several diagnostic tools are available. These
tools are generally divided into two categories: parental interviews and direct observa-
tions of the patient. Parental interviews, such as the Autism Diagnostic Interview-Revised
(ADI-R) [53] and the Childhood Autism Rating Scale (CARS) [54] [NO_PRINTED_FORM],
provide critical insights into the developmental history.

For direct behavior assessment, the most used tool is the Autism Diagnostic Obser-
vation Scale (ADOS-2) [55]. These instruments are designed to assess the core symptoms
of ASD, including impairments in social communication and restricted, repetitive behav-
ior [1,52,56–58].

Recent advancements in ASD diagnosis also include emerging technologies such as
genetic analysis, neuroimaging (fMRI, MRI), and Artificial Intelligence (AI), which hold
promise for earlier and more precise diagnoses. These approaches, even if still in the
development and research phase, could potentially enhance the accuracy and timing of
ASD identification by supplementing traditional behavioral assessment [59].

First signs of ASD can emerge as early as 6 months of age [60]; despite this, a definitive
diagnosis cannot be made before 18 months of age [61,62]. These early indicators often
include impairments in social communication, such as reduced eye contact when gazing at
an adult’s face, limited smiling or vocalizing with eye contact, a lack of initiation of joint
attention, and a diminished response to hearing one’s name. Additional deficits in social
communication can include delayed language development, a lack of gestures, reduced
social reciprocity (e.g., not engaging in typical back-and-forth interaction), difficulties in
forming relationships, and abnormalities in understanding the intent of others [63].

Altered social communication is often associated with sensory processing differences,
such as hypersensitivity or hyposensitivity to visual, auditory, or tactile stimuli (e.g.,
ignoring loud noise, showing little interest in new objects, or not responding to pain) [64].

Additionally, restricted and repetitive behavior are hallmark features of ASD. These
may include stereotyped motor movements, repetitive use of objects, unusual sensory
interests, rigid adherence to routines, verbal rituals, and neologism or idiosyncratic lan-
guage [65].

In some cases, children with ASD may experience a regression in previously acquired
skills, such as speech or social interaction, during their early development [60,66]. Rec-
ognizing early signs is fundamental to initiating timely interventions, which can lead to
improved outcomes [67].

The classification in the DSM-5 for ASD (Figure 1) is structured around the individual’s
need for support, which is divided into three levels based on the severity of core symptoms
in social communication and restricted, repetitive behaviors [42,67]: Level 1: requiring
support; Level 2: requiring substantial support; and Level 3: requiring very substantial
support [68]. In addition, the DSM-5 includes two critical specifiers that are necessary to
refine the diagnosis of ASD:

1. The presence or absence of intellectual impairment;
2. The presence or absence of language impairment.

These specifiers help to further categorize individuals based on their cognitive and
linguistic abilities, which can vary greatly among people with ASD. For this reason, the
diagnostic protocol must include a comprehensive evaluation of both intellectual and
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language functioning. This allows for a more personalized and accurate diagnosis, ensur-
ing that clinicians consider the full spectrum of abilities and challenges beyond the core
symptoms of ASD [69,70].
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These levels are designed to guide clinicians in understanding the amount of support
an individual may need in his daily life [47].

However, it is important to notice that this classification system primarily focuses
on core ASD symptoms and does not explicitly account for common comorbidities such
as attention-deficit/hyperactivity disorder (ADHD) [71], intellectual disability, or mood
disorders. These comorbidities often significantly impact the individual functioning and
support needs but are considered separately in the diagnostic process [72].

https://www.biorender.com/
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Including these evaluations is particularly important for designing appropriate in-
tervention plans for the best outcomes and treatment options that can include chronic
behavioral, psychosocial, pharmacological, and complementary therapies, which cater to
the individual’s specific symptomatology [73].

2.2. Epidemiology of ASD in Sardinia

Epidemiological studies on ASD in Sardinia are limited but reflect similar trends to
global increases in ASD prevalence. The current estimates, based on some large-scale study
groups [74], suggest that ASD affects approximately 1–2% of the population, which aligns
with global data. Factors influencing the prevalence in Sardinia, as in other regions, include
genetic susceptibility, environmental factors, and possibly underdiagnosis in previous
years. Sardinia has a unique genetic landscape due to its geographic isolation, which
has prompted researchers to investigate potential genetic links to neurodevelopmental
disorders like ASD within the population. However, no specific, large-scale epidemiological
studies solely focused on Sardinia have been highlighted in the recent literature.

The role of genetic and immune system factors is of particular interest in Sardinia.
Recent research has explored maternal immune activation and other genetic predispositions
as contributors to ASD in the region, reflecting broader global research trends that point to
both genetic and environmental causes of ASD [75].

2.3. Etiopathogenesis of ASD: The Role of Environmental and Genetic Factors

The precise mechanisms underlying the combined influence of various etiological
factors in ASD remain inadequately understood. Numerous factors have been associated
with the development of ASD, including environmental pollution, the accumulation of
metal ions, exposure to pesticides, viral and bacterial infections, maternal age, immune
deficiencies, maternal–fetal interactions, alterations in gut microbiota, and changes in gene
expression and mutations.

It is hypothesized that heavy metals may play a role in the pathogenesis of ASD
through epigenetic mechanisms. Specifically, exposure to heavy metals during early devel-
opment in children may have significant epigenetic effects by influencing DNA methylation,
leading to the dysregulation of DNA methyltransferase activity [76].

This dysregulation can alter gene expression, potentially contributing to the risk
of ASD development. Additionally, exposure to airborne pollutants containing heavy
metals may trigger oxidative stress and inflammatory responses. Heavy metals disrupt
enzymatic function and cellular signaling processes, resulting in the production of reactive
oxygen species (ROS) and mediating autoimmune responses, thus amplifying inflammatory
pathways and cellular damage [77,78]. Finally, scientific studies have demonstrated that
heavy metals may accumulate in the central nervous system of individuals with ASD, likely
due to a reduced ability to expel these toxic substances. This accumulation can lead to
neurotoxicity, contributing to the neuronal dysfunction observed in ASD patients [79].

In addition, there is growing evidence that imbalances in the gut microbiota have
a profound effect on many diseases, and recent findings have observed the same trend
in ASD. In fact, the gut microbiota performs a wide range of functions, from regulating
the immune system to controlling protein metabolism and the breakdown of short-chain
fatty acids. It also plays a role in the production of essential vitamins and metabolites.
Additionally, it is crucial for detoxifying harmful substances and digesting indigestible
dietary fibers. A healthy gut microbiota is vital in preventing the colonization of pathogenic
microorganisms, acting as a key factor in maintaining the balance between health and
disease [80,81].
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It has been observed that in addition to cognitive and behavioral problems, patients
with ASD may experience gastrointestinal problems such as abdominal pain and bloating,
digestive problems, constipation, diarrhea, reflux, inflammatory conditions, food intoler-
ance, or signs of irritable bowel syndrome (IBS) [82]. This condition can complicate clinical
management and contribute to behavioral problems. Changes in the composition of the gut
microbiome have also been shown to correlate with the severity of the condition. Over the
past decade, it has been recognized that the gut microbiome plays a key role in regulating
the gut–brain axis, influencing neuroimmune pathways, and interacting directly with the
brain. This suggests that it may play a role in the onset and progression of ASD [83–87]. In
addition, the gut microbiota also affects plasma levels of 5-hydroxytryptamine (5-HT). Stud-
ies have shown that germ-free (GF) mice have reduced serum 5-HT levels, but colonization
of these mice restores serum and colonic 5-HT levels [88].

It has been shown that the composition of the gut microbiota is influenced by genetic
and environmental factors in a continuous process that can begin in the womb and continue
throughout a person’s life. There is increasing evidence that changes in the gut microbiota
during the prenatal and postnatal periods have an impact on nervous system function
and behavior. The effects could be at the molecular level; epigenetic mechanisms include
DNA methylation, histone modification, and snRNA, which regulate which genes are
activated and which are silenced. In addition, unfavorable conditions due to stress can
trigger a response that has an effect on the hypothalamic–pituitary–adrenal (HPA) axis.
Early stimulation of the immune system by bacterial or viral infections can also reprogram
brain circuits in an undesirable way, leading to the development of signs associated with
ASD [89]. Thus, altering the composition of the gut microbiota can lead to increased
inflammation and intestinal permeability. Several mechanisms have been implicated in
the bidirectional communication between the gut microbiota and the brain, including
vagus nerve signaling, immune activation, tryptophan metabolism, and the production
of microbial metabolites and neurometabolites. For example, paracresol (p-cresol) and
the derivative p-cresyl sulphate were found to be elevated in the sample of children
with autism. Also, certain bacteria, such as Clostridium difficile and specific Lactobacillus
species, can ferment tyrosine and produce p-cresol via the enzyme p-hydroxyphenyl acetate
decarboxylase. It is suggested that elevated levels of p-cresol, along with factors such as
intestinal disorders, antibiotic use, and abnormal gut permeability, which are conditions
that can lead to excessive p-cresol production, may contribute to the worsening of autism
symptoms and related dysfunctions in people with ASD [90,91].

Other than that, other types of bacteria, such as Sutterella, appear to play an important
role in ASD [92]. Research has found significantly higher levels of Sutterella in the gastroin-
testinal biopsies of children with ASD who have digestive problems compared to those
without gastrointestinal problems. This suggests that Sutterella may be a triggering factor
in ASD, given its higher presence in the gut microbiota of many children with autism and
related digestive disorders. Additionally, higher levels of Sutterella, as well as Desulfovibrio
and Ruminococcus torques, have been detected in the feces of children with ASD compared
to control groups. In contrast, Prevotella, a species linked to colon health, was found in
lower abundance in the gut microbiota of children with ASD. These findings suggest that
the development of ASD might be associated with an imbalance in gut microbiota, where
an increase in Sutterella could occur in conditions where it is typically less prevalent [93–95].

However, the exact cause of changes in the microbiota is also unknown, as children
with ASD often display altered routines and eating habits, which can affect the microbiota.
For this reason, several nutritional strategies, including gluten- and casein-free diets, the
use of probiotics and prebiotics, as well as fecal microbiota transplantation (FMT), have
been suggested to help reduce gastrointestinal problems in individuals with ASD [96–98].
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Recent scientific studies have investigated potential risk factors for ASD, focusing
on environmental factors, as well as maternal infections during pregnancy or the use of
medications, such as valproic acid.

Certain viral infections during pregnancy, contracted by the mother during pregnancy,
such as rubella, herpesvirus, and cytomegalovirus, but also other bacterial infections that
cross the blood–brain barrier, have historically been associated with an increased risk of
congenital abnormalities and developmental disorders in the child, as confirmed in a recent
metanalysis [99]. Interestingly, a recent Swedish study on more than 500,000 children
suggested that pregnancy infections, severe enough to require specialist care and with the
exclusion of COVID-19, increase the risk of intellectual disability in the child but perhaps
not significantly that of ASD [100]. ASD outcome can strongly depend on susceptibility
factors to a pro-inflammatory milieu of the mothers [75,100].

As for the use of medication during pregnancy, a direct association between valproic
acid, an antiepileptic drug, and ASD condition is known. Prenatal exposure to this medica-
tion has been linked to an increased risk of congenital malformations and neurobehavioral
disorders, including ASD [101]. Updated guidelines emphasize the importance of avoiding
valproic acid use in women of childbearing age unless strictly necessary and when no
effective therapeutic alternatives are available.

In sum, it is crucial for pregnant women or for those who are planning a pregnancy
to consult their doctor to assess the risks associated with certain medications and to
take preventive measures against infections depending on their predisposition to pro-
inflammatory milieu.

Genetic risk factors play a crucial role in the development of ASD. Several genetic
variants have been associated with ASD, highlighting its complex and multifactorial nature.
Here, we reported some of the most studied key genetic risk factors. De novo mutations
are genetic mutations that appear for the first time in an individual and are not inherited
from parents. Studies have identified de novo mutations in genes that are crucial for brain
development, such as CHD8, SCN2A, and SHANK3 [102]. Copy Number Variations (CNVs)
involve large segments of DNA being duplicated or deleted, leading to an imbalance in
gene dosage. Certain CNVs, particularly deletions on chromosome 16p11.2 and 22q13.3,
are associated with an increased risk of ASD [103].

About heritability, family and twin studies have demonstrated that ASD has a strong
heritable component, with estimates of heritability ranging from 50% to 90%. Siblings of
children with ASD are at a higher risk, and identical twins show a much higher concordance
rate for ASD compared to fraternal twins [104].

Gene–environment interaction studies are growing in their strength. In fact, while
genetic factors play a significant role, interactions between genes and environmental factors,
such as maternal infections, advanced parental age, or prenatal exposure to certain drugs,
can further increase the risk of ASD [105].

In this context, genetic and immune system factors are gaining particular interest in
the study of ASD in Sardinia. Recent research has focused on maternal immune activation
(MIA) and genetic predispositions as key contributors to ASD [75]. MIA, which occurs
when a mother’s immune system is activated during pregnancy, can affect fetal brain
development, potentially leading to ASD. It has been observed that infection-induced
maternal serum cytokines, such as interleukin (IL)-6 and IL-17, can cross the placenta
and stimulate the downstream production of other detrimental immune mediators of
brain damage in the human fetal compartment, thereby inducing behavioral and cognitive
features that closely resemble human ASD features [75]. This mechanism, along with
Sardinia’s unique genetic landscape due to its geographic isolation, suggests that both
genetic and environmental factors are at play in the region. The findings reflect global
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trends that underscore the interplay between genetics and environmental exposures, such
as infections or immune challenges during pregnancy, in the development of ASD.

Polygenic risk studies showed that ASD is thought to involve multiple genetic variants,
each contributing a small amount to the overall risk. Genome-wide association studies
(GWAS) have identified hundreds of common genetic variants that are slightly associated
with ASD, contributing to the polygenic risk [106].

In some cases, ASD occurs as part of a broader syndrome caused by specific genetic
conditions, such as Fragile X syndrome, Rett syndrome, or tuberous sclerosis complex.
These syndromes highlight specific genes, like FMR1, MECP2, and TSC1/2, that are directly
involved in ASD when mutated [107].

Overall, genetic factors have a central role in the susceptibility to ASD and in its
clinical complexity [108,109], as shown by the significant concordance among monozygotic
twins compared with their dizygotic counterparts. It is estimated, however, that inherited
genes may account for only 20% of ASD cases, as they are also present in neurotypical
individuals [110]. Most importantly, the concordance in dizygotic twins is progressively
increasing, and several de novo gene mutations are emerging as new susceptibility factors,
which imply other influences are operating during gestation [111]. ASD-associated or
putatively causative immune genes are extraordinarily abundant in the literature.

An early dispute was about the involvement of the human leukocyte antigen (HLA) in
ASD. Class I and class II alleles sharing the third hypervariable region have been associated
with ASD in various studies among Caucasians. In our early studies on ASD families (with
at least one affected child), we found significant associations with HLA regions mapping
classical HLA-A and HLA-B and non-classical HLA-G alleles [112,113].

Later, we studied immune genes and cells, which stand at the maternal–fetal interface
that allows the fetus to safely develop in the uterus. Decidual CD56 + CD3- natural killer
(NK) cells are the most frequent immune cells at this level during early pregnancy and have
immunosurveillance roles, among others [114]. Through interaction between their killer cell
immunoglobulin-like receptors (KIRs) and the cognate HLA ligands, NK cells play a crucial
role in the fetal protection of the virally infected cells placental cells through either pro-
inflammatory or tolerogenic KIR/HLA interaction [115]. We found that pro-inflammatory
KIR/HLA are more represented, whereas tolerogenic KIR/HLA gene complexes are less
represented in children with ASD and in their mothers [116], suggesting a dysregulated
interaction between maternal KIRs and filial HLA-G able to induce a detrimental pro-
inflammatory status influencing fetal brain growth [75]. We also found that the tolerogenic
HLA-G*01:01 allele is less common, whereas the NK-activating HLAG* 01:05N allele is
more frequent in affected children and their mothers than controls [117] and correlated with
the extent of behavioral disorders in children with autism [118]. Analogous HLA-G allele
distribution is present in a group of women with recurrent miscarriages, which confirms
that a pro-inflammatory intrauterine environment may cause miscarriage and may be
detrimental to typical neurodevelopment.

Vitamin (Vit.) D is known to have immunomodulatory activity along with neuropro-
tective functions, and it is particularly important during pregnancy; Vit. D serum reduction
in pregnant women contributes to neurodevelopmental disorders and behavioral abnormal-
ities in the offspring. Also, Vit. D serum level in children with ASD is inversely correlated
with their language and behavioral scores [119]. Bioactivity of Vit. D largely depends on the
activity level of its receptor (VDR), whose gene contains several polymorphisms. In a large
cohort of families with ASD children, we found that the Vit. D/VDR complex with low
biological activity polymorphism is prevalent in children with ASD and their mothers [120].
Later, we studied the role of the isoforms of the vitamin D binding protein (VBP) genes and
found that the GC1f isoform of VBP is associated with reduced Vit. D levels in ASD and



Microorganisms 2025, 13, 9 10 of 23

is a marker of ASD clinical severity. In fact, the GC1f isoform carriers had higher scores
on the Childhood Autism Rating Scale (CARS) and lower scores on the Children’s Global
Assessment Scale (CGAS) functioning scales [121]. This genetic approach may be useful to
establish the magnitude of therapeutic protocols of Vit. D supplementation.

In conclusion, the genetic architecture of ASD is complex and influenced by envi-
ronmental exposures, like gestational maternal infections. Recent studies determine the
genetic contribution to this environmental effect in a large dataset of ASD patients with or
without a history of gestational infections. The genetic correlation indicated a genome-wide
difference between the two ASD phenotypes. However, even ASD cases with a history of
maternal pregnancy-related infections may be genetically determined, which highlights
the relevance of gestational infections to the genetics of ASD [122]. Thus, ASD can be
considered a multifactorial disorder.

Figure 2 summarizes the content of the text.
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Figure 2. Diagram of the proposed multistep contribution of HERV overexpression and anti-HERV
immune responses predisposing to the development of ASD or its clinical severity. Prenatal (upper
diagram) and postnatal (lower diagram) roads to HERV-mediated ASD development are traced.
Within the prenatal roads, intrauterine inflammatory events or pathogens and other stressful events
can trigger a detrimental immune activation at the maternal–fetal interface (maternal immune
activation, MIA), favored by a maternal immunogenetic predisposition to MIA (KIR/HLA), familial
and personal autoimmunity, and epigenetic forces, such as age and gestational metabolic syndrome.
The postnatal steps can take place during early neonatal stress, prematurity, chronic microglial
activation, and new infectious events. TDM1 = type 1 diabetes mellitus; HLA-G = human leukocyte
antigen G; NK= natural killer cells; KIR = killer cell immunoglobulin-like receptors; VDR= vitamin
D receptor; VBP= vitamin D binding protein; HERV-H = human endogenous retrovirus-family H;
HEMO = an envelope gene, named human endogenous MER34 (medium-reiteration-frequency-
family-34) ORF; IL = interleukin; abs= antibodies. Figure created with Biorender.com (https://www.
biorender.com/).
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2.4. Social and Pharmacology Treatments and Interventions

The treatment of ASD requires a multidisciplinary approach, combining social, be-
havioral, and pharmacological interventions. Social interventions, particularly behavioral
therapies, such as Applied Behavior Analysis (ABA), are among the most widely researched
and applied approaches. ABA focuses on improving communication and social skills and
reducing maladaptive behaviors through reinforcement-based strategies [1]. Early Inten-
sive Behavioral Intervention (EIBI) is a specialized form of ABA for younger children,
showing strong evidence for enhancing cognitive functioning and adaptive behavior [123].

The international Evidence-Based Guidelines for the non-pharmacological treatment
of Autism recommend various interventions beyond ABA and EIBI.

One highly recommended approach is Naturalistic Developmental Behavioral In-
terventions (NDBI), which combines behavioral teaching strategies with natural devel-
opmental methods to promote social interaction and communication skills in everyday
contexts [124].

Another evidence-based technique is the Treatment and Education of Autistic and
Communication Handicapped Children (TEACCH), which uses structured visual strate-
gies to enhance independence and environmental understanding in individuals with
autism [125]. This approach focuses on structured education that helps organize time and
space, reducing anxiety related to predictability.

The Social Communication, Emotional Regulation, and Transactional Support
(SCERTS) model is another recommended intervention that emphasizes the development of
emotional regulation and functional communication skills while providing environmental
support to facilitate social interaction [126]. Lastly, Parent-Mediated Interventions are
widely promoted in the guidelines. These interventions involve parents as co-therapists
and aim to improve children’s social interaction skills through daily activities guided by
specialists [127]. Evidence suggests that active parental involvement can significantly
enhance the effectiveness of treatment [128,129].

Pharmacological treatments are often used to manage co-occurring conditions associ-
ated with ASD, such as irritability, anxiety, and hyperactivity, but they do not target the
core symptoms of the disorder.

Risperidone and aripiprazole, both atypical antipsychotics, have been FDA-approved
for the treatment of irritability and aggression in children with ASD [130]. Studies indicate
that these medications can reduce behavioral problems but may carry side effects such as
weight gain and sedation [43].

Selective Serotonin Reuptake Inhibitors (SSRIs) have been studied for their potential
in treating repetitive behaviors and anxiety in ASD, but the results are mixed. While some
evidence suggests a reduction in anxiety and obsessive-compulsive behaviors [131], other
studies highlight limited efficacy and potential side effects like increased agitation [132].

Methylphenidate, a stimulant medication widely used for attention deficit hyperac-
tivity disorder (ADHD), has shown some efficacy in treating symptoms of inattention,
hyperactivity, and impulsivity in children with ASD who have comorbid ADHD. However,
the response rate in children with ASD is typically lower, and the risk of side effects, such
as irritability, increased anxiety, emotional lability, and worsening of stereotypic behaviors,
is higher compared to children with ADHD alone [133].

Guidelines recommend starting at a low dose and monitoring closely for side effects.
Although methylphenidate can be effective in managing ADHD symptoms in this popula-
tion, it should be part of a broader treatment plan that includes behavioral interventions,
as it does not address the core symptoms of ASD. Alternatives like atomoxetine may be
considered if methylphenidate is not well-tolerated [134].
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Recent advances also point toward a growing interest in personalized medicine, where
interventions are tailored based on the individual’s genetic, neurobiological, and behavioral
profiles [135]. This approach holds promise for the future of ASD treatment, potentially al-
lowing for more effective and individualized therapeutic strategies [136]. In conclusion, the
integration of psychological, behavioral, and social, as well as pharmacological treatments,
remains critical in managing ASD. Ongoing research continues to explore the best strategies
for improving outcomes, with current treatments focusing on addressing co-occurring
symptoms while enhancing social functioning and quality of life [137].

3. HERVs in Autism Spectrum Disorder
3.1. Expression Profile of HERVs and Inflammatory Mediators in Autism Spectrum Disorders

Recent studies have investigated HERVs as possible contributing factors in autism,
linking environmental stimuli, epigenetic remodeling, and biological processes in the
etiopathogenesis of these disorders. HERV expression has been investigated in peripheral
blood mononuclear cells (PBMCs) of drug-naϊve ASD children of two distinct cohorts,
including 58 ASD children vs. 58 age- and sex-matched control children. We demonstrated
that HERV-H was statistically significantly higher p in ASD children when compared to
control children. The highest levels of HERV-H expression were found in younger ASD
children, supporting the hypothesis that HERV-H overexpression might be regarded as a
potential early biomarker of ASD. This view was even more supported by the fact that ASD
children with more severe impairments in Communication and Motor Psychoeducational
Profile-3 showed the highest expression levels of HERV-H [138]. In order to investigate
the parent-of-origin effects in ASD in terms of HERVs and immune deregulation, a cohort,
including 31 ASD families and 14 healthy control families, has been analyzed. ASD children
and their mothers share higher expression levels of HERV-H and HEMO (an envelope gene,
named human endogenous MER34 (medium-reiteration-frequency-family-34) ORF) [139]
and cytokines as tumor necrosis factor alpha (TNF-α), interferon gamma (IFN-γ), and IL-10
compared to related controls. Therefore, the abnormal expression of HERVs and cytokines
was not an exclusive trait of autistic children but also of their mothers, suggesting a close
mother–child association within ASD families [140].

Finally, the expression of epigenetic effectors known to regulate HERV expression and
brain functions has been evaluated in ASD children, demonstrating a correlation between
the overexpression of these elements and several HERVs [141].

Results obtained in humans are corroborated by investigation in ASD mouse models,
specifically in two preclinical models, the inbred BTBR T + tf/J and valproate-treated
CD1 mice [142,143]. BTBR strain is one of the most validated mouse models of autism
that recapitulates the core symptoms of the human condition, including disturbances
in social interaction, high levels of stereotypy, and an unusual repertoire of ultrasonic
vocalizations [144–147], as well as neuroanatomical features with ASD individuals [148].
CD-1 outbred mice, treated in utero with VPA, show behavioral ASD-like alterations,
including early motor hyperactivity, social deficits, and cognitive impairments [149]. Of
note, the use of VPA in humans as antiepileptic medication during pregnancy is associated
with a significantly increased risk of somatic anomalies, ASD, and other developmental
disabilities in the offspring [101]. In both ASD mouse models, higher expression levels of
ERVs from intrauterine life up to adulthood in blood and brain compartments have been
found in mice with ASD-like phenotype compared to relative controls [142]. Moreover, the
aberrant expression of ERVs found in mice with autistic-like phenotype positively correlated
with expression levels of proinflammatory cytokines and TLR-3 and TLR-4 in embryos
and brain tissues, supporting the interplay between ERVs and immune response [142].
Interestingly, in the valproate-treated mice, the increased expression of ERVs and behavioral
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alterations were inherited across generations via maternal lineage [143], further confirming
the pivotal role of the maternal molecular profile in the acquisition of autistic phenotype.
Recently, in a sister strain of BTBR characterized by more prominent core symptoms of
autism, an altered epigenetic silencing mechanism was found to lead to increased ERV
activity, which increases CNV formation and genome instability. Furthermore, active ERVs,
similar to a viral infection, have been shown to evade the integrated stress response and
alter the transcriptional mechanism during embryonic development. Overall, the evidence
suggests a dual role of ERVs in ASD pathogenesis, driving host genome evolution and
altering cellular gene expression, potentially affecting embryonic development [150].

The parallel ERV activation in the two different districts, blood and brain, was
also found in the ASD mouse model of MIA induced by prenatal exposure to polyi-
nosinic:polycytidylic acid (Poly I:C) [151], a synthetic double-stranded RNA molecule
targeting TLR-3 that mimics viral maternal infection during pregnancy [152]. As such,
the altered ERV transcriptional profiles were demonstrated in the placenta and fetal brain
tissues, as well as in adult offspring, stratified by their behavioral profiles and sex [153].
In the same model, we recently described deregulated expression of some ERVs and ERV-
related genes both in the hippocampus and prefrontal cortex, with sex-related differences
marked in the latter region. Altogether, these observations reinforced the view of tissue-
and sex-specificity of ERV transcriptional profiles in preclinical models of ASD [151].

Interestingly, ADHD children also showed high expression levels of HERV-H in
PBMCs, with envelope (Env) transcript levels correlating positively with inattention and
hyperactivity [154]. In addition, drug-naive ADHD patients showed a reduction in HERV-
H Env mRNA levels in response to the administration of methylphenidate (MPH), a
commonly used drug for treating ADHD symptoms. Specifically, the reduction of HERV-H
expression levels H was revealed after only 1 week of MPH therapy, with a further decrease
at 24 weeks of treatments in parallel with the improvement in symptoms, indicating
HERV-H as a predictive marker of the response to MPH therapy [155].

As a whole, the results of deregulated HERV expression designate HERV activation
as a common feature shared by several risk factors for ASD. In addition, the vicious circle
made by HERV upregulation and inflammatory mediators could lead to a continuous
stimulation of the immune system that could, in turn, sustain the onset and/or progression
of this condition [12,156].

In addition to mRNA, a recent study performed in a small group of Sardinia patients
investigated the anti-HERV-W, -K, and -H antibody response against env proteins to answer
the question of whether the anti-HERV profile of ASD children differs from that of their
mothers and matched healthy child/mother pairs, or whether it relates to ASD clinical
severity. Interestingly, we found a new scenario supporting the hypothesis of a possible
specific role of some anti-HERV responses in the modulation of peculiar symptoms of
ASD. In particular, we observed that children and adolescents with ASD with the highest
adaptive global functioning are those with the lowest anti-HERV-W env levels [18].

The link between anti-HERV response and ASD social dysfunction may be intriguing
since, despite little is known about their function, HERV proteins are expressed in normal
human brains [157] and can be recognized as “self” and immune tolerated. However,
perhaps owing to their similarity with exogenous retroviral proteins, HERV antigens
can trigger immune responses. In the ASD brain, chronic microglia activation [158] can
induce HERV-W and -K env overexpression [159] and the subsequent activation of other
immune branches, which would maintain the immune-mediated damage of the ASD brain
tissues [160]. Besides microglial chronic activation, HERVs can be upregulated by epigenetic
signals activated by stressful or traumatic experiences, such as social maladaptation, in
children and adolescents with ASD [161].
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3.2. Human Endogenous Retroviruses: Therapeutic Implications in Autoimmune and
Neurological Diseases

Starting from the recognized involvement of envelope protein pathogenic HERV-W
(pHERV-W) ENV (formerly multiple sclerosis-associated retrovirus [MSRV]-ENV) in the
pathophysiological process of multiple sclerosis (MS) and type 1 diabetes (T1D) [162,163],
the monoclonal antibody (mAb) temelimab, also known as GNbAC1, which selectively
binds with high affinity to the extracellular domain of the pHERV-W Env, was selected for
clinical development [162]. Phase I, Phase II-a, and Phase II-b trials demonstrated its safety
and effectiveness for MS patients with no adverse events and provided encouraging results
about its neuroprotective and regenerative effects [162,164,165]. Also, during trials with
T1D patients, the antibody was well tolerated and reduced the events of hypoglycemia and
the levels of anti-insulin autoantibodies after the first period of treatment [166,167].

In addition to the antibody-based immunotherapy targeting HERV ENV, the use of
antiretroviral drugs has been tested by using in vitro studies up to conducting clinical trials.
Concerning MS, the rationale for using these drugs is that patients with HIV treated with
antiretroviral drugs show a lower risk of developing MS than the non-infected, healthy
population, suggesting that the antiretroviral treatment may reduce the risk of evolving MS
also acting on HERV expression [168,169]. Starting from the different reports describing
HERV-K reactivation in ALS patients, such as elevated retroviral enzyme reverse transcrip-
tase activity in the serum [170] and high expression of HERV-K expression in postmortem
ALS patients’ brain tissue [14], the use of antiretroviral drugs has also been proposed
in this setting. As such, in a Phase 2a, 24-week open-label study, the administration of
antiretroviral combination therapy (Abacavir 600 mg, lamivudine 300 mg, dolutegravir
50 mg) was not related to any severe adverse events. Common adverse events comprised
upper respiratory tract infection, urinary tract infection, nausea, diarrhea, and headache. Of
note, a high percentage of patients were classified as “responsive” to treatment, reinforcing
the role of HERV-K in the clinical course of the disease [11,171].

In the context of ASD, an in vitro proof of concept study using peripheral blood
mononuclear cells (PBMCs) from ASD children and their parents compared to age- and
sex-matched healthy controls was conducted. As such, lymphocytes were exposed to
stimulating factors (Interleukin-2/Phytohaemagglutinin) or drugs, such as the antiepileptic
drug valproic acid (VPA) and the antiretroviral drug efavirenz (EFV) with the intent to
investigate whether the expression level of HERVs and cytokines could be modulated.
Lymphocytes from ASD children and their mothers share intrinsic responsiveness to
stimulating factors and VPA in expressing HERVs and cytokines. EFV specifically restored
the HERV activity with a concomitant modulation of cytokines, in particular lowering the
pro-inflammatory ones while maintaining high regulatory ones. This evidence provided
new insights into the potential role of HERVs as biomarkers of ASD, raising the chance
of using HERV expression as a therapeutic target for a multimodal approach to patient
care [172].

4. Conclusions
In this review, we emphasize that the complex pathogenic processes that contribute

to ASD can be refocused on an additional endophenotypic trait, i.e., the HERVs, that is
reflective of inherited mechanisms but can be (re)activated by external newly occurring
events, such as infections or stressful events. We think HERVs possess the criteria for being
considered as a candidate endophenotype in ASD. As extensively discussed above, HERV
genes are common in the general population, although the expression of selected HERV
sub-families is over-represented in patients with ASD and their relatives; furthermore, the
expression of certain HERVs could be considered as ASD-associated biological traits.
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Since ASD is a heterogeneous group of neurodevelopmental disorders, a single de-
terminant alone could be not enough to account for the complexity. HERV/cytokines
expression, as well as the antibody response against HERV proteins, could be considered in
a set of biomarkers, easily detectable in blood, and potentially useful for early diagnosis
and subsequent intervention. This new field of research requires a renewed focus on
study designs with measurement of familial co-variation of HERVs with selected ASD
trait dimensions, which would possibly include family trio, sibling, and mono-/dizygotic
twin studies. Moreover, it is important to highlight that for ASD children, no pharmaco-
logical treatments are available for the core symptoms, and the findings describing the
downregulation of HERV expression, specifically HERV-H, by using in vitro antiretroviral
treatments raises the chance of using HERV expression as a therapeutic target for a multi-
modal approach to patient care. As a whole, the evidence supports the hypothesis of the
involvement of HERVs in ASD; however, further efforts are needed to achieve definitive
proof of these elements as cofactors of neurodevelopmental disorders. These efforts could
also be carried out using Artificial Intelligence (AI), a powerful tool that is proving useful
in speeding up our understanding of ASD and the relationship between genetic factors
and environmental triggers. Also, in neuroimaging studies, it has been shown that AI
can improve the analysis of brain scans and detect subtle changes that are associated with
ASD. Given the importance of HERVs in neurological disease and the recent discovery
of their involvement in ASD, we are confident that AI will enable us to discover patterns
and correlations that were previously hidden and could not be uncovered by traditional
methods. Thanks to this amazing tool, researchers are now capable of analyzing complex
data from multiple sources, including genetic, transcriptomic, and clinical datasets. By
analyzing genetic and environmental factors, AI could help identify individuals at higher
risk and predict how variations in HERV activity might influence disease outcomes. Using
machine learning techniques, we can analyze gene expression data, including HERV RNA
levels, to identify expression patterns associated with ASD. This approach can provide
a deeper understanding of how HERVs may affect neurodevelopment. In addition, by
analyzing large-scale biological data, we can facilitate the identification of other potential
biomarkers for ASD. These biomarkers could improve early diagnosis and monitoring of
disease progression. Finally, experiments in animal models could be useful for studies
focusing on the molecular mechanisms underlying ASD, with the aim of investigating the
further implication of HERVs in autism and developing new therapeutic strategies.
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