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Human Endogenous Retroviruses
in Autism Spectrum Disorders:
Recent Advances and New
Perspectives at the
Gene-Environment Interface
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Claudia Matteucci and Paola Sinibaldi-Vallebona

Abstract

Human endogenous retroviruses (HERVs) are genetic elements, derived from
their exogenous retroviral counterpart by a process of germline infection and prolif-
eration within the human genome, and their integration as proviruses led to the fixa-
tion and the vertical transmission, following Mendelian laws. HERVs currently make
up ~8% of the genetic material, and some of them have been cooped for physiological
functions. Otherwise, their activation in response to environmental factors has been
associated with human pathological conditions. In the setting of neurodevelopmental
disorders, HERVs have been proposed as contributing factors involved in Autism
Spectrum Disorders (ASD), spanning the bridge between genetic susceptibility,
environmental risk factors and immune response. We described a distinct expression
profile of some HERV families and cytokines in lymphocytes from autistic children
and in their mothers suggesting a close mother-child association in ASD. Moreover,
in vitro treatment with an antiretroviral drug was able to restore the expression level
of HERVs and cytokines providing new insights into the potential role of HERVs as
biomarkers of ASD and raising the possibility of using HERVs expression as a thera-
peutic target for a tailored approach to patient care.

Keywords: human endogenous retroviruses; HERVs, biomarker, mother-child
association, gene expression, aetiology, antiretrovirals

1. Introduction

In 1943, the child psychiatrist Leo Kanner described children preferring loneli-
ness with repetitive patterns of behaviour. Similar symptoms were reported by Hans
Asperger, an Austrian paediatrician, in 1944 mainly in people of high intelligence [1].
Kanner, first spoke about ‘childhood or early-onset schizophrenia) and later he called
this condition ‘infantile autism), and concerning the aetiology of autism, he attributed
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autism to a lack of maternal warmth and attachment. Following this hypothesis,
Bruno Bettelheim with his book ‘The Empty Fortress’ popularized the theory of
‘refrigerator mother’ by stating that ‘the infant that misreads the mother’s actions

or feelings, or correctly assesses her negative feelings, may retreat from her and the
world’. This view was widely criticized and nowadays represents an obsolete thought
[2]. From this time, many hypotheses and models emerged to explain this complex
condition focusing on symptomatology, phenotype and pathogenesis [3, 4]. However,
despite many promising hypotheses, the current literature is made up of controversial
findings and lacking of definitive proof about the mechanism underlying the complex
aethiopathogenesis of Autism Spectrum Disorder (ASD). ASD is currently referred to
as a pervasive neurodevelopmental disorder with an impact on emotional and social
behaviour that persists throughout life [5]. The clinical presentation is very hetero-
geneous, and its incidence is continuously increasing [6]. Despite the consolidated
evidence that the main contribution to the increase in the incidence of autism comes
from the improvement of the diagnostic process, it has also been hypothesized that

at the basis of the onset of autism, there is not a single cause but a set of risk factors
acting together to produce the phenotype. Decades of studies have indeed shown

that autism is a complex pathology influenced by the combination of genetic, envi-
ronmental and epigenetic factors, mainly acting during prenatal and/or perinatal
phases [7-9]. The concordance rate of ASD in monozygotic twins much higher than in
dizygotic twins seemed to indicate that genetic factors were more likely to contribute
to ASD than environmental factors [10]. More than a thousand ASD-associated genes
known to be involved in brain development have been identified to date [11], and
many genomic copy number variants have been associated with neurodevelopmen-
tal disorders including ASD [12, 13]. Several epidemiological studies indicate that
potential risk factors for ASD also include various determinants [14, 15], such as the
age of the pregnant woman, advancing paternal age [14, 16, 17] and prematurity [18].
However, an ever increasing important role has been attributed to risk factors related
to the early foetal environment, including toxicants, diet, air pollution, smoking or
chemicals exposure, which have been suggested to induce a prenatal and/or perinatal
brain insult able to contribute to the development of autism in genetically predis-
posed individuals [19]. These environmental insults share in common the activation
of the maternal immune system (MIA), which has therefore been recognized as an
additional risk factor for ASD [20]. MIA is an inflammatory response triggered by
pathogenic infection and autoimmune diseases in the mother. It is known that several
microorganisms, vertically transmitted to the foetus, affect its development result-
ing in severe complications such as miscarriage and malformations [21]. However,
even non-vertically transmitted infections during pregnancy can cause harm to the
offspring by producing inflammatory cytokines, which directly damage the foetal
brain by crossing the placental and blood-brain barrier [22, 23].

Preclinical studies, using mouse model of MIA induced by prenatal exposure to
polyinosinic:polycytidylic acid (Poly I:C), a synthetic double-stranded RNA molecule
targeting TLR-3, mimicking viral maternal infection, demonstrated that the exposure
to a prenatal insult induced derailed neurodevelopment in offspring. Particularly,
in the mothers, the Poly I:C injection leads to the production of interleukin-17 that
reaches the foetal brain via the placenta inducing cell death and decreasing synaptic
density and expression levels of synapse formation-associated proteins and result-
ing in ASD-like behavioural and morphological brain abnormalities, also described
in the pathophysiology of human ASD [24-26]. In line with the hypothesis that
maternal immune response could impact on neurodevelopment in the newborn,
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epidemiological studies have reported that MIA, caused by autoimmune diseases, also
increases the risk of ASD [27]. Altogether these studies suggest that MIA-induced
inflammation and cytokines can impair placental function and lead to the disrup-
tion of its barrier function, resulting in exposure of the foetus to toxic substances.
Accumulated evidence also shows an important role of epigenetic factors, such as
DNA methylation, histone modification and noncoding RNA in predisposition to
disease development. Epigenetic mechanisms regulate chromatin structure and gene
expression without altering the DNA sequence. In consideration of this last charac-
teristic, in the past it was believed to have no role in the growth and development of
the individual [28] while the study of their interaction with environmental conditions
has highlighted their important role in the development of genes related to brain
development. In recent years, there have been rapid advances in the understanding of
epigenetic mechanisms that ultimately regulate gene activity and expression during
development and differentiation or in response to environmental stimuli. Instead, it
is now known that the main function of epigenetic factors is to regulate development
through cell differentiation processes, tissue specification and maintenance of cell
lineages [29]. Therefore, environmental stimuli can alter the epigenome and conse-
quently gene transcription, changing the phenotype [30].

Within this interplay among genetic susceptibility, MIA, epigenetic and environ-
mental factors are placed the human endogenous retroviruses (HERVs), which we
proposed as novel contributing factors involved in ASD.

2. Human endogenous retroviruses and their co-evolution with the host

In contrast to the prevailing early twentieth century conception of genetic
material as fixed, in the 1940s, the Nobel Prize Barbara McClintock discovered in
maize the ‘mutable loci’ which were capable to move between chromosomes. This
pioneering study paved the way for future research into the role of these jumping
genes’ or transposable elements (TEs) in both health and disease conditions [31].
Indeed, it was later discovered that about 46% of the human genome consists of TEs
[32]. They consist of repetitive sequences that are able to insert copies of themselves
elsewhere in the genome [33]. They are divided, according to their size and func-
tionally related structures, into short interspersed elements (SINEs), long inter-
spersed elements (LINEs), long terminal repetition retrotransposons (LTR) and
DNA transposons [34]. The major subset of LTR retrotransposons is represented by
HERVs, which together with their derivative sequences comprise at least 8% of the
human genome [32, 35].

These elements have their origin in the numerous environmental events that
shaped the human genome during evolution, including the occasional infection
of germ cells of our ancestors by exogenous retroviruses and the insertion of their
RNA genome as proviruses into the cell’s chromosomal DNA [36]. Hence, HERVs
are transmitted in a Mendelian manner to all subsequent generations (Figure 1a).
Retroviral proviruses share the canonical structure of retroviruses consisting of an
internal region of four essential viral genes (gag, pro, pol and env), flanked at either
side by long terminal repeats sequences (the 5" and 3’ LTRs) that are identical at the
time of integration and contain promoter, enhancer and polyadenylation signals that
shape the cellular transcriptome (Figure 1a) [37].

A non-coding sequence containing a tRNA-specifc primer-binding site (PBS) is
usually present between the end of the 5" LTR and the first codon of the gag gene,
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Figure 1.
HERV origin (a) and their activation in response to environmental stimuli (b) (created by BioRender).

and HERVs are classified into families on the basis of the tRNA that binds to the viral
primer-binding site to prime reverse transcription.

During human evolution, HERVs invaded the human genome undergoing ampli-
fication, retrotransposition and/or reinfection events, and resulting in the presence
of multiple copies fixed in the DNA of all nucleated cells [36]. While a majority of
these sequences have accumulated mutations and/or deletions and are mostly defec-
tive, several HER Vs preserve the properties of the ancient viruses and, still being
transcriptionally active and competent to produce some retroviral proteins, have
been co-opted for physiological functions [36, 38, 39] (Figure 1a). In the light of the
current knowledge, what Weiss stated in 2016 ‘If Charles Darwin reappeared today,
he might be surprised to learn that humans are descended from viruses as well as from
apes’ [40] is still current.

3. The role of human endogenous retroviruses in physiological conditions

For along time, HERVs have been considered as junk DNA with no impact on the
host. However, during the last decades, the great efforts of the scientific community
highlighted that some ‘well preserved’ ERV sequences influence different physiologi-
cal properties being involved in a variety of biological pathways [41, 42]. The most
intriguingly example of the co-option of HERVs during the host evolution comes from
the well-studied properties of the syncytins, the products of the Envelope (Env) genes
of HERV-W-1 and HERV-FRD. Specifically, Syncytin-1, encoded by the HERV-W-1
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gene, is the first retroviral protein found to have a defined physiological function
mediating the cell-cell fusion as the terminal differentiation of the trophoblast lineage
[43]. As emerging from different reports, the decrease of syncytin expression and the
consequential fusion deficiency could contribute to placental anomalies including
pre-eclampsia disorder [44]. Moreover, other studies suggested that syncytin-1 also
possesses non-fusogenic activities, as the regulation of trophoblast proliferation and
apoptosis and indicated a widely expression in different cell types such as granulocytes,
T lymphocytes, monocytes, glial cell of the brain and cancer cells [45, 46]. In human,
syncytin-1 interacts with the type D mammalian retrovirus receptor ASCT-1/ASCT-2
(sodium-dependent neutral amino acid transporter type 1/2) on cell membranes.
Syncytin-2, encoded by the HERV-FRD gene, is also expressed in trophoblasts and
able of mediating cell fusion by interacting with a different receptor known as MFSD2
(major facilitator superfamily domain containing 2) [47, 48]. Moreover, Syncytin-2

is involved in maternal immune tolerance towards the semi-allogenic foetus [49]. A
similar functional domestication emerged for ERV-encoded GAG gene, involved in
the memory consolidation in the mammalian brain, including long-term potentia-
tion and depression [50]. Given the abundance of HERVs in the human genome, they
represent an important source of genomic variability, also providing potential coding
and regulatory elements for the acquisition of new cellular functions [51, 52]. In line,
growing evidence has been obtained regarding the general expression of HERVs in
normal tissues [53, 54], and in this context, we demonstrated an age-related transcrip-
tional activity of HERV-H, HERV-K and HERV-W 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 HERV activity
and the different stages of life in human [55]. 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
neighbouring genes acting as promoters, enhancers, polyadenylation signals, regula-
tors of chromatin folding and binding sites for transcriptional factors [56, 57]. In the
genome, most HERVs reside as solo-LTRs, resulting from homologous recombination
between the LTRs of a full-length HERV [58] able to act as alternative tissue-specific
promoters to drive the expression of host genes [59-61]. During embryo development,
some HERV sequences are also engaged by the host for the regulation of gene expres-
sion [62]. In particular, non-coding RNA expressed by the HERV-H group and the
recruitment of specific cellular transcriptional factors on HERV-H LTRs seem to be
involved in the conservation of stem cell identity [57, 63]. Of note, the HERV-H loci
seem to be more preserved in a full-length state than other HERV families, suggest-
ing 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 [64].
Similarly, an ancestral env gene named 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 placenta and in the blood of pregnant women [65]. Finally, in the regu-
lation of stem cell function, HERV-K ENV was highly expressed in the cell membrane
of pluripotent stem cells and signals via direct binding to CD98HC, leading to activa-
tion of signalling pathways that regulate stem cell function [66]. Moreover, the expres-
sion of HERVs has a direct key role for the maintenance of human embryonic stem cells
and induced pluripotent stem cells (iPSCs), and their activation could be considered a
marker of pluripotency [67].
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To conclude, the more profound insight into the mechanisms explaining the roles
of HERVs in various biological/physiological contexts will help to clarify the contri-
bution of HERVs in pathological conditions.

4. The activation of human endogenous retroviruses

In addition to their physiological role, HERVs have been also proposed as possible
cofactors in the aetiology of several human diseases. Proviruses are known to remain
dormant for long periods of time within the host, but they may occasionally be trig-
gered by factors present in the environment. Indeed, one of the peculiar features
of HERVs is their intrinsic responsiveness to microenvironmental stress and vari-
ous stimuli likely via epigenetic mechanisms [68, 69]. Epigenetics represents a fine
mechanism to control HERV activity to ensure genomic stability and integrity and, on
the other side, it represents one of the mechanisms by which HERVs could modulate
the gene expression. HERV sequences are epigenetically silenced by DNA methyla-
tion and histone modifications in addition to being located in chromosomal regions
with heterochromatic chromatin architecture leading to a low transcriptional degree
in most cell types [70, 71]. It is known that epigenetics is a driver of the embryonic
development, contributing to global remodeling, cell commitment and tissue specifica-
tion [72] and that ERVs are highly active during early embryogenesis and germline
development [62, 73]. Indeed, they are involved in the pre-implantation transcription
network although the mechanisms are still unclear [62, 74]. Thus, during a sensitive
phase, as the embryogenesis, any environmental insults could have an impact on the
development, and epigenetic modifications could directly link the environmental
stimuli and the molecular regulatory pathways, explaining some aspects of complex
pathologies including HERV activation. A multitude of environmental factors and
xenobiotics can activate HERV expression causing DNA rearrangements, HERV
reinsertions and HERV copy number variation, resulting in abnormal HERV activity
that could, in turn, potentially affect crucial pathway such as inflammation [69, 75, 76].
Microorganisms, cytokines, hormones, vitamins, nutrients and drugs could repre-
sent triggers leading to HERV transactivation (Figure 1b). Of particular relevance
is the role played by the interaction with microbes, including viruses, exogenous
retroviruses, intestinal microbiota and protozoan. Among viruses, the herpesviruses,
Hepatitis B virus, the human immunodeficiency virus-1 (HIV-1), Influenza A virus
and more recently SARS-CoV-2 have been found able to deregulate HERV activity
and although so far, an unequivocal pathogenic cause-effect relationship has not been
established, their contribution to the development of viral diseases, including virus-
associated tumors, has been suggested [77-83]. Moreover, several in vitro studies dem-
onstrated that cells express HERVs at high levels in response to stimulation by using
lipopolysaccharide or interferon-y (IFN-y), cytokines as Interleukine-1f (IL-1p) and
tumor necrosis factor-o (TNF-a) or mitogens, such as phytohemagglutinin [84-86].
These observations could be due to the fact that HERVs showed various regulatory
sequences that have been linked to the transcriptional modulation systems [87]. More
recently, the hormonal regulation of HERVs has been investigated, and specifically,
cross talks among the female sex hormones and HERVs in contributing to breast cancer
tumorigenesis and proliferation have been elucidated providing useful knowledge
for the development of novel cancer therapies. Specifically, the effect of progesterone
on HERV-K expression is at least partly mediated by OCT4 known to be involved in
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embryogenesis and expressed in diverse cancer types as well [88]. These findings were
in line with the peculiar expression of HERVs in peripheral leukocytes during the
menstrual cycle suggesting a well-coordinated hormonal regulation of HERV activity
[89]. Also, drugs are able to modulate HERV expression, both in vitro and in vivo with
different proposed mechanisms, mainly linked to the epigenetic one. In particular,
neuroleptics and antidepressants influence HERV activity in human brain cell lines and
in post-mortem brain samples of patients with mental disorders in therapy during their
lifetime [90].

Thus, HERVs have been found particularly responsive to environmental stimuli
that can determine their dysregulation at transcriptional levels and/or encoded
protein expression that could influence the onset of complex diseases.

5. The contribution of human endogenous retroviruses in disease
development

HERYV expression is tightly controlled in normal adult tissues but is reported to be
aberrantly expressed in cancer [68], inflammatory and autoimmune diseases [91],
aging [92], type 1 diabetes [93] neurological disorders [94] and recently also viral
disease [83, 95, 96]. Most of the diseases in which HERVs play a role as cofactor are
characterized by a multifactorial aetiology and an inflammatory landscape. As such,
HERVs have been proposed as spanning the bridge between environment and genetic
background and as shapers of the immune system.

5.1 Human endogenous retroviruses as shapers of the immune system

HERVs can modulate the human immune response by different mechanism. In
fact, being integrated as proviruses within the genome and physiologically expressed,
HERYV antigens can be recognized by the innate immune system as ‘self-determinants’
but also as potential pathogens. Probably due to their similarity with exogenous viral
proteins they are able to activate pathogen recognition receptors (PRRs) by evoking
the production of pro-inflammatory mediators (such as IFN, cytokines and chemo-
kines), which in turn can activate and trigger the adaptive immune response [42].
Moreover, the involvement of HERVs in the host antiviral immune system seems to
be linked to the Interferon pathway by acting as enhancer elements to directly affect
the expression of adjacent interferon-stimulated genes [53, 54, 97]. Since HERVs are
an integral part of host immunity, they protect the host from exogenous retroviral
infections by PRRs, of which a major class are the Toll-like receptors (TLRs), the first
line of defence in detecting a wide variety of pathogens. TLRs’ engagements with
viral components lead to the activation of MAP kinase and NF-kB resulting in the
production of pro-inflammatory cytokines, involved in the infection control. It is
also known that HERV RNAs are able to activate the immune system, thus stimulat-
ing the production of pro-inflammatory cytokines, which in turn can activate and
prime the adaptive immune response [42]. This mechanism could be explained by
the presence of transcriptional regulatory elements within retroviral long terminal
repeats LTRs [98, 99]. This feedback loop made by HERV upregulation, inflammatory
mediators and epigenetic dysregulation could be one way in which HERVs could have
pathogenic potential leading to chronic stimulation of the immune system that could
sustain the development and/or the progression of several human diseases.
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5.2 The role of human endogenous retroviruses in neuroinflammatory and
neuropsychiatric disorders

Outdated scientific evidence has reported the possibility of different viruses such
as herpesviruses, HIV and Ebola virus to reach the central nervous system (CNS)
contributing to the development of diseases. As such, despite the inaccessibility of
CNS and the immunological structure that makes it a ‘privileged district’, the viral
replication can occur by exceeding controls and can also happen multiple times
during an individual’s lifetime increasing the risk of developing neuropathologies
[100]. In the last few decades, many researchers demonstrated that the activation
of endogenous viral sequences in response to exogenous stimuli, especially viruses,
can contribute to a variety of neuroinflammatory and neuropsychiatric disorders,
including multiple sclerosis (MS), amyotrophic lateral sclerosis (ALS), schizophrenia
(SCZ) and bipolar disorder (BD). The pathways in which retroelements are involved
in derailment of the nervous system are diverse: HERVs mainly interact with innate
and adaptive immunity [52, 101], LINE activity is linked to neurogenesis, in par-
ticular neuronal differentiation and cognitive processes, both in adult brain and in
progenitor cells [102, 103], and Alu elements, the most common member of SINEs,
are involved in neurogenesis, brain development and cognition pathways [102, 104].
The first paper describing the involvement of HERVs in neurological disorders,
especially in MS, dates back to the late 1900s when Perron and colleagues discov-
ered retroviral elements in the leptomeningeal cells of MS patients [105]. From this
initial work, several studies succeeded, both in vitro and in vivo, culminating in the
identification of an aetiopathogenetic model in which HERV-W was further revealed
to play functional roles in inflammatory processes. Specifically, pro-inflammatory
cytokine expression was shown to be induced in both human and murine monocytes
upon iz vitro stimulation with HERV-W recombinant Env protein by a process that
required TLR-4 receptor activation [69]. In line with these intriguingly findings,
several research groups have contributed to the topic, focusing on different aspects
concerning the role of HERVs of the aetiology and/or progression of the disease.

MS is a neurodegenerative and neuroinflammatory disease affecting CNS in which

it causes multifocal demyelinating lesions leading to physical and cognitive impair-
ments and despite the plethora of studies, definitive proof regarding the aetiology
being still lacking. In this setting, HERV-W Env protein has been extensively studied
and to date has been recognized as a contributor factor in the MS pathogenesis. As
such, the expression level of HERV-W in the brain of MS patients positively cor-
relates with the severity of the clinical signs [106]. Moreover, the env transcripts and
proteins of HERV-W are overexpressed in the brain [107] and in peripheral blood
and serum of MS patients [108, 109] as a constant imprinting of the disease. Another
important aspect characterizing the role of HERVs in MS is the interplay of HERVs
with the immune system. Indeed, HERVs can stimulate both the production of pro-
inflammatory mediators and innate and adaptive immune cells, which in turn could
affect endothelial cells of the blood-brain barrier as well as oligodendroglial precursor
and microglial cells [94]. Another pathological condition in which HERV activity has
been investigated is ALS, a progressive nervous system disease that affects nerve cells
in the brain and spinal cord, causing loss of muscle control. ALS is also character-
izing by an imbalance of the immunological mediators with a marked production

of inflammatory cytokines. The first demonstration of the involvement of a HERV
was the discovery of the activation of HERV-K (subtype HML-2) in the brains of
individuals with ALS [110, 111]. Subsequently, the reverse transcriptase activity of
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HERV-K was identified in brain, cerebrospinal fluid (CSF) and blood of ALS patients
[112, 113], and the expression of HML-2 Env transcripts and protein was found in
cortical and anterior horn cells of the spinal cord samples [114]. Although there is
consistent evidence linking HML-2 to ALS, very little is known about the mechanisms
by which it may cause observed neurotoxicity. Recently, the neurotoxicity of HML-2
Env was clarified in transgenic animals that express the envelope protein developing
an ALS-like syndrome. Interestingly, these observations provide the possibility to use
HERV-K env-specific antibody in preclinical models to prevent Env toxicity and pave
the way for new treatment strategies in sporadic ALS [115]. Schizophrenia, a major
neuropsychiatric disorder, is a chronic brain disorder, and when active, symptoms
include delusions, hallucinations, trouble with thinking and concentration and

lack of motivation [5]. While disease onset typically occurs in late adolescence or
early adulthood, several lines of evidence suggest that SCZ results from aberrations
occurring in foetal development [116]. Furthermore, growing evidence demonstrates
the increased risk of SCZ following early-life exposure to infectious agents or inflam-
matory stimuli, suggesting the involvement of the immune system in the aetiopatho-
genesis of the disease [117]. The strongest evidence for an association between HERV
and SCZ comes from studies of HERV transcripts in the brain, cerebrospinal fluid
and blood samples from affected individuals in which elevated levels of HERV-H,
HERV-K and HERV-W were detected [72, 118, 119]. HERV-W Env protein expression
in hippocampus was recently shown to alter the N-methyl-d-aspartate receptor-
mediated synaptic organization and plasticity leading to defective glutamate synapse
maturation, behavioural impairments and psychosis [120]. In addition, the epigenetic
status of HERV-K sequences, particularly lower methylation levels in blood samples,
has been indicated as marker of the early stages of SCZ [119]. Similarly, HERV-W
transcripts and proteins were found to be elevated in the blood, CSF and brains of BD
patients [118, 121, 122]. BD is a group of brain disorders that cause extreme fluctua-
tion in a person’s mood, energy and ability to function [5]. The precise aetiopathology
of BD is unclear, and several reports indicate the involvement of the innate and adap-
tive immune system including inflammation [123]. Notably, an association between
HERV-W Env protein, an increased level of IL-1p and an earlier disease onset was
described in BD patients with respect to patients who were negative for HERV-W Env
protein, suggesting HERV-W as marker able to define a specific group of patients in
bipolar condition [122].

6. Human endogenous retroviruses in neurodevelopmental disorders

The first article pioneering the hypothesis of the possible involvement of
HERVs in the aetiopathogenesis of neurodevelopmental disorders was published
by us 10 years ago. Specifically, we hypothesized a link between HERV activity
and ASD highlighting a distinct expression profile in Italian autistic children in
which HERV-H was highly expressed in peripheral lymphocytes, when compared
with controls, with higher levels in younger 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 [124]. The analysis
of HERV expression profile was then replicated in a cohort of Albanian ASD
children who showed HERV-H high expression level in peripheral lymphocytes as
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already found in Italian ASD children. This allowed us to conclude that HERV-H
could be considered as a molecular signature of the disease unrelated to ethnic-
ity [125]. These findings opened a challenging scenario to extend the study to a
cohort of attention deficit hyperactivity disorder (ADHD) children in order to
verify whether the peculiar HERV expression profile could also be identified in
a ‘twin disorder’ of ASD. Indeed, the two disorders are highly correlated [126],
and ADHD often occurs in conjunction with ASD [127]. ADHD children showed
the highest expression levels of HERV-H in peripheral lymphocytes correlated
with inattention and hyperactivity symptoms, suggesting HERV-H a molecular
biomarker also for ADHD [128]. All the evidence emerged from these initial
papers was always obtained by studying drug-naive children considering that, as
indicated at the time by other research groups, HERV activity could be strongly
influenced by drugs exposure [90]. And it is from all of this that the subsequent
work arose, in which the intention was to evaluate HERV-H as a potential bio-
marker of response to treatment in ADHD patients undergoing methylphenidate
(MPH) therapy. As such, the reduction of HERV-H expression levels H in
peripheral lymphocytes from ADHD children was found after only 1 week of
MPH therapy with a further decrease at 24 weeks of treatments in parallel with
improvement in symptoms. These findings suggested HERV-H as a predictive
marker of the response to MPH therapy despite the awareness that the absence of
a non-responsive patient group is a major limitation of this research preventing
definitive conclusions [129]. The validation of early results about HERV expres-
sion profile in ASD children and new evidence came from a paper we published
in 2019 in which we also included the parents of children in order to investigate
the parent-of-origin effects in ASD in terms of HERVs and immune deregulation.
ASD children and their mothers shared common expression levels of HERV-H
and HEMO and of the cytokines such as TNF-a, IFN-y and IL-10 in peripheral
lymphocytes. Therefore, the abnormal expression of HERVs and cytokines was
not an exclusive trait of autistic patients but also of their mothers, suggesting a
close mother-child association within the ASD families. Taken together, these
findings support the potential use of selected HERVs and cytokines in a set of
biomarkers that accounts for the multifaceted nature of the disorder and can
complement existing clinical methods [130]. A subgroup of this cohort was

also used to conduct a proof of concept study in which lymphocytes from ASD
children and their parents 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 investi-
gate whether the expression level of HERVs and cytokines could be modulated.
Lymphocytes from ASD children and their mothers share intrinsic responsive-
ness 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 while maintaining high
regulatory ones. This evidence provided new insights into the potential role of
HERVs as biomarkers of ASD and raising the possibility of using HERV expres-
sion as a therapeutic target for a tailored approach to patient care [86].

With the intent of deciphering other factors linked to HERV activity that
could contribute to ASD pathogenesis, the expression of epigenetic effectors
known to regulate HERV expression and brain functions has been evaluated in
ASD children. The authors found a correlation among the overexpression of these
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elements and several HERVs suggesting their involvement in pathogenetic mecha-
nisms leading to ASD [131]. All the studies above described were conducted using
peripheral lymphocytes from ASD cohorts in agreement with the findings of
various research studies that there is a shared gene expression profile between
whole blood and brain tissues, suggesting that the cautious and thoughtful use

of peripheral gene expression may be a useful surrogate for analysis in the brain.
Of course, the brain remains the district of choice for studying neurodevelop-
mental alterations and to circumvent the issue, different preclinical models of
ASD have been developed enabling studies on the aetiology, pathogenesis and
possible prevention and treatment modalities of ASD. The main categories of
models comprise genetic animal models, idiopathic strain, models of infection/
inflammation and chemically induced animal models displaying robust and
well-replicated social deficits and repetitive behaviours [132]. The idiopathic
strain BTBR T+tf/] (BTBR) and the prenatally CD-1 VPA-induced models of ASD
have been extensively studied to characterize the expression profile of ERV and
immune mediators. As such, whole embryos at about half of gestation, brain and
blood tissues at different postnatal ages have been analysed. Both ASD models
showed higher expression levels of ERVs beginning from intrauterine life and up
to adulthood (Figure 2). Moreover, the aberrant expression of some ERV families
correlated with expression levels of pro-inflammatory cytokines and TLR-3 and
TLR-4 in embryos and brain tissues, supporting the interplay between ERVs

and neuroinflammation as contributing factors in the appearance of ASD-like
phenotype [133]. Subsequently, we conceived a study to evaluate the multigen-
erational impact of prenatal VPA exposure, demonstrating transgenerational
changes in both behaviour and ERV expression that last, with fading of epigen-
etic memories across generations, till the third one that lacks a direct exposure

AUTISTIC-LIKE PHENOTYPE
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HIGH CYTOKINES AND TLRs EXPRESSION
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Figure 2.
The abnormal ERV, cytokines and TLRs expression in mice with autistic-like phenotype prenatally exposed to
valproic acid (created by BioRender).
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to the drug (Figure 2). Of note, offspring from maternal lineages showed more
marked transcriptional effects compared with paternal lineages both in the
second and in third generations suggesting the hypothesis of maternal imprint-
ing as a contributing factor in increasing susceptibility to ASD [134]. Moreover,
these findings also suggest ERV blood transcriptional levels as a stable peripheral
biomarker, even at early life stages, of derailed brain development [135]. In our
last paper, we demonstrated that MIA induced abnormal expression of ERVs and
immune mediators in mouse off-spring in a sex-dependent fashion. Specifically,
we demonstrated that the prenatal exposure to Poly I:C in C57BL6/] mice induced
a tissue-specific expression of several ERVs, ERV-related genes and inflamma-
tory mediators with ERVs as the main carriers of the peculiar profile found in
brain areas from Poly I:C mice. In addition, Poly I:C induced larger effects on the
expression of some retroviral elements only in pre-frontal cortex from female
offspring reinforcing the view on sex bias as a possible risk factor for ASD [136].

Taken together, these findings candidate ERV activation as common feature
shared by several risk factors of appearance of ASD and suggest ERVs as main carriers
of changes occurring in brain from autistic mice, primarily in female offspring. These
papers could represent the starting point to set up a new preclinical experimental
design to verify the chance to inhibit ERV activity to rescue ERV activation, immune
dysregulation and ASD-like phenotype observed in offspring trying to figure out
cause and effect in this complex interplay. Moreover, a deep characterization of the
molecular mechanisms by which gender differences could affect the neurodevelop-
ment will help in identifying gender-specific diagnosis and personalized treatment
strategies.

7. Human endogenous retroviruses: from aetiological to therapeutic
implications in neurological diseases

Given the now well-established knowledge regarding the implication of HERVs
in different pathological conditions, new avenues for the development of targeted
therapies directed against HERV products have been opened. In this direction, a
humanized monoclonal antibody (mAb) directed against HERV-W ENV, called
GNbAC1 or temelimab, has been developed. The drug targets a linear non-
glycosylated epitope of the surface unit domain of the HERV-W Env, blocking its
interaction with the TLR-4 receptor and thus, the release of pro-inflammatory
mediators and the inhibition of the myelin repair process. Different in vitro and
preclinical studies offered promising results that culminated in clinical trials in
which temelimab has been proposed as novel drug for MS treatment first to test
pharmacokinetics, safety and efficacy providing encouraging results about its
neuroprotective and regenerative effects in parallel with antiretroviral effects,
which does not impair the immune system [137, 138]. Starting from the observa-
tions that also in type 1 diabetes (T1D) patients, HERV-W Env has been detected
in blood and pancreatic acinar cells and after different reports concerning the
activity of temelimab in iz vivo and in vitro models of T1D [139], this drug was
offered to patients as a part of a clinical trial to test the safety and its effect on the
autoimmune process. Also in the case, the drug was well tolerated and reduced
the events of hypoglycaemia and the levels of anti-insulin autoantibodies after
the first period of treatment [139, 140]. More recently, the same research group
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proposed an anti-HERV-K Env mAb for the treatment of ALS. In addition to the
antibody-based immunotherapy targeting HERV ENYV, also the use of antiretrovi-
ral drugs has been evaluated in different setting, ranging from the in vitro studies
to clinical trials, opening new prospects for exploring novel treatments of diseases
such as MS [141]. The underlying rationale is that patients with HIV treated with
antiretroviral drugs have a lower risk of developing MS than non-infected, healthy
population thus suggesting that the antiretroviral treatment may reduce the risk
of evolving MS also acting on HERV expression [141, 142]. Also in the treatment
of patients with ALS the use of antiretroviral drugs has been proposed. As such,
arecent clinical trial including a combination of antiretroviral drug has been
conducted showing a decrease in HERV-K expression as well as of disease markers
when administered to patients. Remarkably, a high percentage of patients were
classified as ‘responsive’ to treatment reinforcing even more the role of HERV-K in
the clinical course of the disease [143, 144].

Taken together, these findings provide the background for hypothesizing other
therapeutic approaches targeting HERVs in different clinical setting towards a
personalized medicine.

8. Conclusions and new future perspectives

The physiological roles of HERVs in pregnancy and embryogenesis, their
intrinsic responsiveness to external stimuli and the interaction with the immune
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Figure 3.

The potential involvement of human endogenous retroviruses (HERV5) in the intevaction among genetic
susceptibility, environmental risk factors and immune activation in complex neurodevelopmental disorders
(created by BioRender).
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system support the hypothesis that their deregulation affects the neurodevelop-
mental process (Figure 3). Nevertheless, it is still debated if HERVs are cofac-
tors or epiphenomenon in neurodevelopmental disorders, and more efforts are
needed to investigate the potentially detrimental effect of HERV products in the
aetiopathogenic processes. In this complex landscape, the use of animal models
could offer countless advantages to deeply investigate the embryonic phase that
is certainly crucial for the onset of ASD, and brain district, mostly inaccessible

in human studies. Since the brain remains the district of choice for the study of
neurodevelopmental alterations, preclinical models of ASD allow to explore and
characterize this anatomical district in depth, helping clinical research to make
further progress towards the identification of new biomarkers, potentially useful
for diagnosis and pharmacological intervention. Moreover, HERVs seem to be a
reliable biomarker for ASD, readily detectable in peripheral blood, representing a
potential efficient diagnostic tool to complement the current clinical behavioural
diagnosis. Furthermore, a biomarker detectable before the onset of symptoms
could facilitate early screening and timely initiation of treatment by improving the
long-term prognosis of the mental health of affected individuals. Further studies
are needed and could represent a new approach to unravel the aethiopathogenesis
of ASD, bearing in mind that the retroelements cannot be appropriately under-
stood only through a virologic or genetic approach, since their complex roles in
physiology as well in diseases. 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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