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The notion that viruses played a crucial role in the evolution of life is not a new

concept. However, more recent insights suggest that this perception might be

even more expansive, highlighting the ongoing impact of viruses on host

evolution. Endogenous retroviruses (ERVs) are considered genomic remnants

of ancient viral infections acquired throughout vertebrate evolution. Their

exogenous counterparts once infected the host’s germline cells, eventually

leading to the permanent endogenization of their respective proviruses. The

success of ERV colonization is evident so that it constitutes 8% of the human

genome. Emerging genomic studies indicate that endogenous retroviruses are

notmerely remnants of past infections but rather play a corollary role, despite not

fully understood, in host genetic regulation. This review presents some evidence

supporting the crucial role of endogenous retroviruses in regulating host

genetics. We explore the involvement of human ERVs (HERVs) in key

physiological processes, from their precise and orchestrated activities during

cellular differentiation and pluripotency to their contributions to aging and

cellular senescence. Additionally, we discuss the costs associated with hosting

a substantial amount of preserved viral genetic material.
KEYWORDS

endogenous retroviruses, genetic regulation, inflammaging, transactivation,
inflammatory diseases
1 Background

Viruses are traditionally known as parasitic and pathogenic agents that can infect all

living beings. However, the advent of genetic sequencing has been placing the viruses in a

much better context. Retroviruses, in particular, contain all essential genes for integrating

their RNA genome into the host genome. Following integration, the retroviral locus is
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named provirus, which can either express retroviral proteins or

serve as the template for new retroviral genome synthesis (Nisole

and Saïb, 2004). Usually, retroviruses infect somatic cells, but if a

germ cell becomes infected, the provirus may be transmitted on to

subsequent generations. Across generations of all vertebrates,

including humans and their primate ancestors, successive waves

of retroviral infections have introduced proviruses into our

germline cells, and today, they are known as Human Endogenous

Retroviruses (HERVs) (Nisole and Saïb, 2004; Jern and

Coffin, 2008).

As classical retroviruses, the genomic structure of ERVs

comprises gag, pro-pol, and envelope genes, flanked by two long

terminal repeats (LTRs). Several ERV families have integrated into

the ancestral host germ line cells and proliferated due to active

replication and retroposition, and now account for ~8% of the

human genome (Nurk et al., 2022). While some HERVs (human

ERV) exhibit transcriptional activity, the majority of retroviral

sequences in the human genome have been compromised by

mutations or successive insertion and/or deletions and

recombination (Bannert and Kurth, 2006; Vargiu et al., 2016).

This is likely a consequence of the detrimental impact of the

active retrotransposition on the host genome, resulting in

approximately 85-90% of ERV loci being represented by solo-

LTR. Indeed, most HERVs lack intact open reading frames, and

no autonomously replicating HERV has been identified.

Consequently, HERVs are generally perceived as non-functional

(Vargiu et al., 2016). However, as we will discuss later in this review,

specific HERV genes or their LTRs persist in an active state and play

a role in the host genetic network (Jern and Coffin, 2008).

The International Committee on the Taxonomy of Viruses

(ICTV) classifies ERVs according to the similarity and

phylogenetic relationship to exogenous retroviruses. Class I ERVs

are those that cluster with Gammaretrovirus and Epsilonretrovirus,

Class II ERVs cluster with Alpharetrovirus, Betaretrovirus,

Deltaretrovirus, and Lentivirus, and Class III ERVs are closer to

foamy viruses and ERV-L (Coffin et al., 2021).

Traditionally, the names of the HERV families have been

denoted by a letter, based on the specific type of the amino acid

of human tRNA that binds to the primer binding site (PBS) during

the reverse transcription process. For instance, HERV elements that

utilize a Lysine tRNA are named HERV-K. Some groups were also

sporadically named concerning a particular amino acid motif (e.g.,

HERV-FRD). However, the modern taxonomic classification of

HERV is based on phylogenetic approaches of the conserved pol

gene or, in some cases, on the LTR (Jern et al., 2005).

In the human genome, HERVs are represented by more than

717.7 individual elements, classified into 30 families. The largest

family is HERV-H, which integrated into the primate genome

before the divergence of New and Old-World Monkeys (de

Parseval et al., 2001). HERV-H has roughly 1000 elements

(complete or near complete) and an even greater number of solo-

LTR (Guliyev et al., 2013).

The HERV-K family represents the most recent integration into

the genomes of Old-World primates. It is also very large, with at

least 11 independent introductions in the primate ancestral

genome. The elements within the HERV-K family have been
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classified based on sequence similarities to Mouse Mammary

tumor viruses, named HML-(1 to 11) from human MMTV- like

(Subramanian et al., 2011). Among them, the HML-2 subfamily is

the most recent and best preserved one, with 89 complete elements

and ~1000 solo LTR. Most studies on HML elements are focused on

HML-2, which, interestingly, harbors several polymorphic sites in

the human genome, as it remained transcriptionally active until

very recently in evolution (Belshaw et al., 2005).

The HERV-W, a gammaretrovirus-like also integrated into the

host genome after the divergence of the New and Old-World

primates, though fewer complete proviruses (LTR-gag-pro-pol-

env-LTR) remained in our genome in comparison to HERV-K

(Tristem, 2000; Grandi et al., 2016).

HERV-W is classified in subgroup 1 and subgroup 2 according

to their LTRs, and almost 70% of the 213 elements of this family

belong to subgroup 1 (Grandi et al., 2016). HERV-W is also an

extremely active family, and the best-known example is the

functional envelope gene placed in chromosome 7q21.1. Syncytin-

1, a cell-cell fusion protein is encoded by this retroviral gene, also

known as ERVWE-1, which was co-opted by the host genome and

is actively expressed during the trophoblast formation during

pregnancy (Mi et al., 2000; Grandi et al., 2016).

Recent epigenomic studies have brought to light ERVs as an

unexpectedly significant source of cell type-specific regulatory

elements. These encompass promoters, enhancers, chromatin

boundary elements, and regulatory RNAs. Among the vast array

of proviruses and solo-LTRs, approximately 320,000 appear to hold

active transcription binding sites, implying their involvement in

regulating various host genes after a process of domestication

(Garazha et al . , 2015) . While most elements remain

transcriptionally silent under process as methylation and histone

modification (Groh and Schotta, 2017), several elements can be re-

activated by multiple environmental and intrinsic factors such as

hormones, cellular co-factors, aging-associated processes,

epigenetic drugs, radiation, chemicals and also, by exogenous

viruses (Nellåker et al., 2006; Contreras-Galindo et al., 2007b;

Vincendeau et al., 2015; Geis and Goff, 2020; Hurme and

Pawelec, 2021).

Notably, HERVs became famous primarily due to their

suspected involvement in diseases (see Figure 1), when retroviral

particles were initially observed in testis tumor cells and patients

with Multiple Sclerosis (Bronson et al., 1979; Perron et al., 1997). In

fact, the association between HERVs and the pathogenesis of

Multiple Sclerosis stands out as one of the most thoroughly

investigated links. One of the proposed theories suggests that

molecular mimicry between HERV-W/envelope and myelin

proteins may trigger nonspecific responses against myelin (Olival

et al., 2013; Ramasamy et al., 2017; de Luca et al., 2019), leading to

its degradation. Over the last decades, the detection of HERV-

derived transcripts, proteins, as well as anti-HERV antibodies, and

viral particles in various pathological conditions, has brought

HERVs unfortunate notoriety (Contreras-Galindo et al., 2007b;

Perzova et al., 2013; Volkman and Stetson, 2014; Horssen

et al., 2016).

Yet, despite HERVs having been implicated in many

pathological processes, it seems a paradox that we have nearly 20-
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fold more retroviral sequences than there are human genes in our

genome. Figure 2 shows the number of LTR-elements (provirus and

LTR) mapped in each chromosome according to HERVd (Paces,

2004) as well as chromosome size. Despite we did not estimate the

ratio of integration per chromosomal size, apparently the HERVs

are evenly dispersed through them, with some notable exceptions,

as repeatedly observed for the chromosome Y and 19 (Kim et al.,

2004; Subramanian et al., 2011). In general, the GC-content, gene

richness and recombination rate correlate with HERVs density in

each chromosome (Katzourakis et al., 2007). But, the final fixation

of solo LTR or complete elements ultimately depends on the impact

on the nearby genes.

Several studies have shed light on the pivotal contribution of

LTRs in promoting or enhancing the expression of several genes in

humans. Particularly those LTRs integrated near genes, appear to

have been repurposed as regulatory elements, as evidenced by

strong purifying selection (Lowe et al., 2007). Therefore, it is now

evident that many of these elements were co-opted through

evolution, and today, play a constructive role in normal human

physiology (Table 1).

We are now aware of the pivotal role of HERVs in regulating the

homeostasis of their hosts. This review will explore the involvement

of HERVs in some key events, as well as embryogenesis,

inflammation, and aging. We also discuss how the dysregulation

of these e lements might be assoc iated with cancer ,

neurodegenerative, and autoimmune diseases. Finally, we will

address certain controversial findings surrounding the

reactivation of HERVs in response to exogenous virus infections.
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2 HERVs in embryogenesis
and pluripotency

While numerous genes contribute to pluripotency,

accumulating evidence has demonstrated that transposable

elements, especially endogenous retroviruses, participate in the

pluripotency genetic network, as largely demonstrated in both

human and mouse models (Babu et al., 2004). The meticulous

control of ERV expression is intricately managed during embryonic

development, particularly through methylation and histone

modification (Groh and Schotta, 2017). But there are two

occasions that an epigenetic reset occurs, temporarily altering the

DNA and histone methylation status: after fertilization, and during

gametogenesis (Voon and Gibbons, 2016). These periods of global

demethylation facilitate a broad HERV activity since transcriptional

repression is lifted. However, the HERV expression is not random

or uncontrolled. Highly orchestrated control, alternating between

overexpression and decreased activity of specific families and

individual elements, suggests a very specific role for HERVs

during embryogenesis (Göke et al., 2015; Voon and Gibbons, 2016).

At the developmental stage, both parental genomes of the

zygote must be reprogrammed to accomplish the transition from

a terminally differentiated state to a totipotency state. The

embryonic development is regulated from the transition of the

oocyte to the embryo at the early stage of embryogenesis, during a

process termed maternal‐to‐zygotic transition (MZT) (Vastenhouw

et al., 2019). During MZT, the maternal components are degraded,

giving space to the zygotic genome activation (ZGA). The ZGA

occurs gradually after fertilization and is a critical step during the

initial stages of cell cleavage during embryogenesis. DUX is a family

of transcription factors shared by humans and mice. Dux in mice

and its ortholog in humans, DUX4 activates several genes during
FIGURE 2

Number of HERVs per human chromosome. The graph shows the
size of each human chromosome in Mb (left axis) and the number
of HERVs insertion (partial and complete) per chromosomes (right
axis). Retrovirus integration data was obtained from HERVd.
FIGURE 1

Heat Map of Studies Investigating Involvement of Main HERV
Families with Relevant Diseases and Disorders (DD). The heat map
illustrates the number of public available studies (1979-2023)
investigating the association between the main HERV families and
relevant diseases. Darker colors represent a higher number of
published articles, while lighter colors indicate fewer publications.
The colors do not necessarily reflect a positive correlation between
HERV activity and disease, as studies describing downregulation or
absence of correlation were also included in the analysis.
Supplementary File 1 include the list of the articles used to build this
figure. Data on cancer/HERV published up to October 2023 were
retrieved from CancerHERVdb (available at https://erikstricker.
shinyapps.io/cancerHERVdb/). footnotes. (*) Diseases with < 10
studies including the Human Endogenous Retroviruses subject.
HAND- HIV-associated neurocognitive disorder. COVID-19 -
Coronavirus diseases 2019.
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ZGA, including endogenous retroviruses. In murine models,

MuERV-L is activated during this phase, representing up to 3%

of all mRNA, as is also observed for HERV-L in humans (Macfarlan

et al., 2012; Hendrickson et al., 2017).

Accumulating data have demonstrated that HERVs in general,

including members from the K, W, L, and H families, have been

implicated in human stem cell identity and embryonic development

(Macfarlan et al., 2012; Göke et al., 2015; Hendrickson et al., 2017;

Vastenhouw et al., 2019). Additionally, HERVs exhibit expression

patterns specific to different developmental stages and have either

been demonstrated or predicted to be associated with

lineage specification.

Goke et al., 2015 (Göke et al., 2015) identified that the LTR

families displaying stage-specific expression in early embryos are

not necessarily active in adulthood. They could trace a timeline of

HERV or HERV-derived promoters during the early

embryogenesis, when LTR3B and LTR14B are active from oocyte

to four-cell, followed by LTR12C (from zygote to eight-cell),

MLT2A1 and THE1A, that together with HERV-L, are expressed

at the eight-cell stage, and LTR5_Hs, related to HERV-K, is more

active during the morula stage. During the blastocyst stage, LTR7

and LTR7Y from HERV-H reach the activation peak (Göke et al.,

2015). Critically, only a few elements present transcription initiating
Frontiers in Cellular and Infection Microbiology 04
out of the promoter region, demonstrating that the majority of

ERV-derived transcripts are indeed produced and regulated by their

own LTR.

The HERV-H is one the most active retroviral families during

the embryonic stage, accounting for 2% of all RNA transcripts in

human embryonic stem cells (hESCs), therefore, providing a precise

marker for pluripotency in human cells (Santoni et al., 2012; Wang

et al., 2014). This activity is very likely due to its well-conserved

LTRs (LTR7/HERV-H), that can be activated by multiple

pluripotent transcription factors (TF) (Dunn et al., 2014). Around

80% of the highly expressed LTR7 harbor key TF binding sites

related to pluripotency, such as OCT3/4, SOX-2, and NANOG

(Ohnuki et al., 2014).

Several roles in differentiation and pluripotency have been

assigned to HERV-H including harboring functional enhancers,

super-enhancers, and alternative promoters, and the synthesis of

long noncoding RNAs (lncRNAs) (Lu et al., 2014; Göke et al., 2015).

It is estimated that 10% of HERV-H transcripts are lncRNAs

(Kannan et al., 2015). Long non-coding RNA is a class of RNAs

longer than 200 nucleotides that display several functions. Recent

evidence also points to a fundamental role of lncRNA as an

epigenetic regulator of stem cell pluripotency and specific lineage

commitment (Mercer et al., 2009).
TABLE 1 HERV families and host genetic events.

HERV-
involved
events

HERV families Methods References

Host
genetic regulation

HERV-K; HERV-E; HERV-W and HERV-H;
ERV-9.

RTPCR; Sequencing;
Protein detection

(Bergallo et al., 2018; Durnaoglu et al., 2021; Hashimoto et al., 2021;
Zhang et al., 2022)

Pluripotency/
embryogenesis

HERV-K: LTR5HS; LTR3B, LTR14B; HERV-H:
LTR7B and LTR7Y; HERV-W; HERV-L:

MLT2A1; ERV-9: LTR12C.

Cell culture; Sanger
sequencing; siRNA

knockdown;
bioinformatics.

(Noorali et al., 2009; Kämmerer et al., 2011; Macfarlan et al., 2012;
Santoni et al., 2012; Dunn et al., 2014; Lu et al., 2014; Ohnuki et al.,
2014; Wang et al., 2014; Göke et al., 2015; Grow et al., 2015; Kannan
et al., 2015; Soygur and Moore, 2016; Hendrickson et al., 2017;
Vastenhouw et al., 2019)

Placentation
HERV-K; HERV-W: Syncytin-1; HERV-FRD:

Syncytin-2.

RT PCR;
Immunohistochemical;

Cell culture.

(Noorali et al., 2009; Kämmerer et al., 2011; Grandi et al., 2016;
Soygur and Moore, 2016)

Overexpression
in cancer

HERV-W;HERV-P; HERV-R; HERV-H: LTR-7;
LTR7Y; HERV-L: LTR2B; HERV-FRD;

HERV-E.

Cell culture; RNA-seq;
RT PCR;

Literature review.

(Bergallo et al., 2018; Deng et al., 2019; Siebenthall et al., 2019; Zhang
et al., 2022)

Retroviral
– transactivation

HIV: HERV-K: HML2; HERV-E; HERV-T;
ERV-9. HTLV: HERV-K

Immunoblotting;
Cloning/sequencing;

RT PCR.

(Contreras-Galindo et al., 2006; Toufaily et al., 2011; Perzova et al.,
2013; Dai et al., 2018; Chen et al., 2019)

Non-retro
viral

transactivation

SARS-CoV-2: HERV-W env;
Herpesviruses in general: HERV-K; HERV-W;

HERV-H
RT PCR; ME.

(Poole et al., 2006; Li et al., 2014; Chen et al., 2019; Charvet
et al., 2023)

Neurological/
autoimmune
diseases

ALS and MS- HERV-K: HML2; Alzheimer
disease: HERK-K: LTR5H. Prion disease and
MS: HERV-W; HERV-L; HERV-FRD; ERV-9.
Rheumatic disease: HERV-K; HERV-H; HERV-

WE1; HERV-WE2.

qRT PCR; Sequencing;
Northern blot; RNAseq

(Poole et al., 2006; Jeong et al., 2010; Douville et al., 2011; Bendiksen
et al., 2014; Gruchot et al., 2019; Ovejero et al., 2020; Li et al., 2022;

Nali et al., 2022)

Neurological/
psychiatric
diseases

HERV-WK10; HERV-W gag; HERV-W env. RT-PCR
(Slokar and Hasler, 2015; Aftab et al., 2016; Gruchot et al., 2019;

Gruchot et al., 2023a)

Aging HERV-K: HML2; HERV-W.
RT-PCR;

Illumina HiSeq
(Johnston et al., 2001; Rolland et al., 2005; Rolland et al., 2006;

Mameli et al., 2007; Balestrieri et al., 2015; Nevalainen et al., 2018)
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Some modulatory effects on the homeostasis of the human

embryonic stem cell (hESC) were confirmed by knockdown

experiments, where silencing HERV-H resulted in the loss of

pluripotency of hESC and also impaired reprogramming of

somatic cells to induced pluripotent stem cells (iPSC) (Lu et al.,

2014; Wang et al., 2014). More recently, it was demonstrated that

almost all HERV-H transcripts in hESCs belong to one of the

youngest HERV-H subfamilies (10-14 Mya), LTR7up (Carter

et al., 2022).

HERV-K mRNAs and proteins are also detected during typical

human embryogenesis. The transcription of HERV-K, along with

its accessory Rec protein, begins at the 8-cell stage, extending

through epiblast cells in preimplantation embryos until the

formation of embryonic stem cells, where the production of

HERV-K mRNA ceases. Remarkably, the significance of HERV-K

at the human blastocyst stage is marked by the detection of the

capsid protein (gag) from HERV-K and by the presence of virus-

like particles resembling Class-II retroviral particles (Grow et al.,

2015). Later on, HERV-K envelope expression is detected again in

placental tissue, more specifically in villous cytotrophoblast (VT)

and extravillous cytotrophoblast (EVT) cells (Kämmerer et al.,

2011), but not in syncytiotrophoblast, where only Syncytin

protein is detected.

The expression of Syncytin-1, an HERV-W-derived protein in

trophoblasts (alongside HERV-FRD or Syncytin-2, an even older

endogenous retroviral co-option) is indispensable for cell-cell

fusion, facilitating the formation of syncytiotrophoblast during

the early stages of pregnancy (Mi et al., 2000). The trophoblast

tissue is essential for invasive placental development and the

prevention of immune rejection of the fetus at the fetus-maternal

interface. According to immunolocalization studies, Syncytin-1

expression is a prerequisite for embryo implantation (Noorali

et al., 2009; Soygur and Moore, 2016). Due to the fusogenic role

of this protein, Syncytin-1 is also thought to be involved in

fertilization, where it would contribute to the fusion of gametes

since sperm cells express Syncytin-1 on the cell surface whereas

oocytes express the syncytin-1 receptor SLC1A5 (Soygur and

Sati, 2016).
3 Inflammaging, cellular senescence,
and HERVs

Inflammation is a vital, elementary, and evolutionarily

conserved biological response of different cell types, both immune

and non-immune cells, needed to not only protect the host but also

promote tissue repair and recovery after the occurrence of a cell/

tissue injury triggered by several agents, such as damaged cells,

pathogens, irradiation, and toxins (Chen et al., 2017; Furman

et al., 2019).

During acute inflammation, the interplay of cellular and

molecular events is crucial to limit excessive inflammatory

activity, mitigating potential harm and aiding in the elimination

of the causative agent. Therefore, acute inflammation has to persist

until the threat or injury is resolved, after which it naturally
Frontiers in Cellular and Infection Microbiology 05
subsides. Uncontrolled acute inflammation, when resolution is

hindered, can lead to chronicity, increasing the risk of various

chronic inflammatory diseases (Zhou et al., 2016; Chen et al., 2017;

Furman et al., 2019).

The term “inflammaging” was coined in 2000 and translates as a

phenomenon characterized by a sterile, systemic, chronic, and

subclinical low-grade inflammation associated with aging (Fulop

et al., 2018). Inflammaging is likely involved in the development

and progression of most of the diseases common in the older

population, particularly chronic inflammatory diseases (Fülöp et al.,

2016; Franceschi et al., 2018). In aging, irrespective of gender,

chronic immune activation occurs due to environmental factors

and cellular senescence, contributing to inflammaging (Bektas et al.,

2017). This aging-related immune dysfunction leads to the release

of pro-inflammatory mediators into the bloodstream,

characterizing inflammaging even in the absence of active diseases

(Frasca and Blomberg, 2016). Elevated systemic levels of cytokines

such as IL-1b, IL-6, and TNF-a not only perpetuate and intensify

inflammaging but are also linked to age-related diseases, exerting a

detrimental influence on healthspan (Franceschi et al., 2017; Fulop

et al., 2018; Jia et al., 2022; Fulop et al., 2023).

Current data has pointed out that both aging-associated

alterations and a chronic pro-inflammatory state can impact the

activation of HERVs (Morris et al., 2019; Hurme and Pawelec,

2021). And, also the opposite, HERV reactivation can increase the

risk of developing aging-related diseases, particularly

neurodegenerative and autoimmune diseases (Compston and

Coles, 2008; Mao et al., 2021). Based on these pieces of

information, it is reasonable to suggest that the vicious circle

between inflammation and HERV expression can become a

trigger and a sustainer of favorable soil to clinical manifestations

of age-related diseases. It was demonstrated that HERV-W

products engage with Toll-like receptors (TLRs), notably TLR4

and CD14, triggering an inflammatory response with the secretion

of cytokines (IL-1b, IL-6, TNF-a), potentially linked to age-related

diseases (Rolland et al., 2005; Rolland et al., 2006). In this

“interactive looping”, TNF-a transactivates different families of

HERVs, via TNF-a receptor signaling and subsequent activation

of NF-kB that also promotes the expression of HERVs, potentially

impacting the incidence of aging-related diseases (Johnston et al.,

2001; Mameli et al., 2007; Balestrieri et al., 2015).

Supporting the implication of Human Endogenous Retroviruses

(HERVs) in the aging process, there are notable changes in

expression levels throughout the lifespan (Cardelli, 2018). This

expression pattern is also contingent on the specific HERV family

under consideration. For instance, the expression of HERV-K and

HERV-W in infants (< 1 year) is consistently present but not

significantly elevated (Nali et al., 2017), in contrast to the increased

expression observed in adults (Balestrieri et al., 2015). Notably, the

global HERV expression, particularly of the HERV-W family, peaks

in older adults (> 60 years old). Conversely, HERV-H, known for its

close association with cellular differentiation, reaches its expression

peak in children up to 4 years old. Subsequently, its expression

remains at a basal level throughout adulthood, experiencing an

upturn after the age of 60 (Balestrieri et al., 2015).
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At this point, it is utmost of importance to highlight the well-

known relation between HERV activity and the risk of developing

aging-related diseases, particularly neurodegenerative and

autoimmune diseases, in which chronic inflammation is also

crucial for their pathogenesis (Compston and Coles, 2008; Mao

et al., 2021). Of interest, the ability of HERVs to influence the

immune responses, particularly innate immunity, seems to drive an

abnormal and exacerbated inflammatory reaction that can

contr ibute to fuel chronic inflammation (Hurst and

Magiorkinis, 2015).

Epigenetic aspects play a key role in phenotypic aging-related

changes and their causal mechanisms, contributing not only to

cellular senescence but also to the development of the senescence-

associated secretory phenotype (SASP) (Cardelli, 2018; Hurme and

Pawelec, 2021). Aged tissues commonly accumulate senescent cells,

losing proliferative and functional capacities, exhibiting apoptosis

resistance, and producing SASP factors that ultimately fuel

inflammation (Zhou et al., 2023). The insufficient clearance of

senescent cells leads to systemic inflammation through higher

expression of pro-inflammatory cytokines via SASP. These effects

may potentially increase the risk of developing age-related diseases

(LeBrasseur et al., 2015).

Based on the presented information, cellular senescence

emerges as a major contributing factor to aging, with recent

studies exploring the role of HERVs in this context. In vitro

senescence models revealed increased expression of retroelements,

particularly the HERV-K (HML-2) family, in prematurely aged

human mesenchymal progenitor cells from progeroid syndrome

patients compared to healthy cells. Additionally, elevated HERV-K

(HML-2) env protein levels were observed in senescent cell culture

supernatants. Notably, the introduction of these products to

younger cells induced rapid senescence, likely due to loss of

epigenetic control, but treatment with anti-Env antibodies

blocked this senescent effect (Hurme and Pawelec, 2021; Liu

et al., 2023). The study also demonstrated that HERV-K DNA

accumulation in the cytoplasm of senescent cells activates innate

immunity and SASP, but its depletion was capable of mitigating

cellular senescence by attenuating SASP and immune responses.

Conversely, HERV activation in young cells induced immune

responses and cytokine secretion by SASP (Liu et al., 2023).

These findings suggest that HERV directly impacts aging, as well

as this intriguing influence could lead to a wider and unifying

understanding of molecular regulators involved in the spreading of

cellular senescence.

The impact of endogenous retroviruses on host genetic

regulation is undeniable. However, the preservation of these

elements has not occurred without consequences. Increasing

evidence has associated the dysregulation of HERVs with

tumorigenesis, inflammatory and neurodegenerative diseases, as

abovementioned. Multiple sclerosis emerges as one of the diseases

wherein the expression of endogenous retroviruses has been

thoroughly investigated. Hypotheses, such as molecular mimicry

or inflammatory triggers arising from envelope protein expression,

are subjects of extensive discussion (Ramasamy et al., 2017; de Luca

et al., 2019). Yet, other less-explored diseases in terms of HERV
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expression also seem to exhibit connections with the dysregulation

of these elements.

Cellular senescence, an initial defense against cancer during

early life, is now considered a fundamental aging process that

contributes to developing aging traits and age-related diseases in

later stages of life, such as tumorigeneses. And how much HERVs

are implicated in malignancies is also a matter of debate.
4 Endogenous retroviruses
in malignancies

The initial studies linking HERVs to cancer development date

back to the early 1970s, when the presence of reverse transcriptase

(RT) activity and viral particles within cancer cells were first

described (Wang Y. et al., 1995; Feller and Chopra, 1968;

Sarngadharan et al., 1972). Little further, it was found that human

breast cancer cells expressed RNA that was very similar to the well-

known Mouse Mammary Tumor Virus (MMTV) RNA

(Sarngadharan et al., 1972), a primary etiological factor of the

mammary gland neoplasia in mice. Despite these independent

findings, no actual candidate virus for human cancer was defined

at that time. Years later, when Ono and colleagues (1986) (Ono

et al., 1986) described and sequenced a complete endogenous

retroviral sequence, later named human MMTV-like virus (HML-

1-10) (Franklin et al., 1988) from superfamily HERV-K, the studies

attempted to relate this retroelement with cancer began.

In an independent line of investigation, electron microscopy

analysis of teratocarcinoma cell lines (Tera-1) revealed retroviral-

like particles budding from the cells, and named it as “human

teratocarcinoma derived virus (HTDV)”. The researchers however

could not isolate the viruses using fresh cells, suggesting that the

particles were non-infectious (Bronson et al., 1979; Löwer et al.,

1984). Years later, it was finally demonstrated throughWestern-blot

with anti-HERV-Kgag antibodies that the HTDV was precisely the

just described HERV-K (Boller et al., 1993).

The studies on HERV-K and cancer then intensified and many

other types of cancer were also associated with the K family, as

melanoma, leukemia, prostate, colorectal, brain, etc (Figure 1)

(Brodsky et al., 1993; Sauter et al., 1995; Büscher et al., 2005;

Manca et al., 2022). The studies spanned from the mRNA

measures and the utility of HERV-K transcripts quantification

as biomarkers for progression (Contreras-Galindo et al., 2008), to

the antibody anti-HERVs detection and mechanisms of

malignancy and potential interventions (Li et al., 2022; Manca

et al., 2022; Zanrè et al., 2024). Although HERV-K is still the most

explored HERV in cancer studies (Figure 1), other families were

also implicated in tumorigenesis as well. Colorectal cancers

(CRCs) rank among the most prevalent cancers globally,

characterized by notably low 5-year survival rates of less than

70% in many American and European countries. Over the past

decade, research attention has increasingly focused on the impact

of HERV elements on CRCs, particularly involving HERV-H. In

2015, researchers detected a significant elevation of HERV-H gag,

pol, and env RNA levels in CRC patients, with HERV-H loci on
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chromosomes Xp22.3 and 20p11.23 being the most active (Pérot

et al., 2015). The same study identified a correlation between

HERV-H expression levels and lymphnode invasion. A more

recent study aimed to investigate the HERV-H LTR-association

protein 2 (HHLA2) in colorectal cancer and its association with

clinicopathological features. The authors found that HHLA2

expression was significantly upregulated in CRC tissues

compared to adjacent and normal tissues. The expression level

was strongly correlated with deeper tumor invasion, lymphnode

metastasis, advanced clinical stage, and poorer survival. Critically,

a significant inhibition of tumor proliferation, migration, and

invasion observed upon silencing HHLA2 in CRC cells pointed

the HERV-H as a promising target for drug development in CRC

treatment (Wang H. et al., 2024).

Based on the compilation of studies and data accessible through

CancerHERVdb (Stricker et al., 2023a), it is evident that HERV

expression is not random but exhibits a highly coordinated pattern,

where specific families or loci are implicated in particular types of

cancer, but not in others. This demonstrates that the expression is

likely not just a consequence of epigenetic changes after cellular

transformation, but rather, the HERV regulation may be intricately

linked to malignancy and/or proliferation. A retrotranscriptome

analysis of head and neck cancer and adjacent normal tissue

revealed 1078 HERVs from different families exhibited distinct

expression patterns between tumor and healthy tissue. While

most of them belong to HERV-H family and were overexpressed

only in tumor tissues (Kolbe et al., 2020), HERV-K, the most active

family, was not related to this type of cancer in this study.

Mechanisms. While the precise roles of HERVs in

carcinogenesis remain inconclusive, a range of diverse functions

have been proposed. These include acting as noncoding RNAs,

signaling proteins, and transcriptional regulators. Endogenous

Betaretrovirus as HERV-K, or Spumaretrovirus as HERV-L code

additional spliced genes such as rec and np9 (HERV-K), or tas/bel1

and bet (HERV-L) (Stricker et al., 2023b). Particularly, the two

HERV-K derived proteins have been extensively investigated for

their potential involvement in tumorigenesis. Both are known to

interact with the promyelocytic leukemia zinc finger protein (PLZF)

tumor suppressor, disrupting the transcriptional repression of the c-

myc proto-oncogene by PLZF, thereby stimulating cell proliferation

(Denne et al., 2007). Np9 has also been found to disrupt the MDM2

ubiquitin ligase activity towards p53 within the cell nucleus, leading

to an increase in p53 levels (Heyne et al., 2015).

Other mechanisms include the participation of LTR or their

regulatory elements driving the expression of nearby oncogenes. A

comprehensive genome-wide analysis revealed an enrichment of

binding sites for transcription factors such as CTCF, TP53, Sox2,

and ESR1 within different HERV LTRs (Bourque et al., 2008).

Wang and colleagues also described that HERV-LTRs containing

p53 binding site are capable to promote the activation of

downstream genes associated with p53 (Wang et al., 2007). Based

on an aberrant activation expression of HERV-K among different

breast cancer samples, Liang et al. (2024) (Liu et al., 2023) analyzed

91 HERV-K loci and nearby genes, investigating their impact on the

tumor microenvironment (TME). Among the host genes close to
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the HERVs, some emerged as key genes associated with poor breast

cancer prognosis. These genes were functionally enriched in

immune-related pathways, impacting breast cancer development

potentially by modulating TME immune cell infiltration.
5 HERVs in neuroinflammatory
disorders – a brief overview

Among neuroinflammatory disorders potentially linked to

HERVs, Multiple Sclerosis (MS) has been the subject of extensive

research over the past decades. As previously reported by our group

in a comprehensively chronological evidence-based review (Rangel

et al., 2022), several evidence contributed to strengthening the

etiological role of HERVs on MS pathogenesis. Not only do MS

individuals present a higher level of HERV expression than healthy

individuals (Perron et al., 1997; Olival et al., 2013; Horssen et al.,

2016), as well as HERV-W env protein was already detected in

active white matter lesion of MS (Antony et al., 2004; Perron et al.,

2005). More recently, it was described that in addition to HERV-W,

various other HERV families are also upregulated in MS individuals

(Nali et al., 2022). Despite of it, the putative role of HERVs in MS

pathogenesis was only demonstrated with the W family. Perron and

colleagues first described that HERV-W env protein was able to

induce MS in humanized mice (Perron et al., 2013) and, more

recently, it was demonstrated the ability of HERV-W env protein to

interfere in the deterioration of glial cells, which could potentially

impact the glial repair (Gruchot et al., 2023b).

In addition to MS, HERVs were also associated with other

neuroinflammatory disorders, as Alzheimer’s Disease (AD) and

Amyotrophic lateral sclerosis (ALS), both discussed below in this

review, Parkinson’s Disease (PD), Bipolar Disorder (BD),

Schizophrenia (SZ), and Myalgic encephalomyelitis/Chronic

Fatigue Syndrome (ME/CFS) are also field for HERV

investigation (see Figure 1). While distinct pathological

mechanisms characterize each of these conditions, they all involve

a neuroinflammatory component (Goldsmith et al., 2016; Tansey

et al., 2022). Regarding PD, although limited information exists on

the dynamics of HERV expression throughout its pathogenesis,

previous studies have reported a high prevalence of unfixed HERV-

K insertions in the genomes of PD patients, highlighting the

polymorphic nature of HERV-K distribution in this disease

(Wildschutte et al., 2016; Wallace et al., 2018).

Increased levels of HERV-K, HERV-W, and HERV-H

expression have been observed in BD and SZ, along with an

association between higher concentrations of pro-inflammatory

cytokines and HERV-W antigenemia, suggesting a potential

inflammatory modulation mediated by HERVs (Karlsson et al.,

2001; Perron et al., 2012; Tamouza et al., 2021). Notably, a

transcriptional profile of HERV-W, LTR17, HERV-H, and

HERV-K10 has been identified in the post-mortem brains of SZ

and BD patients (Frank et al., 2005), and among all families, the

HML-2 (HERV-K10) was the only consistently overrepresented in

both groups. Differently than MS or other better-studied diseases,

the relation of HERVs and ME/CFS has been far less explored. Our
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group investigated HERV-K and HERV-W expression in moderate

and severe ME/CFS cases and described increased HERV-K

expression only in individuals with moderate CFS (Rodrigues

et al., 2019). Using immunological approaches, a study reported

the presence of HERV-K gag, HERV-K18 env, HERV-FRD, and

HERV-R proteins in duodenal biopsies of CFS patients (De Meirleir

et al . , 2013), suggesting a potential differentiation of

immunoreactive cell phenotypes and presenting an unique

scenario involving broad anti-HERV immunoreactivity in

plasmacytoid dendritic cells. Finally, a comprehensive study

comparing retroelements activity between Fibromyalgia and

Chronic Fatigue, two distinct diseases but with confounding

initial symptoms, mapped retroelements differentially expressed

in both diseases. They found that particular HERVs exhibited

either upregulation or downregulation in each group, with

significant patterns observed within the ME/CFS cohort. These

differences correlated with variations in immune gene expression

and patient symptomatology, endorsing the subtyping of ME/CFS

patients and confirming the presence of immunological

disturbances in this condition (Giménez-Orenga et al., 2023).
6 Neurodegenerative diseases and
human endogenous retroviruses

6.1 Amyotrophic lateral sclerosis

Also known as motor neuron disease, is a rare and fatal

neurodegenerative condition characterized by the loss of motor

neurons in the brain and spinal cord. Its incidence is slightly higher

in populations of predominantly European descent, with

approximately 2 cases per 100,000 person-years, with a typical

survival ranging from 3 to 5 years after diagnosis. The incidence of

ALS rises with age, being highest among individuals aged 60 to 79

years (Feldman et al., 2022). ALS manifests in distinct phenotypes,

being bulbar onset and spinal onset (cervical, lumbar) the most

prevalent presentations, accounting for approximately a quarter to a

third of cases respectively. Many genetic variants associated with

ALS have been identified, impacting individuals both with and

without a family history of the disease (Feldman et al., 2022).

Despite significant progress, the etiology of many sporadic ALS

cases remains uncertain.

It has been almost 15 years since the first evidence of the

involvement of HERVs in ALS pathogenesis (Douville et al., 2011).

Since then, accumulated findings have included elevated (up to 3-

fold increase) expression of retroviral genes in the brains of ALS

patients; the presence of HERV-K-env protein in the cerebrospinal

fluid (CSF), and neurons; HERV-K env protein in neuronal

extracel lular vesicles (NEV) of patients , with higher

concentrations in patients with worse clinical conditions; higher

levels of antibody concentration against HERV-K in CSF and

serum of ALS patients, and more (Douville et al., 2011; Li et al.,

2015; Arru et al., 2018; Li et al., 2022; Steiner et al., 2022). Yet, the

implications of HERV expression for ALS pathogenesis are not

fully understood.
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Some hypotheses consider the ability of HERV-K-env to

stimulate immune responses, resulting in increased production of

pro-inflammatory cytokines, including IFN-g, MIP-1a, and TNF-a
(Arru et al., 2021). HERV-K has been shown to induce protein

aggregates and neurotoxicity in animal models, causing significant

changes in neuronal morphology in vivo (Li et al., 2022). Apart

from neurotoxicity, a concealed HERV-K encoded protein within

the env gene is expressed during an inflammatory response,

impacting inflammation pathways (Di Curzio et al., 2020).

Considering the putative role of HERV expression in ALS

development or pathogenesis , the effect of combined

antiretroviral therapy with abacavir, lamivudine, and dolutegravir

on the HERV-K (HML-2) transcription levels was investigated in

ALS patients. After 6 months of treatment, a significant proportion

of participants (82%), exhibited a reduction in HML-2 load

compared to pre-treatment levels. Notably, differences in the

evolution of certain clinical outcomes were also observed (Gold

et al., 2019; Garcia-Montojo et al., 2021). This pivotal study not only

presents a potential benefit of antiretroviral therapy as a possible

limiter of ALS progression but also corroborates the involvement of

HERVs from the K family in ALS.
6.2 Alzheimer’s disease

The most common age-related neurodegenerative disorder and

is characterized by progressive memory loss and cognitive

dysfunction. AD induces the loss of motor functions and

personality alterations, ultimately leading the patient to death

(Mattson, 2004). Histopathologically, AD is marked by

extracellular senile plaques (SPs) resulting from the aggregation of

Αb Amyloid protein, and by intracellular neurofibrillary tangles

(NFTs). Based on the amyloid hypothesis, proposed in 1992, Ab is

considered the key factor that triggers the onset and progression of

Alzheimer’s Disease (Hardy and Higgins, 1992). However,

accumulating evidence from genetic, imaging, and biochemical

data suggests that Ab is only part of the disease, indicating a

much more complex etiology. Tau deposition precedes grey

matter atrophy, indicating that misfolded Tau may be a major

driver of AD pathogenesis (Vojtechova et al., 2022).

As it is extensively described for Multiple Sclerosis, some HERV

families are also overexpressed, and several active loci have been

identified in Alzheimer’s Disease (Nali et al., 2022). Notably, the

most active HERVs are often located near immune response genes,

suggesting a potential (dis) regulation of the immune system by

these retroviruses (Dawson et al., 2023). By assuming that HERV-K

RNA is capable of inducing CNS (central nervous system) injury,

Dembny et al. (2020) (Dembny et al., 2020),demonstrated that the

silencing of HERV-K RNA protected neurons from the

neurotoxicity in animal models. The HERV-K inhibition also

prevented neurodegeneration and microglial activation (Dembny

et al., 2020). In the same study, the authors detected HERV-K

transcripts in almost 90% of the cerebrospinal fluid (CSF) of the

individuals with Alzheimer’s Disease against only 2% of the control

subjects. Upon sequencing the transcripts, they identified the
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enrichment of LTR5_Hs/HERV-K exclusively in AD patients,

providing additional evidence for an association between a very

specific HERV-K activation and AD.
6.3 Prion diseases

As discussed above, the misfolding of proteins, such as the

microtubule-binding protein Tau, is linked to highly prevalent

neurodegenerative diseases, notably Alzheimer’s disease. While

mutations in aggregation-prone proteins explain some cases of

familial neurodegenerative diseases, the etiologies of spontaneous

diseases, including prion diseases, remain unknown. Prion diseases

can be etiologically categorized as sporadic, genetic, or acquired

through the infection of prion-contaminated agents (Prion Biology

and Diseases, 2024). The majority of human prion diseases fall under

the classification of Creutzfeldt-Jakob disease (CJD), in its sporadic

form, while 10-15% are attributed to mutations in the prion protein

gene (PRNP). Consistent with other prion diseases, CJD is

characterized by the accumulation of the alternative folded PRNP,

amyloid plaques, spongiform vacuolation, astrocytic proliferation,

leading to neuronal cell loss (Prion Biology and Diseases, 2024).

There is a body of studies covering the ERVs dysregulation in

prion diseases. The first evidence dates back to 1999 when

researchers showed in murine models a relation between the

scrapie infectious process and MuLV replication (Lachmann et al.,

1999). In the same line, it was later demonstrated that infection of a

senescence-accelerated mouse strain (SAMP8) that develops active

ecotropic MuLV with scrapie led to an increase in the MuLV titer

(Jeong et al., 2002). These observations were corroborated by the

presence of vacuoles within the cytoplasm of MuLV-positive

neurons, and the extracellular space surrounding these neurons

exhibited lytic alterations. Later, in non-human primates, it was

detected a dysregulation of gamma and beta-like ERVs in response to

BSE (bovine encephalopathy spongiform) agent on both the RNA

and the protein level (Greenwood et al., 2011).

In humans, it was demonstrated that HERV-W, HERV-L, FRD,

and ERV-9 transcripts exhibited a significant increase in the

cerebrospinal fluid (CSF) of individuals with sporadic Creutzfeldt-

Jakob disease compared to normal control CSF. Moreover, when

compared to individuals with other neurodegenerative diseases

manifesting similar symptoms to CJD, such as dementia, the

incidence rates of HERV-W and HERV-L were notably higher in

the CSF of sporadic CJD patients (Jeong et al., 2010).

Although a bit controversial, it has also been proposed that the

intercellular trafficking of prions may be partially facilitated by

hitchhiking on endogenous retroviral particles (Fevrier et al., 2004).

This hypothesis comes from observations that PrP interacts with

retroviral RNA and with nucleoprotein structures of HIV, which

include Gag protein (Gabus et al., 2001b; Gabus et al., 2001a).

Additionally, neuroblastoma cells infected with scrapie and

Creutzfeldt-Jakob disease agents produce intracellular 25-nm

virus-like particles, that together with exosomal particles (Fevrier

et al., 2004), would help in the spreading of misfolded proteins

(Gabus et al., 2001b; Gabus et al., 2001a; Greenwood et al., 2011).
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7 HERV in rheumatic diseases

Rheumatic diseases are a group of disorders that may also be

associated with aging, or at least, with the epigenetic dysregulation

of the normal aging process.
7.1 Fibromyalgia

A complex disease with an unknown etiology characterized by

widespread pain throughout the body and increased pain

sensitivity, significantly compromising individuals’ quality of life

(Wolfe et al., 2011). Patients with FM exhibit overlapping

symptoms with those with Myalgic Encephalomyelitis/Chronic

Fatigue Syndrome (ME/CFS), though they are now recognized as

distinct conditions. However, inflammatory dysregulation is

present in both diseases (Strawbridge et al., 2019; Yao et al.,

2023). As far as we know, only a few studies were performed to

the understanding of the HERVs putative involvement in FM and in

ME/CSF. One study described increased levels of HERV-H, K, and

W in patients with FM compared to healthy controls. Interestingly,

they also reported a positive correlation between HERV expression

and pro-inflammatory cytokines (Ovejero et al., 2020), suggesting

that HERVs may play a role in the inflammatory response

commonly associated with FM patients. As already mentioned in

this review, a more recent study (Giménez-Orenga et al., 2023)

deeply investigated the HERV expression profile in FM and ME/

CSF, and described a family-specific HERV deregulation in the

immune cells of individuals with ME/CFS and FM, with a

heightened HERV dysregulation in the ME/CFS (66 families)

compared to FM (22 families), supporting the biological

distinctions between ME/CFS and FM. Fibromyalgia may also

occur with other chronic pain conditions like Osteoarthritis (OA)

and Rheumatoid Arthritis (RA).
7.2 Osteoarthritis

The most common chronic articular-associated disease, affecting

small, medium, and large joints. The knee is most frequently affected

in up to 10% of men and 13% of women aged above 60 years (Jang

et al., 2021). Despite being one of the oldest documented diseases, its

etiology remains unknown. While the expression of endogenous

retroviruses has been well covered in RA (Rangel et al., 2022), few

data on OA have been published in this matter. In a search for

exogenous (herpesviruses mostly) and endogenous retroviruses in

cartilage and chondrocytes from osteoarthritis patients, transcripts

of endogenous retroviruses, specifically HERV-WE1 and WE2, were

detected in 15 of 17 patients, while no exogenous viruses were found.

More interestingly, retroviral-like particles were observed in

chondrocyte cultures (Bendiksen et al., 2014). In parallel,

researchers also investigated the expression of ERV-3, a single

copy provirus from the HERV-R family, in patients with OA and

RA and found transcripts only in OA individuals (Nelson et al.,

2010). They suggested that this retroelement could serve as a
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biomarker for OA, given that the expression of this ERV is not

commonly detected, but the real impact of its activity in these

patients would require further studies.
8 Exogenous viruses and HERVs

Extreme inflammatory manifestations and neurological

manifestations such as encephalopathies, dementias, Guillain-Barret

syndrome, and degenerative syndromes can occur as a consequence

of infection by exogenous viruses, such as Flaviviruses, retroviruses

such as the Human Immunodeficiency virus (HIV), and human T-

cell lymphotropic virus (HTLV), and coronaviruses as Severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2). Interestingly,

there is extensive literature showing that these viruses interact with

endogenous retroviruses, increasing their transcription. Some studies

even highlight that this activity can be linked to the progression of

systemic diseases. Unfortunately, few of these studies emphasize the

activity of HERVs in the neurological manifestations caused by these

viruses, which would be a topic of utmost relevance.
8.1 HIV-1

Several studies have explored the potential interaction between

HIV and HERV, particularly HERV-K(HML2), demonstrating

increased HERV activity in the presence of HIV-1 or only its

proteins. The majority of the studies focused on detecting HERV

transactivation events, and on understanding how the immune

response is affected. Contreras-Galindo repeatedly described

HERV-K (HML-2) viral RNA in the plasma of HIV-1-infected

patients, occasionally at astonishing high titers (up to 10E10 RNA

copies/ml) (Contreras-Galindo et al., 2006). He also illustrated that

HERV-K expression is higher in patients with non-suppressive

anti-retroviral therapy (ART) than those with a suppressive

regimen and that increased HERV-K RNA titers often preceded

HIV-1 rebounds. Based on these findings, the authors proposed that

HERV-K load could be a useful predictor of HIV-1 reactivation

(Contreras-Galindo et al., 2007a). In vitro experiments also appear

to confirm it.

Microarray analysis of HIV-1 infected cell cultures described

upregulation for HERV-T, ERV-9, and HERV-E, as well as HERV-

K (Vincendeau et al., 2015). In the same experiment, the authors

showed that cells infected de novo by HIV-1 showed a stronger

signal of the HERV-K (HML-2) group than persistently infected

cells. In an experiment to assess whether the HIV-1 subtype could

differentially influence the transactivation of HERVs, Li, and co-

workers found an increase in the transcriptional levels in the

HERV-K gag region in HIV-1 B subtype-infected patients,

whereas the transcriptional levels of the HERV-K pol region were

increased in CRF01_AE and CRF07_BC recombinant-infected

patients (Li et al., 2021).

The transactivation of HERVs by HIV is not entirely clear, but a

better-explored mechanism would involve HIV- Tat protein.

Gonzalez-Hernandez et al. identified Tat as a putative

transactivator of HERV-K, specifically the HML-2 subtype,
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through its interaction with cellular transcription factors NF-kB
and NF-AT (Gonzalez-Hernandez et al., 2012). This activity caused

different impacts on the proviruses, as evidenced in transcriptome

analyses where 26 proviruses showed significant expression, but 12

were silenced, indicating a complex interaction between Tat and

HML-2 (Gonzalez-Hernandez et al., 2014). Contreras-Galindo et al.

proposed a mechanism in which Tat would assist HERV-K

activation. They reported that some proviruses, especially K111

(HML-2), located in a centromeric region, are expressed in the

presence of Tat (Contreras-Galindo et al., 2013). The role of Tat

seemed to be critical since this protein drives a transition from

heterochromatin to euchromatin by activating histone acetylases

(Easley et al., 2010).

However, there is not unanimous agreement across the studies

regarding the increased HERV activity driven by HIV-1.

Karamitros and colleagues systematically tested 236 plasma of

HIV-infected individuals and reported all of them to be negative

for HERV-K expression. The authors developed a rigorous protocol

to eliminate any possible contamination with genomic DNA

(gDNA) and therefore, believe that the discrepancy in their

results concerning studies that find HERV-K transcripts is

primarily due to this reason (Karamitros et al., 2016).

Regardless, HERV proteins appear to be capable of activating

the host immune responses. It was suggested that some HERVs may

play a crucial role in the cellular and humoral immune response to

HIV-1 infection. Contreras-Galindo et al. (2007) observed HERV-K

Gag protein expression in HIV-1 infected T-cells in vivo and

suggested a potential implication in disease development. But in

parallel, Garrison demonstrated that HIV-1 seropositive patients

also exhibited a T-cell response to a HERV antigen (HERV-L IQ10

peptide) that shares similar regions to HIV epitopes. The authors

proposed a mechanism wherein HIV-1 infected cells expressing

HERVs would elicit a stronger immune response against them.

Critically, the level of T-cell responses to HERV was inversely

correlated to HIV-1 plasma viral load in all individuals included in

the study (Garrison et al., 2007).

In addition to the cellular response, HIV infection also induces a

humoral response through HERV activity. Michaud et al. (2014)

demonstrated that HERV-K Env mRNA is expressed in the surface

and transmembrane regions of cells infected by HIV-1, and antibodies

against HERV-K Env protein are present in such patients. They also

reported that elite controllers had a higher titer of anti-HERV-K

compared to non-elite controllers (Michaud et al., 2014).

People living with HIV (PLWH) may develop a spectrum of

cognitive, motor, and mood alterations known as HIV-associated

neurocognitive disorder (HAND). HAND encompasses a range of

neurocognitive impairments, including asymptomatic neurocognitive

impairment (ANI), mild neurocognitive disorder (MND), and HIV-

associated dementia (HAD). HAND affects over 50% of PLWH, and

the risk of developing such disorders is heightened with age. HIV

doesn’t directly infect neurons, instead, the CNS is a viral reservoir

since the virus resides in different cells within the nervous system,

including macrophages, microglia, and astrocytes. In the long term, it

is implicated in neuronal injury through neurotoxic viral factors,

triggering processes of neuroinflammation and neurodegeneration

(Wahl and Al-Harthi, 2023).
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A temporal pattern can be observed in the activation of HIV

and HERV-K in the brains of PLWH. Notably, there is an increase

in HERV-K activation preceding the manifestation of clinical

symptoms of neurocognitive impairment (Douville et al., 2011).

Conversely, heightened HERV-K env expression in cortical neurons

of HIV-infected individuals has been associated with the inhibition

of HIV replication in these cells and neuron protection (Bhat et al.,

2014). However, over the long term, neuronal HERV-K expression

results in neurite retraction and neuronal death, aligning with the

observed outcomes in HIV-associated neurocognitive disorders

(Dembny et al., 2020).
8.2 HTLV

Human T-lymphotropic virus (HTLV) is the causative agent of

chronic progressive myelopathy (TSP/HAM) in which lesions of the

central nervous system (CNS) are associated with infiltration of HTLV-

1-infected T-cells and to the adult T-cell leukemia (ATL). It was the

first documented human retrovirus, but, unlike HIV, much remains to

be understood about the intricate presentations and syndromes caused

by this virus (Poiesz et al., 1980; Bangham et al., 2015).

The studies investigating the potential transactivation of HERV

by HTLV were possibly inspired by the fact that HTLV causes

neurological syndromes with an extremely inflammatory profile,

involving astrocytes and presenting similarities to other

neurodegenerative diseases like MS and ALS, in which the link

with HERVs is recognized (Tanajura et al., 2015). Additionally, the

growing literature on HERV transactivation by other retroviruses as

HIV-1 possibly contributed to the interest in the HERV/HTLV

putative link. However, the literature on HERV and HTLV remains

quite scarce and somewhat controversial.

A study by Toufaily and collaborators showed that the HTLV

Tax protein can activate HERV LTR. In their work, the authors

transfected HTLV-LTR into Jurkat cells culture expressing Tax, and

an increase in HERV-W and HERV-H LTR activity was observed.

Experimental evidence indicated that this activation is carried

through the transcription factor CREB (Toufaily et al., 2011).

Perzova. in 2013, described anti-HERV-K10 antibodies in patients

with HTLV-associated myelopathy. Of 16 patients with

myelopathy, 14 had anti-HERV-K Gag antibodies and 15 had

anti-HERV-K10 Pol antibodies (Perzova et al., 2013).

Conversely, based on the abovementioned studies, PBMC from

15 HTLV-1-infected subjects were screened for T-cell responses

against HERV-K(HML-2) Gag and Env and also against other

HERV families. The study however failed to demonstrate cellular

responses against HERVs in HTLV individuals (Jones et al., 2013).
8.3 SARS-COV-2

Following the line of interactions between HERVs and

exogenous viruses with an inflammatory profile of pathogenesis,

studies on HERVs and SARS-CoV-2 have been rapidly emerging. In

addition to the systemic inflammation caused by this virus, a range

of neurological manifestations (long COVID or neuro-COVID)
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have been and are still being described. Some studies on neurocovid

relate the symptoms of both acute and non-acute manifestations as

a putative consequence of a persistent inflammatory state in the

central nervous system. This is because the virus is rarely found in

cerebrospinal fluid samples, suggesting that tissue damage is

indirect, via the stimulation of inflammatory factors and other

involved genes (Matos A de et al., 2021; Etter et al., 2022).

Several studies have assessed the HERVs profile in COVID-19.

A transcriptome in SARS-CoV-2-infected patients revealed a

distinct distribution of HERVs transcripts based on exposure to

SARS-CoV-2, regardless of the severity of COVID-19, where many

HERV families are differentially expressed compared to healthy

individuals (Marston et al., 2021). Another group investigated the

impact of SARS-CoV on the HERVs transcriptome using publicly

available transcriptome data from cells infected by SARS-CoV-2

and found overexpression of HERV-H, HERV-W, HERV-3,

HERV-K, and HERV-E families. The expression profile however

was distinct in cell lines compared to clinical samples, where

syncytin-1 and syncytin-2 transcripts were markedly increased in

clinical samples. In this same work, analysis of ChIP-Seq data

showed that TEs differentially expressed in SARS-CoV-2 infection

were enriched for binding sites for transcription factors involved in

immune responses.

The results of this study are in line with the previous one

published by Balestrieri et. al (2021).,, where an increase in HERV-

W was observed in hospitalized COVID-19 patients. The authors

highlighted that the expression of HERV-W envelope in lymphocytes

at the time of sampling reflected the respiratory outcomes throughout

the hospitalization, suggesting its involvement in the pathogenesis of

the disease. Also, the percentage of CD4+ cells positive for HERV-W

ENV proved to be a more specific marker for predicting the need for

respiratory support compared to IL6 concentration in plasma

(Balestrieri et al., 2021).

A comprehensive report including patients infected with different

SARS-CoV-2 variants investigated different sites using a range of

methods. Immunohistology analyses found that HERV-W ENV is

expressed in postmortem tissues of lungs, gut, heart, brain

parenchyma, and nasal mucosa from acute COVID-19 patients and

the sites where HERV-W were found correlated to the clinical

manifestations observed in the donor patients (Charvet et al.,

2023). Collectively, these findings indicate that HERV-W ENV

serves not only as a COVID-19 severity biomarker but it may be

functioning as an additional pathogenic factor influencing the

severity of the disease.
8.4 Epstein Barr virus

The Epstein-Barr virus, a member of the herpesviridae family

(herpesvirus type IV), is the causative agent of infectious

mononucleosis, commonly known as the “kissing disease” due to

its frequent transmission through saliva. This virus is globally

prevalent, infecting around 95% of the adult population. EBV also

causes a latent infection in immortalized B cells and, depending on

the individual’s immunological condition, it can be reactivated and

induce other more serious conditions. The individual’s immune
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system plays a crucial role during the course of infection (Yu and

Robertson, 2023).

The immune mechanisms involving EBV infection and HERVs

activation have been studied for decades. In 2001 Sutkowski and

colleagues found that EBV induces a superantigen (SAg) activity by

transactivating HERV-K18 env in infected B cells, leading to a T cell

response (Sutkowski et al., 2001). Later, the same group showed that

the latent membrane protein 2A (LMP-2A) present in the EBV

virion was sufficient to trigger this immune response (Sutkowski

et al., 2004). It is hypothesized that EBV, by causing a latent

infection, triggers a superantigen (SAg) activity that prompts

memory-infected B cells to become immortalized. However, in

2006, Hsiao et al. outlined an alternative pathway wherein EBV

induces SAg activity through viral latent proteins LMP-2A, LMP-1,

and its cellular receptor, CD21. This suggests that this

transactivation may serve additional functions beyond inducing

cell immortality during the latent phase, potentially involving

processes related to viral entry into cells (Hsiao et al., 2006). In

2009, Hsiao elucidated the pathway in which EBV infection induced

the transactivation of HERV-K18 env, showing that an

immunoreceptor tyrosine-based activation motif (ITAM) receptor

is important for this activity. In addition, they showed that elements

essential to this transactivation are located downstream the HERV-

K18 env gene (Hsiao et al., 2009).

HERV-K Gag is also activated in EBV-triggered immortalized

cells from patients with multiple sclerosis (MS) (Wieland et al.,

2022). Regarding HERV-W, which is strongly associated with MS

pathogenesis, there is evidence of HERV-W gp350 transactivation

by EBV infection in peripheral blood mononuclear cells (PBMC)

from MS patients (Mameli et al., 2012). A proposed mechanism

suggests that EBV and HERV-Wmay cooperate in the pathogenesis

of MS. Mameli (Mameli et al., 2012) suggests that systemic

activation of HERV-Wenv can lead to immunopathogenic events

due to its super antigenic properties. This, in turn, may result in

toxicity against oligodendrocytes in the brain, leading to

inflammation, demyelination, and axonal damage. Therefore, the

immunological inability to mitigate the expression and

transactivation between EBV and HERV-W would impact on the

MS immunopathology.
9 Concluding remarks

The expression of HERVs in the host’s genetic regulation has

been proven to be fundamental for the homeostasis and balance of

various functions, both early in life and during the processes of aging

and senescence. Conversely, the involvement of endogenous

retroviruses in degenerative, rheumatic, and other diseases

presenting a range of clinical manifestations is also recurrently

demonstrated, although definitive conclusions regarding the impact

of their expression on such diseases have not been demonstrated. Yet,

the expression of these elements does not seem to be merely a

consequence of epigenetic dysregulation or a secondary stimulus

from cellular and pro-inflammatory factors. Instead, it appears to be

an orchestrated selection of elements that are up or down-regulated,

in very specific situations. Entire HERV families can be upregulated
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in one specific disease, viral particles are formed, and anti-HERV

antibodies are present, whilst the same families are down-regulated in

another. When required, only specific loci from a given HERV family

are switched on or off dictating the fate of the cells or tissues in which

this process is taking place. To what extent does HERV contribute to

the host genetic network? How can we use this information to control

HERV-related diseases? These questions still lack definitive answers.

However, the prospects seem promising.
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