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Abstract: Human endogenous retroviruses (HERVs) are genetic elements resulting from relics
of ancestral infection of germline cells, now recognized as cofactors in the etiology of several
complex diseases. Here we present a review of findings supporting the role of the abnormal HERVs
activity in neurodevelopmental disorders. The derailment of brain development underlies numerous
neuropsychiatric conditions, likely starting during prenatal life and carrying on during subsequent
maturation of the brain. Autism spectrum disorders, attention deficit hyperactivity disorders,
and schizophrenia are neurodevelopmental disorders that arise clinically during early childhood
or adolescence, currently attributed to the interplay among genetic vulnerability, environmental
risk factors, and maternal immune activation. The role of HERVs in human embryogenesis, their
intrinsic responsiveness to external stimuli, and the interaction with the immune system support
the involvement of HERVs in the derailed neurodevelopmental process. Although definitive proofs
that HERVs are involved in neurobehavioral alterations are still lacking, both preclinical models and
human studies indicate that the abnormal expression of ERVs could represent a neurodevelopmental
disorders-associated biological trait in affected individuals and their parents.

Keywords: endogenous retroviruses (ERVs); autism; neurodevelopmental disorders; maternal
immune activation; ASD animal model

1. Human Endogenous Retroviruses

1.1. The Origin of the Human Endogenous Retroviruses

The completion of the human genome project [1] has allowed the subsequent important discovery
that more than half was composed of mobile genomic elements, named transposable elements [2,3].
Among them, DNA transposons move by a cut-and-paste mechanism [4], while retrotransposons
mobilize by a copy-and-paste mechanism via an RNA intermediate [5]. The retrotransposons comprise
long terminal repeats (LTR)-elements, namely human endogenous retroviruses (HERVs) [6], and
non-LTR elements, which include long and short interspersed nuclear elements (LINEs and SINEs,
respectively) [7]. LINEs, moving autonomously, are widely spread within the genome [1] and also
supply reverse transcriptase (RT) for the retro transposition of other endogenous retroelements [8].

HERVs are derived from their exogenous retroviral counterpart by a process of germline infection
and proliferation within the host genome [9,10], and their integration as proviruses led to the fixation and
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the vertical transmission, following Mendelian laws [11]. Endogenous retrovirus sequences are highly
represented within the mammalian genomes, as they account for 5% to 10% of the genetic material [1,12]
in different species [13]. The differences between species are due to subsequent independent invasions
of the mammalian genome by different viral progenitors, which occurred during the evolution of the
mammals themselves, so each species is unique in its content of endogenous retrovirus sequences [14,15].
The phylogenetic analysis demonstrated that the human genome holds approximately one hundred
thousand different HERVs loci [16], resulting from the proliferation of a few initial germline invasions
by exogenous retroviruses [9,17–19]. The mechanisms by which HERVs proliferated into the human
genome, increasing their copy number, are still yet to be fully clarified and it has been proposed that
the retrotransposition within germline cells, recombination events [20], as well as new reinfections [9],
could account for the spread of HERVs sequences. As a consequence, extensive interindividual
variation due to new insertions (known for the family HERV-K) [21], dimorphism for various families
(HERV-K, HERV-W, and HERV-H) [20], and unfixed copies [22,23], has been demonstrated. As a
consequence, during their co-evolution with humans, the genomic structure of HERVs, resembling the
exogenous counterpart since it is composed of gag, pro, pol and env genes and two flanked LTRs [24],
has been substantially altered. Mutations, deletions, and sequence rearrangements, accumulated in
most HERVs, resulted in the loss of coding and infectious capacity [25]. HERV-K (HML-2), the most
recently endogenized HERVs group, is instead present as full-length copies, likely to be insertionally
polymorphic between individuals [26].

1.2. Physiological Functions of HERVs

Given their abundance in the human genome, HERVs represent an important source of genomic
variability, also providing potential coding and regulatory elements for the acquisition of new cellular
functions [27–30]. Indeed, due to the long co-evolution with humans, some HERVs have been coopted
for physiological functions [28,29] while their reactivation in response to external stimuli has been
associated with human pathological conditions [31–33].

A significant amount of evidence has been obtained regarding the general expression of HERVs
in normal tissues [34,35], and several mechanisms account for their contribution to the host genome
structure and function and to the physiological effects on the human transcriptome. An age-related
transcriptional activity of HERV-H, HERV-K, and HERV-W has been observed in peripheral blood
mononuclear cells (PBMCs) from a large cohort of healthy human subjects aged between 1 and 80 years,
reinforcing the hypothesis of a physiological correlation between HERVs activity and the different
stages of life in humans [36].

Among the proposed mechanisms by which HERVs could contribute to the human physiology, it
is recognized that various sequences, concentrated in the LTRs, are involved in the regulation of the
expression of neighboring genes since they serve as promoters [37], enhancers [38], and polyadenylation
signals [39], as regulators of chromatin folding [40] and as binding sites for transcriptional factors [41].
Most HERVs reside in the genome as solo-LTRs, resulting from homologous recombination between
the LTRs of a full-length HERV [42] and, interestingly, recombination events among different HERVs
may determine genomic instability [43].

LTRs can also act as alternative tissue-specific promoters to drive the expression of host genes [44–46]
HERVs sequences are also engaged by the host for the regulation of gene expression in embryo
development [47]. Indeed, non-coding RNA (ncRNAs) expressed by the HERV-H group and the
recruitment of specific cellular transcriptional factors on HERV-H LTRs seems to be involved in the
conservation of stem cell identity [41,48]. Of note, the HERV-H loci seem to be more preserved in
a full-length state than other HERVs families, suggesting that the full-length elements rather than
solo-LTRs are useful to the host and that the internal regions of HERV-H may be involved in the
process of exaptation [49]. Similarly, an ancestral env gene dubbed HEMO [human endogenous MER34
(medium reiteration-frequency-family-34) ORF] has been found highly expressed in embryos, already
in the early stages of development, and in all subsequent differentiation periods as well as in the
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placenta and in the blood of pregnant women [50]. A pivotal role in the placental syncytiotrophoblast
development and homeostasis and in the maternal immunetolerance to the paternal antigens on the
fetus is played by the syncytin-1 and 2, Env proteins of HERV-W and HERV-FRD, respectively [51–53].
Syncytin-1 promotes cell fusion, similar to the Env protein of an exogenous viral counterpart, while
syncytin-2 is involved in maternal tolerance, with a mechanism not yet clarified [54]. The lack of
syncytins expression, caused by hypermethylation, was reported to be associated with various placental
abnormalities [55].

1.3. HERVs Responsiveness to Environmental Stimuli and their Deregulation in Human Diseases

In the dynamic regulation of HERV expression from embryonic to differentiated cells, these elements
have been shown to be regulated by epigenetic mechanisms. In terminally differentiated somatic cells,
HERV expression is silenced through DNA methylation and histone modifications; otherwise, their
aberrant reactivation threatens genomic integrity, resulting in the development of diseases. Indeed,
HERV sequences conserve some of their pathological properties, contributing to the development
of several human complex diseases, such as cancer, inflammatory diseases, and neurological and
psychiatric disorders [32,33,56–58]. However, so far, an unequivocal pathogenic cause-effect relationship
has not been established. Although the mechanisms leading to HERV repression/activation are not fully
elucidated, a variety of environmental stimuli of different natures, such as microorganisms, cytokines,
hormones, vitamins, nutrients, and drugs, have been involved in HERV transactivation.

Of particular relevance is the role played by the interaction with microbes, including viruses,
exogenous retroviruses, intestinal microbiota, and protozoan. Indeed, several viruses have been
demonstrated to deregulate HERV activity, which in turn contributes to the development of viral
diseases, including virus-associated tumors [59]. Among the herpesviruses, HSV-1 induces HERV-W
gag and env transcripts in epithelial and astrocytic cancer cell lines [60] and the production of the
HERV-W Gag and Env proteins in neuroblastoma cells [61]. The Epstein Barr virus (EBV) induces
human endogenous retrovirus, such as W/Multiple Sclerosis-associated retroviruses (HERV-W/MSRV),
syncytin-1 transcript and protein in astrocytes, B cells and monocytes [62], and HERV-K18 Env protein,
in primary B cells [63]. A genome-wide activation of LTR enhancers and promoters has been reported
during the EBV-induced transformation of B cells, suggesting an impact on host gene regulatory
networks [64]. Moreover, the involvement of HERVs in Kaposi sarcoma has been suggested since
KSHV de novo infection or latent viral proteins are able to induce the expression of the oncogenic Np9
protein of HERV-K [65]. Human herpesvirus 6 (HHV-6) infection has long been suspected of playing a
role in the pathogenesis of multiple sclerosis (MS) and neuroinflammation, and recently it has been
demonstrated that HHV-6A induces the expression of HERV-W/MSRV Env protein that in turn may
play a role in the inflammatory process [66]. Moreover, high expression of HERV-K and HERV-H
transcripts was found in colon samples from inflammatory bowel diseases (IBD) patients affected by
herpesvirus infections when compared with those not infected [67].

HERVs have been suggested as cofactors also in Hepatitis B virus-associated hepatocellular
carcinoma since the oncogenic protein HBx can to upregulate the expression of HERV-W env transcripts
through NF-κB in transformed liver cells [68]. HERVs activation could also be involved in HTLV-1
associated diseases as adult T cell leukemia and tropical spastic paraparesis since the oncogenic
protein Tax activates HERV-LTRs [69]. Many recent studies have shown that infection with the human
immunodeficiency virus-1 (HIV-1) is able to transactivate HERV-K (HML2) expression both in vivo
and in vitro, suggesting this group as a cofactor in acquired immune deficiency syndrome (AIDS)
and AIDS-associated cancers [70,71]. In particular, the HIV-1 Tat protein has been shown to induce
HERV-K gag, rec, and Np9 transcripts in acute leukemia T cell line and in primary lymphocytes [72]
and HERV-W/MSRV env transcripts and proteins in human astrocyte and blood cells [73].

Influenza A virus can induce transactivation of the env gene in the HERV-W locus ERVWE1
by increasing the transcription factor glial cells missing 1 and reducing the repressive histone mark
H3K9me3 [74]. The HERVs transactivation has also been observed in neuronal cells infected by
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Toxoplasma gondii [75], and it has been hypothesized that the imbalances of the intestinal microbiota is
able to modulate the transcription of retroelements [76]. Moreover, the in vitro exposure of PBMCs
to lipopolysaccharide (LPS) or interferon-γ (IFN-γ) modulated HERV/MaLR transcriptome [77].
Interestingly, the presence of interferon-stimulated response elements (ISREs) in the promoter region of
HERVs suggests that HERV-K expression could be regulated by inflammatory cytokines in amyotrophic
lateral sclerosis (ALS), and this mechanism could be extended to other diseases, in which the
inflammation plays a role in the pathogenesis [78]. Furthermore, cytokines, such as tumor necrosis
factor-alpha (TNF-α), interleukin-1alpha (IL-1α), interleukin-1beta (IL-1β), and IFN-γ, can modulate
HERV-R env gene expression in vascular endothelial cells [79].

It is also known that the HERV expression is modulated by endogenous hormones, both in
pathological and physiological conditions. Indeed, cyclic modification of the expression of HERVs
in reproductive-age females suggests regulation of HERV-K expression levels by sex hormones
progesterone and estradiol [80]. The same hormones increase HERV-K env transcripts in breast
cancer cell lines [81] and pituitary adenomas cells [82], while in patients affected by systemic lupus
erythematosus steroid treatment decreased HERV clone 4-1 gag mRNA expression [83].

Stimuli affecting HERVs expression come from mitogens, such as phytohemagglutinin (PHA) and
phorbol-12-myristate-13-acetate (PMA), in T cells [84]. PMA can also induce the release of virus-like
particles associated with the increased transcriptional expression of several HERVs in macrophages
and monocytoid cells [85]. Nutrients intake and vitamins can also affect HERVs activity through
epigenetic mechanisms [86,87], and the in vitro starvation induces HERV-K transcriptional expression
and the release of viral particles in melanoma cells [88–90].

Drugs can also influence the expression of HERVs. The anticancer agent etoposide has been
found to upregulate several HERVs transcripts and proteins in chemo resistant colon carcinomas
cells [91], while inhibitors of the histone deacetylase (HDACi), such as valproic acid (VPA), have been
demonstrated to increase the transcriptional expression of HERVs in brain cell lines [92]. Moreover,
upregulation of HERV-W and ERV9 transcription was detected in post mortem brain from patients
with schizophrenia previously treated with VPA [92]. Vorinostat treatment modulates the HERVs
transcriptional activity in primary CD4+T cells [93], while decitabine and benzene-derived metabolite
hydroquinone induce epigenetic switches that activate HERVs in monocytic leukemia cell lines and
hematopoietic stem cells [94].

Among environmental insults, ultraviolet irradiations (UV) induce the transcriptional activation
of HERV-K pol gene as well as the expression of Env protein in melanoma cells [95]. Likewise, treatment
with UVB or 5-aza-deoxycytidine induces increased HERV-E mRNA expression in CD4+ T cells from
patients with systemic lupus erythematosus (SLE) [96].

Hence, HERVs have been found particularly responsive to environmental stimuli that can
determine a dysregulation of HERVs transcription and/or HERV-encoded protein expression that
could influence the phenotype of complex diseases. For instance, high HERV transcripts and proteins
have been found in tumor tissues, and antibodies against HERVs have been detected in sera from
patients [32,97,98]. HERVs involvement in the tumorigenesis process could occur through different
mechanisms, such as insertional mutagenesis, activation of downstream oncogenes, expression of
the HERV-K oncogenic proteins Np9 and Rec, alteration of cellular checkpoints, fusogenic and
immunosuppressive activity [32]. For this reason, their targeting has been proposed for the treatment
of aggressive cancers [99].

HERVs are suggested to also be involved in autoimmunity and inflammatory diseases, such as
multiple sclerosis (MS) and rheumatoid arthritis (RA). HERV-W Env protein, identified in brain lesions
from MS patients, is able to induce a proinflammatory response in human macrophages cells through
toll-like receptor (TLR) 4 pathway activation [100]. On this basis, a humanized monoclonal antibody
targeting the HERV-W/MSRV Env protein has been developed as an innovative therapeutic approach
for MS [101].

In RA patients, a significantly elevated IgG antibody response to HERV-K10 Gag matrix peptide
was observed [102] while, in the cartilage of patients with osteoarthritis, HERV-W activity was confirmed
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by high expression levels of syncytin, dsRNA, virus budding, and the presence of virus-like particles,
suggesting the involvement of HERVs in the etiopathogenesis of both the diseases [103]. HERVs are
also considered to be involved in type 1 diabetes, an association with HERV K-18 polymorphisms [104],
and a significant increase in HERV-W env mRNA in PBMCs and Env protein expression in sera and
in pancreatic biopsies of patients have been observed [105]. These data are further supported by a
preclinical study in transgenic mice expressing HERV-W Env protein, displaying hyperglycemia and
decreased levels of insulin, and by in vitro experiments demonstrating that HERV-W Env protein
directly inhibits insulin secretion in human Langerhans islets [105].

Moreover, growing evidence supports the involvement of HERVs in neurodevelopmental disorders,
such as autism spectrum disorders (ASD), attention deficit hyperactivity disorder (ADHD), and
schizophrenia (SCZ) (see Section 3).

2. Neurodevelopmental Disorders

2.1. Main Clinical and Genetic Features of Neurodevelopmental Disorders

The derailment of brain development underlies numerous neuropsychiatric conditions, and the
pathological events likely start during prenatal life and carry on during subsequent maturation of the
brain [106,107].

ASD, ADHD, and SCZ are neurodevelopmental disorders (NDDs) that arise clinically mostly during
early childhood or adolescence, and share clinical features, vulnerability genes, and environmental risk
factors. ASD is a complex neurodevelopmental disorder characterized by symptoms, including persistent
challenges in social interaction, speech, and nonverbal communication, and restricted/repetitive
behaviors, whose severity is different in each individual. The first diagnosis usually occurs in childhood,
although many signs are already evident in the first six months of life, suggesting that ASD pathogenesis
begins early during the development [108]. ADHD is one of the most common childhood mental
disorders, also affecting many adults. Symptoms of ADHD comprise inattention, hyperactivity, and
impulsivity [108]. SCZ is a chronic brain disorder, and when active, symptoms include delusions,
hallucinations, trouble with thinking and concentration, and lack of motivation [108]. While disease
onset typically occurs in late adolescence or early adulthood, several lines of evidence suggest that SCZ
results from aberrations occurring in fetal development [109]. These neurodevelopmental disorders seem
to have other clinical features in common [110,111]: the risk of ADHD is higher in ASD families [112],
and ADHD is also the most common comorbidity in autistic patients [113], as well as in the past, ASD
has been defined as an early manifestation of SCZ, since one-third of childhood-onset cases first received
a diagnosis of ASD [110], and ASD was also associated with SCZ among siblings of probands with
ASD [114].

Mounting evidence demonstrated that ASD, ADHD, and SCZ share partially overlapping sets of
common genetic risk factors [115–117]. In particular, some key gene sets, implicated in the post-synaptic
density, in central nervous system development, neural projections, and synaptic transmission, and
in various other cellular processes, were shared by two or more disorders, including ASD, ADHD,
SCZ, anxiety disorders, bipolar disease (BD) and major depressive disorder [118,119]. Moreover,
copy number variation (CNV) of the DOCK8/KANK1 locus was found in SCZ, BD, ASD, and ADHD
patients, suggesting that shared structural variants could contribute to explain the genetic basis for
co-morbidity and co-occurrence of these disorders [120].

2.2. Drugs and Infections Exposure in Sensitive Time-Windows of the Pregnancy as Risk Factors for NDDs

Although there is a strong genetic component, several environmental factors act to increase the
risk of NDDs by a neurotoxic mechanism [121–123]. Exogenous elements, ranging from environmental
toxicants (methyl mercury, leads, arsenic, pesticides, polychlorinated biphenyls, and bisphenol A)
to maternal intake of drugs (thalidomide, valproic acid, misoprostol, selective serotonin reuptake
inhibitors) as well as maternal infections, can alter neurodevelopment. They act mostly between
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conception and birth, in specific well-delineated sensitive time-windows of increased vulnerability
of the nervous system (see Heyer and Meredith, 2017 for a comprehensive review of environmental
toxicants in NDDs) [122].

Among the intake of drugs during pregnancy, the anticonvulsant valproic acid (VPA) has been
associated with an increased risk of somatic anomalies, ASD, and other developmental disabilities in
the offspring [124,125]. VPA is widely used for the treatment of bipolar disorders, migraine, headaches,
neuropathic pain, and especially epilepsy. Since seizures have been associated with the risk of
miscarriage and low birth weight, women with epilepsy require an antiepileptic treatment for the
entire length of the pregnancy [126].

VPA intake in pregnancy can induce teratogenic effects, including, besides neural tube defects,
limb, cardiovascular, and craniofacial anomalies, and the association between the VPA exposure during
the first trimester of pregnancy and reduced cognitive functions and high risk for ASD among the
offspring has been reported [127].

To explain the therapeutic effects of VPA, as well as its neurotoxicity, multiple mechanisms are
called upon: direct interference with GABAergic neurotransmission, interaction with neural remodeling
and neurogenesis, modulation of folate metabolism, free radicals production, interference with cell
proliferation/migration patterns and alterations of inflammatory and immunologic markers [127–131].
Animal studies demonstrated that VPA also acts on the regulation of gene expression via epigenetic
mechanisms, since it is a non-selective inhibitor of histone deacetylase of class I and II (HDAC1 and
HDAC2), resulting in the modulation of several genes and proteins implicated in neuronal excitation
and inhibition and in brain and immune system development [128,132–134]. Moreover, Choi and
co-authors showed the transgenerational non-genetic inheritance of the autism-like phenotype in mice
prenatally exposed to VPA [135].

Infections occurring in pregnancy can also determine long-lasting changes in the brain and,
therefore, could affect behavior in the offspring. Rubella infection in pregnancy has been associated
with a high incidence of neurological abnormalities and with an increased prevalence of intellectual
disability and autism [136], especially if the infection occurred in the second month of pregnancy [137].
Congenital rubella infection also increases later risk of SCZ; in this case, the effect is strongest whether
infection happened during the first two gestational months [138] or not. Respiratory infections by
influenza virus during the first trimester of pregnancy have also been shown to increase the incidence
of SCZ in the offspring [139], while maternal genito–urinary tract infections (chlamydia urethritis,
trichomoniasis, and candidiasis) were associated with significantly increased risk of ADHD [140],
depending on the time-window of the pregnancy in which infection occurs [141]. Moreover, the
hospitalization of the mother during pregnancy has been associated with an increased ASD risk in
the offspring, both for viral infections in the first trimester and for bacterial infections in the second
one [142], further highlighting that the real risk factor is the time-window of the infection. Other
infectious agents have been associated with ASD risk in offspring, including cytomegalovirus [143],
polyomaviruses [144], and influenza virus [145,146].

2.3. Inflammatory Mechanisms in NDDs

This consistent amount of data strongly supports a relationship between maternal infection and
derailed neurodevelopment in the offspring, underlying the potential role of the maternal immune
response to pathogens in determining NDDs.

In pregnancy, the inflammation induced by several insults could affect different stages of
neurodevelopment in the fetus, contributing to the appearance of altered phenotypes early in childhood
as well as adult or aged progeny [147,148].

In animal models, this concept is strongly supported by the maternal immune activation
(MIA) model, obtained by challenging pregnant rodents via direct infection (e.g., influenza virus,
Escherichia coli) or with the viral mimic polyinosinic–polycytidylic acid [Poly(I:C)], a synthetic analog
of double-stranded RNA (dsRNA). In the MIA model, prenatal exposure to these insults leads to
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significant immunological, neurodevelopmental, and behavioral changes in the offspring [149–151].
It is notable that the maternal immune response rather than the infection/insult itself was responsible
for the aberrant phenotype in the offspring [152,153].

Growing evidence pointed out the role of inflammation in the pathogenesis of NDDs since the
deregulation of the innate and adaptive immune responses can affect brain function and development,
highlighting the close interconnection between the immune and nervous systems. Abnormal cytokines
levels in sera and amniotic fluid were reported [154,155], and an association with a particular ASD
sub-phenotype was proposed [156]. Maternal inflammatory cytokines, induced by MIA, could cross
the placenta or cytokines, could be produced in loco in the placenta itself, with a consequent gene
dysregulation in the fetus [155]. Moreover, MIA could promote the production of pro-inflammatory
cytokines, not only in the mother but also in the developing brain and body of the fetus [157],
leading to permanent dysregulation of the immune system in the offspring [158]. In line with this
hypothesis, in autistic patients high levels of cytokines, such as interleukin (IL)-1β, IL-5, IL-6, IL-8,
IL-12, IL-13, IL-17, IL-23, TNF-α and INF-γ were found in blood and in cerebrospinal fluid (see Masi et
al., 2017 for a comprehensive review) [159] and our research group has recently demonstrated high
expression levels of TNF-α, IFN-γ, and IL-10 in PBMCs of autistic children and their mothers [160].
Acute neuroinflammation during early fetal development may be relevant also for ADHD since
in patients elevated concentrations of the pro-inflammatory cytokine TNF-β and reduced levels of
anti-inflammatory cytokines IL-2, IL-4, and IFN-γ have been reported [161]. Additionally, inflammatory
and immune system diseases of mothers in pregnancy have been associated with an increased risk
of ADHD in their offspring [162]. Finally, increased pro-inflammatory cytokines in patients with
established SCZ [163] as well as in drug-naïve patients with first-episode psychosis [164] and in
individuals at high risk of psychosis [165] were observed, suggesting that the dysregulation of the
innate immune system occurs early in the onset of the SCZ. It is noteworthy that during the acute
psychotic relapses, high serum levels of IL-6 and TNF-α were detected, and the reduction of IL-6 levels
after antipsychotic treatment was observed [166].

3. HERVs in Neurodevelopmental Disorders

3.1. Evidence from Human Studies on the Involvement of HERVs in Neurodevelopmental Disorders

Based on current findings, complex neurodevelopmental disorders, such as ASD, ADHD, and
SCZ, seem to be the result of the interplay among genetic vulnerability, environmental risk factors,
and maternal immune activation. All these factors act during prenatal life, but how they contribute to
derailing neurological development has to be elucidated.

Growing evidence demonstrates an abnormal RNA expression and protein production of several
HERVs in NDDs, in which HERVs could be involved spanning the bridge between genetic susceptibility
and environmental risk factors. However, the significance of the altered transcriptional activity, as well
as the potentially detrimental effect of HERV-encoded proteins, has yet to be fully clarified.

Studies on ADHD and ASD patients showed altered transcriptional activity of the env gene of
several HERVs in the PBMCs of the patients in comparison to age- and sex-matched healthy control
individuals [167–169]. In particular, the expression of the RNA of the HERV-H env gene was higher
in PBMCs from autistic patients than in healthy controls, while the expression of HERV-W env was
higher in control children [167,169]. Moreover, the in vitro exposure to phytohemagglutinin (PHA)
and IL-2 induced the expression of HERV-H in PBMCs from autistic patients but not of healthy controls,
suggesting an intrinsic potential to express HERV-H env gene of PBMCs from patients [167]. In addition,
HERV-H expression has been found to be negatively correlated with the age of autistic patients and
associated with more severe clinical signs, suggesting altered HERV-H transcriptional activity as a
disease-dependent feature [167]. Recently, in a study including autistic patients and their parents, we
describe that children and their mothers share abnormal RNA levels of HERV-H env gene, of HEMO
and of the cytokines TNF-α, IFN-γ, and IL-10, suggesting a close mother–child association within
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families with autistic children [160]. It is worthy of notice that both in patients and mothers, the
expression of HEMO correlated with TNF-α [160], supporting the hypothesis of an interplay between
HERVs and the innate immune response. Considering the functions of HERV-H and the potential
role of HEMO in human embryogenesis, their abnormal expression could contribute to the derailed
neurodevelopmental process as cofactorsor at least the altered expression of HERVs and cytokines
could be considered as a molecular signature of ASD that permits the discernment of affected children
and their mothers from healthy controls.

In addition, in PBMCs from drug-naïve ADHD patients, abnormal expression of RNA of HERV-H
env gene has been observed, supporting the view that the transcriptional activation of this specific
retroviral element might represent a distinctive trait of the disorder [168]. As with observed autistic
patients, in ADHD children, the expression of HERV-H was closely related to the symptomatology, being
more expressed in children with severe symptoms and increased in response to in vitro stimulation
with PHA and IL-2 [168]. Notably, ADHD patients in therapy with methylphenidate (MPH) displayed
a fast reduction in HERV-H activity in parallel with an improvement in clinical symptoms, making
candidate HERV-H a potential predictive marker of the response to MPH therapy [170,171].

Accumulating evidence highlights the association between HERVs and schizophrenia as there is
an increase in HERV-W gag and env genes and ERV9 pol transcript and protein in blood samples of
subjects with schizophrenia [172–175]. In addition, transcripts of HERV-K10 were found increased
in post-mortem brain tissue from patients with schizophrenia and bipolar disorders [176] and in line,
retroviral RNAs of HERV-W, ERV9, and HERV-FRD have been identified in the cerebral spinal fluid of
schizophrenia patients [177]. HERV-W Gag proteins levels were found to be decreased in the anterior
cingulate gyrus and the hippocampus [178], whereas they were detected, together with HERV-W Env
proteins, in serum samples of individuals with schizophrenia and correlated with C-reactive protein
levels [179]. The disparity between these reports may be due to different experimental methods or
anti-psychotic treatments in SCZ patients. Interestingly, in patients with schizophrenia, the levels
of HERV-W transcripts are related to the activity of immune components, such as proinflammatory
cytokines, often dysregulated in the disease [180]. It is also known that epigenetic processes, including
DNA methylation, are involved in schizophrenia [181], and significantly lower levels of HERV-K
methylation in patients with first-episode schizophrenia in comparison with controls were reported.
Otherwise, patients with multi-episode schizophrenia had HERV-K methylation levels similar to those
in controls. The authors hypothesized that the findings in patients with multi-episode schizophrenia
might be attributed to the effects of antipsychotic treatment since they observed a positive correlation
between the dosage of antipsychotics and the levels of HERV-K methylation [182].

The potential involvement of HERVs in NDDs could be due to their intrinsic responsiveness to
external stimuli, described above; environmental stimuli of different natures may be translated into the
cell as gene expression regulation through several epigenetic mechanisms [183].

3.2. Mechanisms by Which HERVsCouldDerail Neurodevelopment

Since several HERV families play important roles in mammalian development and
differentiation [50,184,185], their abnormal activity could have an impact on the different stages
of embryogenesis. Embryonic development is driven through epigenetic regulation, leading to global
remodeling, cell commitment, and tissue specification [186]. During this sensitive phase, any alteration
could impact on neurodevelopment [187], and, therefore, epigenetic modifications could directly
link molecular regulatory pathways to environmental factors and explain some aspects of complex
disorders, such as ASD, ADHD, and SCZ [188]. In this complex scenario, HERVs could represent the
link among environmental stimuli, epigenetic remodeling, and biological processes. Indeed, their
re-activation in response to external stimuli could determine DNA rearrangements, HERV reinsertions,
and HERVs copy number variation, resulting in abnormal HERVs activity that could, in turn, potentially
affect the development of the central nervous system.

Due to their regulatory activity, HERVs could affect both the expression of cellular coding genes
and the activity of ncRNAs since they can act as enhancers of the transcription [189]. Accordingly,
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by the analysis of the developing human brain transcriptome, a co-expression of ncRNAs and ASD
risk genes [190] has been observed, suggesting that abnormal HERVs expression could contribute to
altered neurodevelopment.

Moreover, ncRNA transcribed from HERVs genes can bind cellular microRNA involved in the
post-transcriptional regulation of gene expression, since several human microRNAs have high sequence
homology with HERVs [191,192]. This process occurs in the regulation of pluripotency of embryonic
stem cells when HERV-H long ncRNA (HPAT5, locus 6q27) binds the complementary sequences in the
let-7 microRNA family [193,194].

HERVs could interfere with pathways related to the development and function of the nervous
system: The human sodium-dependent neutral amino acid transporter type 1 (hASCT1) and hASCT2
have been recognized as the cellular receptors of HERV-W Env [195]. Both receptors play a role in the
regulation of glutamatergic transmission in the brain [196], which has been found dysfunctional in
schizophrenia and in ASD [197].

In addition, overexpression of the HERV-W env gene activated the small conductance
Ca2+-activated K+ channel in human neuroblastoma cells through the cAMP response element (CREB),
suggesting that HERV-W env gene may interfere with neuronal activity in mental illnesses [198].

Moreover, transcriptional activation of HERVs is associated with the development of SCZ;
specifically, HERV-W env gene regulates the expression of schizophrenia-associated genes, such as
the brain-derived neurotrophic factor (BDNF), neurotrophic tyrosine kinase receptor type 2 (NTRK2),
and dopamine receptor D3 (DRD3) [175]. BDNF aberrancies have been observed in SCZ [199] and in
ASD [200], suggesting a contribution of HERVs in the BDNF-mediated neuroprotective mechanism.
In addition, growing evidence suggests that HERVs can shape innate immune response by mechanisms,
including the regulation of the expression of neighboring genes and the stimulation of pattern
recognition receptors (PRRs): The transactivation of HERVs leads to the release of HERV-derived
pathogen-associated molecular patterns (PAMPs), inducing the production of pro-inflammatory
effectors, such as IFNs, cytokines, and chemokines [201]. Hence, HERVs could provide continuous
triggers to the host immune sensors, since they may be physiologically expressed in few instances [36]
and, on the other side, the inflammatory effectors induced by HERVs could, in turn, further increase
HERVs activity [57,160,202,203], supporting the hypothesis of an interplay between HERVs and
immune system activity (Figure 1).
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4. Endogenous Retroviruses Activity in Mouse Models of Autism

4.1. Mouse Endogenous Retroviruses

The retroelements are not unique in humans, since they are also present in nearly all vertebrates
and in some invertebrates [204]. As described in humans, the mouse genome also harbors LINEs and
SINEs that are sources of germline mutations via new insertions [205,206]. The mouse genome also
contains numerous groups of retrotranspositionally active ERVs that cause the most reported insertional
mutations [205]. In mouse, ERVs constitute about 10% of the genome and are typically classified into
three classes (class I, II, and III), according to the similarity to the exogenous viral counterpart [12,205].
The majority of ERVs loci exist only as solitary LTRs, as the result of recombination events, and
some of ERVs lost coding capability due to mutational degradation, occurred during evolution [205].
Nevertheless, some of them are retrotranspositionally active, leading to germline mutations via new
integration events [206]. Particularly, the intracisternal A-particle (IAP) is responsible for the most
reported mutations due to new ERVs insertions, with a substantial contribution of the early transposon
(ETn)/mouse endogenous proviruses (MusD) ERVs group [206]. IAP sequences belong to class II and
are highly abundant in the mouse genome [205]. Although some IAP elements contain an env gene,
most of them have lost env and adopt an intracellular retrotranspositional life cycle [207], resulting
in the accumulation of high copy numbers in the genome [208]. Elevated IAP transcripts have been
reported during embryogenesis (see Rowe and Trono, 2011, for a comprehensive review) [209] as well
as in differentiated tissues, particularly in the thymus [210]. Of note, in lymphoid tissues, somatic
insertions of IAP can lead to oncogene or cytokine gene activation [211,212]. Moreover, it is known
that IAP can influence the transcriptional profile of nearby genes, providing functional promoter
elements and modulating local epigenetic landscape through changes in DNA methylation and histone
modifications [213]. In addition to IAPs, the ETn/MusD group is responsible for the next highest
number of germline mutations. ETns have no coding capacity, and their retrotransposition is mediated
by the coding competent MusD elements [214]. As for IAPs, these elements also encode strictly
intracellular virus-like particles since they lack the env gene [215]. During the embryogenesis, the
expression analysis demonstrated that ETn and MusD are highly transcribed [209], and they are
responsive to embryonic transcription factors [216]. Moreover, in mouse embryogenesis, several
complex regulatory networks are responsible for the modulation of retroelements, and, in turn, the
development is controlled by their temporal and spatial activity. Particularly, IAP elements are carried
from the oocyte into early embryos, degraded and then peak again at the blastocyst stage, until
the IAP sequences undergo DNA methylation. Conversely, MusD/ETn are highly transcribed in
post-implantation embryos [209]. Moreover, two murine env genes, each present at a single copy
and phylogenetically unrelated to human syncytins, are expressed in the placenta at the level of the
syncytiotrophoblast, where they exhibit a fusogenic activity [217]. The conservation of their coding
status suggested that their function is most probably similar to that of the human syncytins since mice
knockout for either of the two syncytin genes displayed impaired placental trophoblast fusion [218].
Furthermore, more recent data demonstrated the involvement of syncytins in the cell–cell fusion of
myoblast in mice [219] and of ex vivo human osteoclasts [220] suggesting their crucial role in different
host physiologic processes.

4.2. Animal Models of Autism

Evidence supporting the involvement of endogenous retroviruses in the course of altered
neurodevelopment comes also from studies in preclinical ASD models.

Animal models are crucial tools to deeply understand the human ASD, as they allow the
investigation of the pathways and the pathophysiological processes involved, to explore the brain
district, mostly inaccessible in humans, and to evaluate the potential translational value of peripheral
biomarkers. Several types of ASD animal models have been developed, including those obtained by
genetic manipulations, by using behavioral screening of inbred strains of mice to find an ASD-like
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phenotype and by prenatal exposure to chemicals or infection/inflammation (see Ergaz et al., 2016
for a comprehensive review) [221]. Genetic models consist of mutagenesis or knockout of various
isolated genes that are thought to be involved in the pathology of both syndromic and non-syndromic
ASD, such as FMR1 (Fragile X syndrome), NF1 (Neurofibromatosis type 1), TSC1 (Tuberous sclerosis),
DHCR7 (Smith–Lemli–Opitz syndrome), MeCP2 (Rett syndrome), and of genes known to be associated
to high risk of ASD, such as SHANK2, CNTNAP2, eIF4E, and transgenic mouse targeting Oxytocin,
Vasopressin, Reelin, Dishevelled-1, Sert (serotonin transporter), MAOA (monoamine oxidase A),
HOXA1, PTEN, and Neuroligins [221]. On the other side, unknown genetic changes able to induce
ASD-like phenotype in animals, in turn, may bring into light similar changes in humans.

Using behavioral screening, the BTBR T+tf/J (BTBR) inbred mice were identified, as they showed
several traits relevant to ASD, such as impairments in social and communication domains, reduced
cognitive flexibility, and high levels of repetitive behaviors. For this idiopathic ASD model, the inbred
C57BL6/J mice have usually been used as a standard control strain [222].

Based on epidemiological studies in humans concerning the association between prenatal infections
with increased risk for ASD, other animal models were developed by the prenatal exposure to
compounds that stimulate the MIA, such as the poly(I:C) or the LPS to mimic viral and bacterial
infection, respectively [223,224]. In rodents, MIA leads to a dysregulation of the immune system in
offspring and the acquisition of an autistic-like phenotype until adulthood, and, similar to what is
observed in ASD children, IL-6 was supposed to be acting through inhibition of DNA methylation [225].
Notably, by a single poly(I:C) injection, the offspring of the first generation showed an autistic-like
phenotype that persists via the paternal lineage, in the second and third generation, without any further
intervention [226]. The type of changes that are transmitted through the generations (transgenerational
inheritance) are not yet clarified. Nevertheless, a key role played by the immune system could be
supposed. Accordingly, an apparent rescue of the behavioral abnormalities was obtained by the
administration of neutralizing antibodies against IL-6 and IL-17 [225,227]. Moreover, following MIA
induction, several other cytokines, such as TNF-α, IFN-β, and IL-1β, were found overexpressed, but
not the anti-inflammatory IL-10 [228].

Based on the clinical evidence, prenatal exposure to VPA has been proposed as a drug-induced
model of ASD in rodents [229]. The prenatal exposure to VPA in mice and rats leads to the acquisition
of behavioral traits that resemble those observed in autistic patients (decreased social interactions,
increased repetitive/stereotypic behaviors, lower sensitivity to pain, impaired sensorimotor gating
or eye blink conditioning, increased anxiety, reduced exploratory behavior and abnormally high and
longer-lasting fear memories), depending on dose and time of exposure [230].

4.3. Evidence of Abnormal ERVs Activity in Mouse Models of Autism

Recently, our group investigated the transcriptional activity of different ERVs, including members
of ETn and IAP families, in two models of ASD, the BTBR mice and the CD-1 outbred mice exposed to
VPA in utero [231]. In both animal models, beginning from intrauterine life and up to adulthood, higher
ERVs levels were found in BTBR and VPA-treated animals than in corresponding controls. Particularly,
in BTBR mice, the transcriptional activity of ERVs was already altered in whole embryos samples
and maintained in both blood and brain samples analyzed at different postnatal ages, suggesting that
a long-lasting activation of ERVs could affect brain functions throughout the life span. In the VPA
model, ERVs activity was modified immediately after drug administration in embryos, suggesting
a direct and rapid effect of VPA. Abnormal expression of ERV has also been found in the offspring
(first generation, F1) immediately after the birth, both in blood and brain, but high levels, stable until
adulthood, were observed only in the brain from VPA-treated mice (Figure 2). In the VPA-induced
ASD model, the differences in ERVs expression observed in the two tissues could be attributed to
the different cell turnover. In fact, the rapid turnover of blood cells can dilute the VPA effect on the
ERVs transcription in these cells, while, since the cellular turnover in the brain is slow/absent, the
VPA can induce a permanent increase in ERVs expression, similarly to those found in BTBR mice.
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Moreover, in both models, the expression of some ERVs families was found to be positively correlated
with expression levels of proinflammatory cytokines (IL-1β, IL-6, and TNF-α) and TLR3 and TLR4 in
embryos and brain, supporting the hypothesis of the interplay between ERVs activity and immune
response [231] (Figure 2).Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 13 of 28 
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Figure 2. The abnormal endogenous retroviruses (ERVs) and cytokines expression from intrauterine
life to adulthood in the first generation (F1) prenatally exposed to valproic acid (VPA) could be due to
the drug-induced epigenetic changes. ERVs activity (red lines) and cytokines expression (light blue
lines) were represented both for VPA- and vehicle-treated mice.

4.4. Recent Findings on the Transgenerational Inheritance of the Abnormal ERVs Expression in a Mouse Model
of Autism: the Conceivable Underpinning Mechanisms

Recently, the abnormal expression of ERVs observed in mice prenatally exposed to VPA has also
been demonstrated across generations until the third one that lacks direct exposure to the drug, in
parallel with the transmission of behavioral alterations [232]. Notably, larger VPA effects on ERVs
expression was found in females within the first generation (F1) and along maternal lineages in the
second and third generation (F2 and F3, respectively) [232]. The vulnerability of the female sex could be
due to the larger epigenetic effect of prenatal VPA exposure reported in female fetal brains, associated
with sexually dimorphic methylation of H3K4 induced by VPA [233].

The transgenerational transmission of altered ERVs expression could be due to the activity of VPA
as a direct HDAC inhibitor, inducing a histone hyperacetylation, but also to its ability to trigger other
epigenetic changes, such as histone methylation and DNA demethylation [234]. The administration of
the drug during pregnancy could modify the global epigenetic status of the first and also of the second
generation (F2), present in the embryos of the first generation as germline cells. The VPA-induced
epigenetic changes would then be fixed in F2 and transmitted to the next generation (F3), the first
that lacks a direct exposure to the drug [235]. Another mechanism by which ERVs deregulation could
be transgenerationally transmitted comprises the acquisition of a newly modified genotype by the
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increased copy number of ERVs (Figure 3). This hypothesis is in agreement with evidence in the
literature, showing that ERVs in mice can cooperate with each other and with non-ERV elements (such as
LINEs) by complementation in trans, increasing their intrinsic capability to retrotranspose [206,236] and
their proviral copy number. The reintegration of ERVs would lead to the emergence of polymorphisms,
as shown in the human genome for HERV-H and HERV-K (HML2) [23,237] without differences in the
polymorphism rate between sexes for HERV-K [238]. Moreover, the copy number of HERV-W/MSRV
was found to be increased in patients with MS and influenced by gender and disease severity as well
as CNV of LINE-1 was found in schizophrenia patients [239,240]. The reintegration of ERVs in the host
genome could also contribute to genetic instability and the appearance of chromosome rearrangements,
deletions, and duplications according to the detection of CNV and somatic mutation in ASD and
SCZ [241,242]. The increase in copy number of ERVs could also explain the more marked effect that
prenatal exposure to VPA exerts on ERVs expression in females than males: Oocytes persist long in life
while spermatozoids life is short and their high turnover could dilute the effect of the drug.
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Figure 3. Transgenerational inheritance of altered ERVs activity in the VPA-induced mouse models of
autism spectrum disorders (ASD), potentially involved mechanisms. VPA exposure of the pregnant
dam (F0) leads a direct insult to the fetus (F1) and to germ cells that will generate the F2 generation,
while the F3 is the first generation not directly exposed. Transgenerational transmission of abnormal
ERVs expression induced by VPA could be due to changes in the epigenetic status or of the ERVs copy
number variation in the genome.

Transgenerational studies on ASD in preclinical models provide new perspectives in ASD
susceptibility, by which autistic traits seem to be inherited in subsequent generations after the first
exposure to an insult, thus supporting the view that epigenetic inheritance could play a role in the
development and heritability of ASD and more generally in NDDs.

5. Conclusions

The exposure to a variety of environmental insults in sensitive time-windows during pregnancy
could result in later altered neurodevelopment. The role of HERVs in human embryogenesis, their
intrinsic responsiveness to external stimuli, and the interaction with the immune system reinforce
the involvement of HERVs in the derailed neurodevelopmental process. However, it is still debated
if HERVs are cofactors or epiphenomenon in NDDs, and more efforts are needed to investigate the
potentially detrimental effect of HERV-encoded proteins as well as the impact of polymorphisms,
unfixed copies, and copy number variation of HERVs in the etiopathogenic processes.
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In this complex landscape, the use of animal models for studying NDDs could offer countless
advantages: (i) to analyze in greater detail the prenatal phase, that is certainly crucial for the onset of
NDDs, (ii) to obtain selective information concerning the brain district, mostly inaccessible in human
studies, and (iii) to evaluate potential translational value of peripheral biomarkers. On the other hand,
issues of overlapping results between species should be taken into account.

Further studies are needed and could represent a new approach to unravel the etiopathogenesis of
NDDs, bearing in mind that the retroelements cannot be appropriately understood through a virologic
or genetic approach since they are neither viruses nor physiological genes. Both preclinical models and
human studies indicate that the abnormal expression of ERVs could represent a molecular signature of
neurodevelopmental disorders.
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Abbreviations

HERVs Human Endogenous Retroviruses
LTRs Long Terminal Repeats
LINEs Long interspersed nuclear elements
RT Reverse transcriptase
ncRNAs Non-coding RNA
HEMO Human endogenous MER34 (medium reiteration-frequency-family-34) ORF
HSV Herpesviruses
HERV-W/MSRV Human endogenous retrovirus W/Multiple Sclerosis-associated retrovirus
EBV Epstein Barr virus
HHV-6 Human herpesvirus 6
MS Multiple sclerosis
HTLV-1 Human T-lymphotropic virus-1
HIV-1 Human immunodeficiency virus-1
AIDS Acquired immune deficiency syndrome
PBMCs Peripheral blood mononuclear cells
LPS Lipopolysaccharide
IFN-γ Interferon-γ
ALS Amyotrophic lateral sclerosis
TNF-α Tumor necrosis factor-alpha
IL-1α Interleukin-1alpha
IL-1β Interleukin-1β
PHA Phytohemagglutinin
PMA Horbol-12-myristate-13-acetate
HDACi Inhibitors of the histone deacetylase
VPA Valproic acid
UV Ultraviolet irradiations
SLE Systemic lupus erythematosus
RA Rheumatoid arthritis
TLR4 Toll-Like Receptor 4
ASD Autism spectrum disorders
ADHD Attention deficit hyperactivity disorder
SCZ Schizophrenia
NDDs Neurodevelopmental disorders
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BD Bipolar disease
CNV Copy number variation
HDAC1 Inhibitor of histone deacetylase of class I
HDAC2 Inhibitor of histone deacetylase of class II
MIA Maternal immune activation
MPH Methylphenidate
BDNF Brain-derived neurotrophic factor
NTRK2 Neurotrophic tyrosine kinase receptor type 2
DRD3 Dopamine receptor D3
PRRs Pattern recognition receptors
PAMPs Pathogen associated molecular patterns
ERVs Endogenous retroviruses
IAP Intracisternal A-particle
ETn Early transposon
MusD Mouse endogenous proviruses
BTBR BTBR T+tf/J inbred
F1 First generation
F2 Second generation
F3 Third generation
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