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Abstract

Human endogenous retroviruses (HERVs) are abundant sequences that 
persist within the human genome as remnants of ancient retroviral 
infections. These sequences became fixed and accumulate mutations 
or deletions over time. HERVs have affected human evolution and 
physiology by providing a unique repertoire of coding and non-coding 
sequences to the genome. In healthy individuals, HERVs participate in 
immune responses, formation of syncytiotrophoblasts and cell-fate 
specification. In this Review, we discuss how endogenized retroviral 
motifs and regulatory sequences have been co-opted into human 
physiology and how they are tightly regulated. Infections and mutations 
can derail this regulation, leading to differential HERV expression, which  
may contribute to pathologies including neurodegeneration, pathological  
inflammation and oncogenesis. Emerging evidence demonstrates 
that HERVs are crucial to human health and represent an understudied 
facet of many diseases, and we therefore argue that investigating their 
fundamental properties could improve existing therapies and help 
develop novel therapeutic strategies.
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during the early stages of embryogenesis17, and distinct patterns 
of ERV element activity are then observed throughout embryonic 
development18–21 and in fully differentiated tissues22–24.

In this Review, we provide a comprehensive discussion of HERVs 
and their observed activity throughout the human lifespan. We first 
discuss methods for the quantification of HERV RNAs and then delve 
into their roles and activity in sexual reproduction and development. 
Next, we discuss the proposed mechanisms by which HERV activity 
can be modulated by microorganisms, and how their deregulation 
contributes to pathology of certain diseases. We conclude by discuss-
ing the upcoming direction of HERV research and the importance of 
their study.

Methods of quantifying HERV expression
HERV RNAs undergo the post-transcriptional processing stages of 5′ 
capping, splicing and 3′ polyadenylation (formation of poly(A) tail)25, 
which enable their capture when preparing libraries for next-generation 
sequencing (NGS). Although commonly used selection of poly(A)-
containing RNAs does allow for the enrichment of HERV RNAs, it is 
unclear whether some library preparation techniques contain biases 
that unknowingly hinder the recovery of HERV RNA reads owing 
to the quality of source-tissue preservation, the temporal stability 
of the RNAs, their extraction techniques or sequencing platform 
biases26. Owing to high homology between and within proviral loci, 
their quantification is complicated because sequencing reads from 
HERV RNAs often align with multiple loci27. This multimapping pheno
menon confounds the assignment of HERV reads when analysing 
their expression from NGS datasets, resulting in low-definition data. 
Long-read RNA sequencing techniques can increase the likelihood of 
capturing unique nucleic acid motifs and provide the most straightfor-
ward way to limit multimapping28,29, but these techniques are currently 
expensive.

Several methods exist that improve HERV RNA quantification in 
short-read NGS by stratifying HERV reads into calculable groups or by 
implementing quantitative strategies that better approximate read 
assignments30,31. For single-cell RNA-sequencing analyses, pipelines 
such as scTE22, which minimizes multimapping to accurately depict 
transposable element classes by sacrificing locus specificity, and 
soloTE32, which retains locus specificity through the implementation of 
an expectation–maximization algorithm, have been developed to accu-
rately calculate the expression of ambiguous transposable elements 
and HERVs. For bulk RNA-seq analyses of HERV expression, pipelines 
such as ERVmap33, which improves the clarity of HERV-specific reads 
by excluding polymorphic reads and multimapping reads that are 
specific to conserved regions; Telescope34 and SQuIRE (software 
for quantifying interspersed repeat expression)35, which apply an 
expectation–maximization algorithm to provide locus-specific defini-
tion in otherwise discarded multimapping reads; SalmonTE36, which 
applies a variant of stochastic collapsed Bayesian inference followed 
by constructing equivalence classes for inferred reads that are then 
improved upon with an expectation–maximization algorithm; and 
hervQuant37, which is a computational workflow that relies upon direct 
base-pair alignments to the reference genome, have been implemented 
to accurately estimate HERV expression. In addition to variance in the 
calculative approaches of the different bioinformatics tool, there are 
also several annotations for HERVs, which vary considerably6,33,34,38–44. 
Thus far, HERV quantification remains an iterative process, which will 
benefit from future standardizations of nomenclature, quantification 
strategies and annotations.

Introduction
Retroviruses infect a host by fusing with the cell membrane and releas-
ing into the cytosol a capsid complex packaged with the necessary 
cofactors required for integration of their RNA genome into the host 
genome1. In the cytosol, viral reverse transcriptases (RTases) produce 
double-stranded DNA (dsDNA) copies of the viral genome, which travel 
to the nucleus and integrate in the host genome1 (Fig. 1a). Once inte-
grated, the locus of retroviral genes is termed a ‘provirus’. Full-length 
proviruses contain coding sequences for retroviral proteins, a primer 
binding site and flanking long terminal repeats (LTRs) that possess 
transcription factor binding sites (TFBs), which aid in the hijacking 
of host RNA polymerase machinery2,3. Retroviruses that integrate 
into a germ cell may also be transmitted to host progeny2,3. Over 
generations of humans and ancestors, waves of retroviral infections 
have introduced proviruses into our germline cells that accumulate 
point mutations and deletions and undergo recombination, which 
fixate them to a given locus by restricting their capacity to form 
infectious particles and prohibit their retrotransposition2,3 (Fig. 1b). 
These mutated proviruses are termed endogenous retroviruses (ERVs) 
and encompass large fractions of mammalian genomes, where they 
provide a diverse array of regulatory and coding sequences that 
possess physiological roles2,3. Human ERVs (HERVs) constitute an 
estimated 8% of the human genome4,5 and remain understudied in 
comparison to the 1–2% of the genome annotated as canonical cod-
ing genes. In this Review, we use ‘ERV’ when discussing human and 
non-human studies and ‘HERV’ when discussing studies conducted on  
human-specific ERVs.

The phylogenetic classification of HERVs is based primarily 
upon homology to the infecting ancient retroviral genus. HERVs are 
divided into class I (Gammaretrovirus and Epsilonretrovirus genera), 
class II (Betaretrovirus genus) and class III (Spumaretrovirus genus)6 
(Supplementary Table 1). About 0.5% of LTR elements in the human 
genome remain unclassifiable or are believed to descend from errantivi-
ruses and are known as Ty3 or mdg4 (refs. 6,7). HERV classes I through III 
are further broken down into eleven supergroups and 39 clades based 
upon homology between their coding and non-coding sequences6 
(Supplementary Table 1).

Owing to the threat posed by expression of retroviral genes to 
genome integrity and somatic-cell homoeostasis, the activity of ERVs 
is tightly regulated by a full complement of epigenetic modifications8. 
By targeting specific retroviral nucleic acid motifs9 and retroviral char-
acteristics such as intronless nascent mRNAs10, host cells continuously 
surveil the activity of these elements with repressive epigenetic modi-
fications. Insights into how our cells control the expression of ERVs 
have primarily come from mechanistic studies performed in model 
organisms. Although mouse ERVs are distinct from HERVs in their 
origin, sequence, genetic composition, distribution and phylogeny 
and in having the ability to form virus-like particles2,11, the study of 
the fundamental molecular properties of ERVs has provided insights 
into the processes by which HERVs influence human health. The use-
fulness of model organisms is limited, however, and these insights 
must be interpreted accordingly, as mouse ERVs possess intact pro-
viruses that can form infectious particles. Our current understand-
ing of ERVs suggests that their transcription is repressed by DNA 
methylation12, histone modifications9 and non-canonical histone 
variants13. Post-transcriptional repression of HERV RNA occurs through 
RNA-destabilizing modifications14, RNA degradation by surveillance 
machinery10 and germline-specific15 Piwi-interacting RNA (piRNA)-
mediated degradation16. This silencing of ERV elements begins 
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Expression of HERVs throughout development
A few studies have begun to characterize HERV expression patterns 
in healthy tissues and cell types22–24. HERV RNAs can be detected in 
primordial germ cells (PGCs)45 and then traced throughout early 
embryogenesis and somatogenesis as unique transcriptional profiles. 
These choreographed changes in HERV activity at the DNA, RNA and 
protein levels affect embryonic development, and in somatic tissues, 
this activity may contribute to cell identity (Fig. 2).

HERVs in germ cells and embryogenesis
HERV LTRs function as regulatory elements that coordinate the 
expression of cell potency factors throughout sexual reproduction and 
embryonic development19,46. The specification of PGCs appears to partly 
rely on transcriptional networks coordinated through the activation of 
HERV LTRs, primarily those belonging to the HERVK–LTR5Hs subtypes45. 
Oocytes that arise from PGCs display activation of HERVK14–LTR14 
LTRs19, and upon fertilization, the expression of HERV elements and 
host genes is largely coordinated by TFBs within HERVK14–LTR14, 
HERVK–LTR5Hs, HERVH–LTR7, HERV9–LTR12, HERVL–MLT2 and THE1A 
LTRs19 (Fig. 2a). In addition to functioning as regulatory elements, some 
HERVH transcripts function in embryonic stem cells as long non-coding 
RNAs18, which recruit the pluripotency transcription factor OCT4 (also 
known as POU5F1) and its cofactor p300 to genomic HERVH–LTR7 
domains, thereby enhancing the transcription of pluripotency factors 
genes cis-regulated by HERVH LTRs18. In mice, the expression of ERV 
transcripts occurs so early in embryogenesis that they are detectable at 
the first cell division47. As totipotent cells of the morula divide into the 
pluripotent cells that make up a polarized blastocyst, the transcription 

machinery is rewired to begin suppressing the embryonically active 
HERV LTR TFBs of younger human mouse mammary tumour virus-like 
(HML) and HERVHF supergroups19,45,48,49. From a pluripotent blastocyst 
onwards, an increasingly complex choreography of ERV LTR activity 
emerges in the endoderm, mesoderm and ectoderm19,49.

In addition to HERV functions at the DNA and RNA levels, the 
placental expression of HERV proteins is required for embryonic 
development50 (Fig. 2b). The fusogenic HERVW envelope protein 
Syncytin-1 has been co-opted to function as a surface receptor that 
facilitates cell–cell fusion during syncytiotrophoblast formation50. 
The syncytiotrophoblast forms a multinucleated barrier between the 
maternal and embryonic circulatory systems that protects the devel-
oping embryo from pathogens and facilitates the transfer of growth 
factors and nutrients that are crucial for embryonic development50,51. 
Syncytin-A deletion in mice demonstrates that impaired syncy-
tiotrophoblast formation retards embryonic growth and vascular 
development, resulting in early lethality51. Other HERV proteins are 
highly expressed in embryonic stem cells and the placenta, such as 
Suppressyn52 and Rec20 (Fig. 2b). These proteins possess antiviral activ-
ity and could function as restriction factors that protect gestating 
offspring from viral infections. Collectively, the facilitation of placental 
barrier formation by Syncytin is crucial for human reproduction50,51, 
and the activity of multiple ERV elements occurs in specific spati-
otemporal patterns throughout the establishment of progenitor cell 
potency18,20,45,46, polarization of multicellular structures19,20,28,47 and 
embryonic development20,49–52. Whether and to what extent the repeat-
edly observed spatiotemporally coordinated HERV activity contributes 
to the development and protection of human embryos is not yet clear.
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Fig. 1 | The endogenization of a retrovirus. a, Retroviruses bind to and fuse with 
a target cell (1) to release a capsid complex (2) that contains RNA copies of the 
retroviral genome, packaged with the factors (not shown) required for integration 
into the host genome. In the cytosol, viral reverse transcriptases (RTases) produce 
a DNA molecule of the retroviral RNA genome (3), which is trafficked into the 
nucleus for genomic integration (4), thereby forming a provirus. b, Proviruses 

can undergo deletions, point mutations, and/or recombination (not shown) that 
yield endogenized retroviral genes incapable of producing infectious particles. 
Internal recombination between flanking long terminal repeats (LTRs) of a 
full-length provirus can yield a solo LTR without coding regions. The nonsense 
mutation is depicted as a vertical line. env, envelope gene; gag, group-specific 
antigen gene; PBS, primer-binding site; pol, polymerase gene; pro, protease gene.
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HERVs in somatic cells
Following conception, HERV activity fluctuates in response to and 
the expression of factors that regulate early embryogenesis19,46. HERV 
elements are then generally silenced by the deposition of epigenetic 
modifications8; however, many remain active in terminally differenti-
ated cells22–24. In somatic tissues, thousands of HERV RNAs are tran-
scribed, the majority of which can be detected at multiple body sites23. 
In contrast to a subset of ubiquitously expressed HERV RNAs (Fig. 2c), 
other HERV RNAs are expressed in a tissue-specific manner at abun-
dances estimated to range between approximately 0.19 and 1.91% of all 
poly(A) transcripts23. Analysis of global HERV expression profiles sug-
gests that, of the tested tissues, the brain, pituitary gland, testis, liver, 
heart, blood and muscle tissues possess expression patterns distinct 
enough to differentiate them from the other tissues by the applica-
tion of multidimensional scaling23 (Fig. 2d). Confounding factors such 
as sex, ethnicity and age also appear to influence the expression of 
HERVs23. Analyses of the most evolutionarily young HERVKs (HML-2) 
found 37 proviruses to be transcriptionally active in 54 body sites, 
with tissues composing the central nervous system (CNS) displaying 
the highest HERV transcript abundances24. The expression of many 
of these elements in somatic cells is hypothesized to be driven by two 

primary mechanisms. The primary mechanism by which HERVs are 
transcribed in somatic tissues is ‘leaky expression’ resulting from the 
transcription of proximal genes, and the secondary mechanism is by 
activation of their own 5′ LTR24. Prior to their endogenization, ancient 
retroviruses probably coordinated host transcription in target cells 
through regulatory elements in their LTRs. Current hypotheses sug-
gest that the activation of HERV RNAs by their LTR region is a remnant 
of their infectious history, in which the LTR regions would direct cell 
type-specific transmission and spreading. Following endogenization 
of a retrovirus, the cell type-specific activity of HERV RNAs probably 
reflects a carryover of the signals required for retroviral replication. 
Although the emerging understanding of global HERV transcription 
during homoeostasis suggests the existence of many undiscovered 
roles for this activity, the extent by which HERV RNAs may contribute 
to physiology remains unclear.

Exogenous stimuli that determine HERV 
expression
The microbiota is a collective of host-associated microorganisms, 
and like HERVs, it is crucial for human health53. HERVs (or ERVs) are 
now thought to interact with the microbiota54,55. Host-associated 
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Fig. 2 | Spatiotemporal patterns of human endogenous retrovirus activity 
throughout development. a, Various patterns of gene transcription driven 
by the activity of human endogenous retrovirus (HERV) promoter elements 
can be traced from progenitor germ cells (PGCs)45 through oocytes19 to 
the early stages of embryogenesis, leading to the formation of a polarized 
blastocyst19,45,48,49. As cells of the embryo transition to multipotency, more 
complex patterns of HERV-driven transcriptional activity can be observed19,49. 
Long terminal repeats (LTRs) that are transcriptionally active in different 
embryogenesis stages are indicated. b, Placentation relies on the expression 
of the fusogenic HERV protein Syncytin50,51. The HERV proteins Suppressyn52 

and Rec20 are also expressed at high levels in the placenta and can be detected 
also in the developing embryo. c, Following differentiation into somatic tissues, 
tens of HERV promoter regions remain active to promote the expression of 
127 ubiquitously expressed HERV RNAs23. d, Anatomically distinct regions of the 
brain, testis, liver, skeletal muscle, blood and heart highly express specific HERV 
RNAs23. LTR12C contributes to the unique HERV expression profile of the testis23. 
ACS, anterior cingulate cortex; MER, medium reiterated frequency repeats; 
MLT, mammalian LTR transposon; MST, mammalian LTR transposons named 
for responsiveness to MSTII restriction enzyme; THE, transposon-like human 
element.
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viruses can trigger pattern recognition receptors (PRRs) and can also 
directly activate HERV expression by hijacking host transcriptional and 
translational machinery56. Host-associated prokaryotes transduce the 
expression of HERVs through PRRs55,57–61.

Transcriptional activation of HERVs by exogenous viruses
Viruses replicate by hijacking the molecular machinery of the host cell56. 
The resulting rewiring of the host transcriptome and translatome is 
met with resistance by the host in the form of antiviral immunity62 and 
stress-induced cell senescence63. For example, in response to vaccina 
virus infection, host cells utilize a specific exapted HERV LTR for the 
activation of the AIM2 inflammasome64, which results in rapid dere-
pression of interferon response genes, also allowing the expression 
of proximal HERVs65.

During infections, HERV RNA expression is sensitive to the 
transcriptional reprogramming that occurs in the host cells (Sup-
plementary Table  2). Infection and transformation of B cells by 
Epstein–Barr virus activates ERVL–MaLR (mammalian apparent LTR 
retrotransposons), HERVL and ERV1 LTRs throughout the genome66. 
The Epstein–Barr virus transcriptionally transactivates the expres-
sion of the HERVK18 envelope protein, which has  superantigen 
activity67. Similarly, Kaposi sarcoma-associated herpesvirus (KSHV, 
also known as HHV-8) directly activates the expression of the HERVK 
envelope-derived proteins Rec and NP9, which aid virus propagation 
and potentially contribute to oncogenic processes68. Mechanistically, 
the latent KSHV accessory proteins latency-associated nuclear antigen 
(LANA) and viral FLICE protein (vFLIP) activate the host MAPK and 
NF-κB signalling pathways, respectively, to promote the expression of 
HERVK envelope transcripts68. KSHV-induced Rec and NP9 expression 
promotes the invasiveness and tumorigenicity of infected endothelial 
cells through pathways dependent on VEGFR1 signalling68.

The human T-lymphotropic virus type 1 (HTLV-1) cofactor Tax is a 
transcription transactivator of host genes that promote the expression 
of the HTLV-1 provirus69. Exposure of T-cells to Tax also regulates host 
gene expression by activating HERVH and HERVW LTRs69. Similarly, the 
human immunodeficiency virus type 1 (HIV-1) cofactor Tat transacti-
vates the transcription of HIV-1 proviruses70. In addition to elevating the 
expression of HIV-1 RNA, Tat promotes transcription at HERVK LTRs to 
upregulate the expression of HERVK RNAs by binding to NF-κB. HIV-1 
may also influence HERVK expression post-transcriptionally through 
activity of the cofactor Rev, which binds to Rev response elements 
(RREs) in HIV-1 RNAs and facilitates their shuttling out of the nucleus71. 
The HIV-1 Rev–RRE nuclear export system is structurally similar to 
HERVK Rec (a functional homologue of Rev) and Rec response elements 
(RcRE)71. During HIV-1 infection, this homology may allow HIV-1 Rev 
to bind HERVK RcREs and facilitate their export from the nucleus71. 
Collectively, virus-induced changes in cellular transcription drastically 
alter the activity of HERV elements72,73.

Crosstalk between ERVs and prokaryotes
Toll-like receptors (TLRs) are PRRs74. In mice, activation of TLRs 
by prokaryotes induces considerable changes in the expression of 
ERVs54,59. Lipoteichoic acid-mediated activation of TLR2 (ref. 55), 
lipopolysaccharide-mediated activation of TLR4 (refs. 57,60,61) and 
flagella-mediated activation of TLR5 (ref. 58) orchestrate ERV activ-
ity at the RNA level. The differential expression of ERVs in response 
to microbial cues affects the inflammatory capacity of immune-cell 
subsets and their local microenvironment55,58. In mouse models, 
this change in immunological capacity is primarily dependent on 

ERV RTase production of retrovirus-like dsDNA, which activates the 
pro-inflammatory factor cyclic GMP–AMP synthase (cGAS)55. These 
complex interactions between bacteria, their mammalian host and its 
endogenous retroelements participate in TLR2-mediated55 and TLR5-
medated58 inflammatory pathways. Early-stage investigation of ERVs 
as mediators of host–microorganism interactions has identified these 
genetic elements as fundamental to immunity54.

Deregulation of HERVs in disease
Genetics, environment and age can all affect cellular homoeostasis75,76. 
Chronic dysregulation of cellular homoeostasis may derepress 
HERVs, with consequent pathologies characterized by inadvertent 
cytotoxicity77, immunity activation78 and/or cell senescence79,80. 
Deregulation of HERV activity has been found in neurodegeneration81, 
autoimmunity inflammation78 and oncogenesis82. Although our cur-
rent understanding of HERVs is based primarily on repeated obser-
vations that provide strong correlations between their activity and 
pathogenesis, it is now important to support these hypotheses with 
mechanistic studies that can conclusively define the effects of HERV 
activity on pathogenesis. These studies are difficult to conduct owing 
to the discrepancies between the composition of ERVs in humans and 
in model organisms, and to the limited availability of reagents that can 
accurately estimate the activity of HERV elements.

Ageing-associated neurodegeneration
Neurodegenerative disorders are defined by CNS-specific atrophy 
occurring in a chronic progressive manner83. Neurodegeneration pre-
sents in clinically distinct pathologies with variations in aetiology and 
severity. Typical clinical features of advanced-stage neurodegeneration 
include impairments to cognitive function, deteriorated motor func-
tion and wasting of tissues innervated by afflicted brain regions83. 
Neurodegenerative disorders possess no common aetiology83. 
Alzheimer’s disease7,84,85 and amyotrophic lateral sclerosis (ALS)77,86–89 
are two clinically distinct neurodegenerative disorders that, in certain 
cases, demonstrate deregulation of HERV activity at protein and RNA 
levels (Fig. 3). This HERV deregulation is hypothesized to contribute 
to pathogenesis following the initiation of neurodegeneration81. The 
overt expression of pathological HERVK and HERVW envelope proteins 
may also disrupt neuroplasticity and neural development in neuro-
degenerative and neuropsychiatric disorders90–93, suggesting that 
HERV derepression promotes the initiation of disorders associated 
with their expression.

Recent studies suggest that many of the processes that underly 
ageing-associated pathogenicity are reinforced by the re-expression 
of certain ERVs in senescent cells79,80. Evolutionary younger HERVs 
with intact capsid-coding genes, such as certain HERVK proviruses, 
may form non-infectious retrovirus-like particles94 when derepressed 
in senescent cells, which might activate innate immunity through DNA 
receptors such as cGAS to drive ageing-associated processes in senes-
cent and non-senescent cells alike79. This process led to the hypothesis 
that ERVs are a cause of ageing-associated pathogeneses, based on 
findings collected primarily from animal models, post-mortem tissues 
and disease-relevant human cell lines79,80.

Post-mortem analysis of CNS tissues collected from individuals 
with ALS found that the RNA processing protein TAR DNA-binding pro-
tein 43 (TDP-43) is typically found in aggregates that lead to loss of its 
functionality89. The RNA processing roles provided by TDP-43 are cru-
cial to regulating the activity of transposable elements, and feedback 
from HERV overexpression may further impair TDP-43 functionality 
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and drive a mutual sustainment between the two7 (Fig. 3). Dysfunctional 
aggregation of TDP-43 may cause accumulation of a neurotoxic HERVK 
envelope protein77,86,87 and RTase88,89,95 in the CNS of some individuals 
with ALS. However, these studies are controversial96, and other studies 
have failed to replicate elevation in HERVK activity in ALS97,98.

Studies in laboratory models of Alzheimer disease have shown 
that the establishment of neurofibrillary tangles is conducive to 
the overexpression of cytosolic dsDNA and dsRNA stemming from 
HERVs and other transposable elements, which may promote 
neuroinflammation93,99 and contribute to subsequent tauopathy85,100. 
Post-mortem analyses of CNS tissues from individuals with Alzheimer 
disease found a significant overabundance of RNAs from multiple 
HERV families, including those from HERVK, HERVH and HERVL84,101. 
The associations between pathological burden and overabundant 
transposable element RNAs in post-mortem Alzheimer disease tis-
sues suggest that short interspersed nuclear elements (SINEs) and 
HERVs possess understudied roles in human tauopathy100. The 
overabundance of HERV transcription in the CNS of post-mortem 
Alzheimer disease tissues might be driven by impairments in the 
transcriptional and post-transcriptional regulatory networks that 
traditionally silence the neuroinflammatory overproduction of ERVs, 

as demonstrated by piRNA depletion leading to chromatin relaxa-
tion in Drosophila melanogaster models of tauopathy84. Although the 
expression and regulatory activity of human piRNAs are believed to 
be predominantly germline-specific15, these studies demonstrate the 
potential for subsequent deregulations in ERV activity to mediate  
tauopathy.

Collectively, the ageing-associated derepression of HERV 
activity likely contributes to the inflammatory component of cell 
senescence-relevant pathologies, and deregulated HERV expression 
may further contribute to the neurotoxicity and tauopathy observed 
in certain neurodegenerative disorders (Fig. 3).

Pathological inflammation
The aetiology of inflammatory disorders depends on many recurring 
genetic and environmental factors102. In autoimmunity, HERV activa-
tion may worsen inflammation symptoms by expressing inflammatory 
proteins or potentially by forming retrovirus-like dsDNA and dsRNA in 
endosomes and the cytosol78. HERVs are hypothesized to contribute 
to the pathological inflammation in multiple sclerosis103,104, psoriasis55, 
rheumatoid arthritis105, systemic lupus erythematosus106,107, pemphigus 
vulgaris108 and Aicardi–Goutières syndrome (AGS)109,110, amongst others. 
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Fig. 3 | Proposed model for human endogenous retrovirus contributions 
to ageing-associated neurodegeneration. In a healthy central nervous system 
(CNS), transcription regulation maintains the repression of human endogenous 
retrovirus (HERV). Homeostasis in the CNS is characterized by basal activation 
of glia cell subsets, which sustain an environment conducive to neuroplasticity. 
Neurodegeneration involves disruptions to cellular homoeostasis, which enable 
the expression of certain HERVs. Transcriptional deregulations of HERVs are 
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TAR DNA-binding protein 43 (TDP-43) proteinopathy and neurotoxicity. 
In amyotrophic lateral sclerosis (ALS), the overexpression of HERVK envelope 

(Env) proteins may contribute to motor neuron cell death. In Alzheimer disease 
(AD), the derepression of HERV is associated with pathological tau production. 
The overexpression of retrovirus-like cytosolic HERV double-stranded DNA 
(dsDNA) and dsRNA may agonize the intracellular nucleic acid receptors cyclic 
GMP–AMP synthase (cGAS), Toll-like receptor 7 (TLR7), TLR8 and retinoic 
acid-inducible gene I (RIG-I). The overabundance of HERV nucleic acids may then 
reinforce TDP-43 proteinopathy, further contributing to HERV derepression 
by forming a positive feedback loop conducive to neurodegeneration. The 
accumulation of retrovirus-like HERV dsDNA and dsRNA in the CNS of individuals 
with Alzheimer disease is hypothesized to contribute to neurotoxic immune 
activation in microglia and astrocytes and worsen the severity of disease.
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In multiple sclerosis, a HERVW envelope protein is believed to drive 
encephalomyelitis through immune hyper-activation104. However, 
a phase II clinical trial has shown that an antibody that blocks the 
activity of this envelope protein isoform has no effect on acute inflam-
mation111. In AGS110, colorectal cancers associated with inflammatory 
bowel disease112, systemic lupus erythematosus113 and psoriasis55, the 
delivery of RTase inhibitors can ameliorate inflammatory pathologies 
stemming from cytosolic dsDNA production. Moreover, a clinical trial 
testing the efficacy of RTase inhibitors in AGS has had positive results 
and the treatment is a possible therapeutic strategy110. However, it is 
currently unclear how much, if any, of this cytosolic dsDNA produc-
tion stems from HERVs compared to other, more active endogenous 
retroelements, such as long interspersed nuclear element (LINEs) and 
SINEs, which compose the much larger fractions of the human genome, 
with LINEs being the putative target of RTase inhibition. Our current 
understanding of HERV-derived cDNA production remains speculative, 
as it is unclear how much, if at all, they contribute to observations of 
DNA sensing-driven pathologies. Our understanding of HERV activity 
in immunity suggests that further investigation into the physiological 
basis of HERV-mediated inflammation is required for the development 
of novel therapeutic strategies. Microorganisms remain one of the 

strongest risk factors for autoimmunity, with microbiota composition 
and viral infections having lasting consequences to systemic immu-
nity114. The immunity axes of host–virus and host–bacteria are likely 
dependent on the transactivation of HERV transcription, and we suggest 
that further investigation of HERVs in the context of dysbiosis-mediated 
autoimmune inflammation is needed54.

Oncogenesis
Cancers arise on individual bases from complex aetiologies that draw 
from genetic, lifestyle and environmental risk factors115. Investigation 
into putative roles for non-coding genomic elements during oncogene-
sis has repeatedly demonstrated that their deregulation may contribute 
pathogenesis of certain malignancies82,116 (Fig. 4a).

TFBs in HERV LTRs form a potent reservoir of cis-regulatory ele-
ments that can influence host transcription48. Whereas the regulatory 
capacity of some HERV LTRs has been exapted to benefit germ cells 
and somatic cells, most of these elements are thought to remain dor-
mant through the deposition of repressive epigenetic modifications. 
Oncogenic conditions can disrupt host gene regulation, allowing for 
the derepression of dormant HERV LTRs117. The derepression of HERV 
LTRs can then affect host gene transcription and, in certain cancers, 
can cis-activate the transcription of full-length, truncated or chimeric 
isoforms of oncogenes, a process termed ‘onco-exaptation’117 (Fig. 4b). 
In Hodgkin lymphoma, derepression of ERV1 LTRs and of ERVL–MaLR 
LTRs drives ectopic expression of the oncogenes interferon regulatory 
factor 5 (IRF5)118 and macrophage colony-stimulating factor 1 receptor 
(CSF1R)119, respectively.

Onco-exaptation of specific LTR promoters can yield the 
production of truncated oncoproteins that may further drive patho-
genesis, such as activation of anaplastic lymphoma kinase (ALK) by an 
ERVL promoter in melanoma120 and receptor tyrosine-protein kinase 
erb-B4 (ERBB4) by an ERVL–MaLR promoter in ALK-negative anaplastic 
large-cell lymphoma121. Chimeras between transcripts of oncogenes 
and HERVs, such as the oncogenic fatty acid-binding protein 7 (FABP7)–
LTR2 chimera, which is activated by an ERV1 promoter in diffuse large 
B cell lymphoma122, and calbindin (CALB1)–HERVH chimeras driven 
by HERVH promoters in prostate cancer123 and in lung squamous cell 
carcinoma124, are also driven by onco-exaptation.

Although the expression of HERVs is not thought to be capable of 
driving cellular transformation alone, seminal studies have character-
ized HERV RNA activity across large pan-cancer cohorts, finding HERV 
expression to be largely upregulated in accordance with disease sever-
ity in solid tumours and haematological malignancies125–127. A recent 
preprint reveals that, by incorporating HERV expression data into the 
definition of cancer subclasses, individuals with certain haematological 
malignancies could be provided with a more-accurate prognosis125.

Cancer-associated HERV RNAs can possess open reading frames 
that, owing to cancer-associated disruptions in RNA metabolism, can 
be translated throughout oncogenesis into tumour-specific antigens 
(TSAs)37,127–135. Although canonical splicing occurs between two exons 
of a gene, splicing often goes awry in malignant conditions136, result-
ing in non-canonical trans-splicing between exons and overabundant 
HERV RNAs, thereby forming junction between exons and transpos-
able element ( JET) mRNAs, which are translated to form recurrent 
TSAs131,132,135 (Fig. 4c).

Certain HERV envelope proteins are overexpressed in the tumour 
microenvironment137. In Kaposi sarcoma, KSHV-infected endothe-
lial cells overexpress the HERV proteins Rec and NP968. Studies in 
laboratory models of Kaposi sarcoma have demonstrated that the 

Glossary

Dysbiosis
The state of disbalance in the 
composition and diversity of 
microorganisms that constitute the 
microbiota of a host organism.

Expectation–maximization
An algorithmic computational approach 
that iteratively defines the maximum 
likelihood for given estimations based 
on latent variables, commonly used to 
improve upon estimations provided by 
probabilistic models of data.

Inflammasome
Multisubunit complex that assemble 
in the cytosol in response to 
inflammatory stimuli. Following their 
assembly, inflammasomes transduce 
immunological signals.

Inflammatory disorders
Conditions in which unregulated and 
typically self-targeting inflammation 
contributes to pathogenesis. 
Inflammatory disorders generally 
demonstrate cyclic cascades of 
immune responses that further reinforce 
incipient inflammation.

Neurofibrillary tangles
Pathological insoluble aggregates of 
hyperphosphorylated tau protein in the 
central nervous system.

Pattern recognition receptors
Invariant innate immunity receptors that 
recognize and detect molecular signals 
that commonly arise from pathogen 
invasion or cellular damage.

Retrovirus-like particles
Assembled endogenous retroviral 
particles that are morphologically 
similar to an infectious retrovirus but 
are replication incompetent and thus 
non-infectious.

Superantigen
Molecules that possess nonspecific 
stimulatory capacity of adaptive 
immunity cell subsets.

Syncytiotrophoblast
A barrier layer of multinucleated 
epithelial cells that separates the 
maternal and embryonic circulatory 
systems.

Ty3 or mdg4
A phylogeny of LTR-possessing 
retroelements. The previously used 
nomenclature for these elements relied 
on the word ‘gypsy’; going forward, 
these elements should be referred 
to as ‘Ty3’ or ‘mdg4’.
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overexpression of Rec and NP9 permits invasiveness through exploi-
tation of host VEGFR1 signalling68, suggesting that Rec and NP9 have 
roles in oncogenesis. In individuals with glioblastoma, HML-2 envelope 
proteins are overabundant in the CNS, and the expression of capsid, 
envelope and RTase RNAs correlates with survival138. The activity of 
HML-2 elements in glioblastoma appears to induce OCT4 activity, which 
promotes the stemness of neural progenitor-like cells. Disruption of 
HML-2 activity with CRISPR interference and RTase delivery could 
disrupt the stem cell niche of glioblastoma models, demonstrating 
putative roles for deregulated HERVK activity in contributing to glio-
blastoma pathologies138. Whereas other retroelements, such as LINEs, 
are hypothesized to produce retrovirus-like dsDNA and dsRNA that 
trigger antiviral innate immunity receptors, which in turn promote 
conditions that are conducive to tumour development112,139, it is cur-
rently unclear how much, if any, retrovirus-like dsDNA is produced 
by models that aim to replicate HERV activity and RTase activity on 
HERV RNAs. It is possible that RTase inhibition disrupts LINE RTase 
activity, which then prevents the sustainment or initiation of inflamma-
tory cascades that upregulate potentially pathogenic HERV elements. 
Further studies are therefore needed to discern how much, if any, 
of the pathological RTase activity observed in cancers and inflam-
matory disorders is attributable to HERVs in comparison to other  
retroelements.

The microenvironment of solid tumours hinders antigen acces-
sibility and immunogenicity140. HERV-targeting immunotherapies 
could improve upon existing treatments for certain cancers141. Spe-
cifically, HERV-derived TSAs have been identified as alternative anti-
gens expressed in bladder urothelial carcinoma130, clear cell renal cell 
carcinoma37, colon adenocarcinoma130, head and neck squamous 
cell carcinoma130, lung adenocarcinoma128,130,132, breast cancer142 and 
lung squamous cell carcinoma130,132. In vitro and in vivo models of 
humoral responses to HERV TSAs in lung adenocarcinoma and breast 
cancer have shown that HERVK envelope-specific antibodies can exert 
antitumour effects128,142, and HERVK envelope protein-specific chi-
meric antigen receptor (CAR) T cell delivery demonstrated antitumour 
effects in xenografted models of breast cancer in mice143. Thus, the 

development of HERV-specific immunotherapies may provide novel 
treatment options for certain cancers37,116,128–134,141–143.

Conclusion and future perspective
HERVs represent a large and structurally unique component of the 
human genome, whose activity appears to affect health and disease2,3. 
Choreographed activities of HERVs are observed at the early stages of 
sexual reproduction19,20 and then throughout somatogenesis22,23. In fully 
differentiated cells, HERVs LTRs have been co-opted to dictate global 
transcription networks48 and their expression may mediate immune 
system–environment interactions54. Animal models that aim to rep-
licate HERV activity are imperfect because ERV sequences are highly 
stratified across Mammalia owing to post-speciation endogenization 
events and mutations. Furthermore, the ambiguity of HERV elements 
complicates validation techniques that rely on antibodies or primers. 
Computational approaches that best estimate HERV abundances from 
NGS output currently present the best method for their study; however, 
these methods are expensive, labour intensive and often limited in their 
retrievable conclusions. These issues have complicated studies that 
aim to determine causal roles of HERVs in disease and development.

Nevertheless, repeated observations have suggested possible 
mechanisms by which HERVs affect the aetiology of poorly under-
stood oncological116, neurological81 and immunological78 pathologies. 
It is now important to develop research methodologies that could 
accurately validate any hypothesized causal associations between 
deregulated HERV expression and human diseases. The validation of 
HERV involvement in human diseases may lead to new types of thera-
pies. This exciting prospect could very well revolutionize the field of 
pharmacology; however, it will require much more study of the vast 
‘dark matter’ of the human genome.
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