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Abstract: Human endogenous retroviruses (HERVs) are remnants of ancient retroviral infections that
are part the human genome and are normally silenced through epigenetic mechanisms. However,
HERVs can be induced by various host and environmental factors, including viral infection, and
transcriptionally active HERVs have been implicated in various physiological processes. In this review,
we summarize mounting evidence of transactivation of HERVs by a wide range of DNA and RNA
viruses. Though a mechanistic understanding of this phenomenon and the biological implications are
still largely missing, the link between exogenous and endogenous viruses is intriguing. Considering
the increasing recognition of the role of viral infections in disease, understanding these interactions
provides novel insights into human health.

Keywords: endogenous retroviruses; viral infection; transactivation

1. Introduction

Endogenous retroviruses (ERVs) are viral sequences that are part of eukaryotic genomes
including the human genome [1]. ERVs are remnants of ancient retroviral infection and
genomic integration events that date as far back as eighty million years ago [2,3]. Viral se-
quences that integrated into the germline and became fixed through generations now make
up 8% of the human genome [4–6]. An integrated retroviral genome is called a provirus and
consists of 5′ and 3′ long terminal repeats (LTRs) flanking viral group-specific antigen (gag),
polymerase (pol) and envelope (env) genes. Human ERVs (HERVs) are proviral sequences
that can produce RNA and viral proteins but are no longer replication-competent due to
inactivating mutations [7]. HERVs are associated with inflammation in a range of diseases
including autoimmunity, neurodegenerative diseases and cancer [8–12]. Moreover, HERVs
are commonly elevated during viral infection and may have detrimental or beneficial
effects [13–15]. Considering the increasing incidence of infectious diseases around the
world [16] and association of viral infections with autoimmune disease [17–19], HERV
activation by viruses is a phenomenon that is worthwhile understanding in more depth.

There are more than 500,000 copies of ERV sequences in the human genome, and they
are divided into three classes: Class I (gammaretrovirus-like), Class II (betaretrovirus-like)
and Class III (spumaretrovirus-like) [20]. HERV-H and -W (Class I) and HERV-K (Class
II) are the most studied in the context of viral infection and are discussed most in this
review. HERV-H is the oldest, most abundant HERV, and many copies retain gag, though
not env [21–23]. HERV-W is best known for Syncytin-1 (Syn-1), an HERV-W envelope
protein that has been co-opted to mediate the fusion of trophoblast cells during placental
development [24–26]. HERV-K elements called human mouse mammary tumor virus like
1–10 (HML-1–HML-10) are the youngest HERVs that were actively replicating as recently
as 250,000 years ago and thus have the most intact proviral sequences [27–29]. Some
HERV-K elements remain unfixed and are insertionally polymorphic within the human
population [30–32]. Other HERVs, such as ERV-3, ERV-9 and ERV-E, are not well studied in
the context of viral infection. Although HERV families are often described at the family
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level, it is worth noting that each one of these families represents hundreds of genomic
copies, and we are far from understanding the physiological relevance of HERVs at the
level of individual loci.

Approximately 30% of HERVs are transcriptionally active in a wide range of normal
tissues and cell types [33–35]. ERVs are regulated epigenetically and transcriptionally [36–38].
Kruppel-associated box zinc finger proteins (KRAB-ZFPs) repress ERV expression by
directly binding to the DNA and recruiting tripartite motif-containing 28 (TRIM28) and
histone methyltransferase SETDB1, which adds H3K9 histone trimethylation (H3K9me3)
marks [39,40]. Chromatin remodeling during viral infection can derepress ERVs through
opening of the chromatin resulting in aberrant expression of ERVs. The first such report in
1993 showed that herpes simplex virus 1 (HSV-1) infection causes reactivation of multiple
sclerosis-associated retrovirus (MSRV), later classified as HERV-W, in leptomeningeal cells
(LM7) [41]. Many reports following this initial study have shown expression of HERVs
during viral infection or transactivation of HERVs by viral proteins. How these changes
in ERV expression affect inflammatory outcomes during infection or chronic disease is
not known.

Studies of HERVs have greatly benefited from advancements in detection methods and
improvements in annotations of HERVs. There is now a wealth of studies that have reported
on the dynamic expression of HERVs in various cell types and conditions during viral
infection (Supplementary Table S1). In this review, we survey published works that have
shown elevated HERV expression during infection by a range of DNA and RNA viruses
and categorize them by virus and HERV family. Further, we begin to explore links between
HERV transactivation and viral infections that are strongly associated with diseases such
as multiple sclerosis (MS) and type 1 diabetes (Figure 1). Collectively, these studies reveal
an interesting crosstalk between endogenous and exogenous viruses, warranting further
investigation into these links and their potential contribution to health and disease.
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Figure 1. Summary of HERV activation by viruses. HERVs that are activated by the indicated
viruses and virus families are listed along with the types of samples where HERVs are detected. The
post-viral diseases that are associated with viruses are also highlighted.
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2. DNA Viruses
2.1. Herpes Simplex Virus 1 (HSV-1)

HSV-1 is an alphaherpesvirus that is transmitted through the oral or genital route,
causing oral and genital herpes. Approximately 67% of the global population under the
age of 50 is infected with HSV-1 [42]. After an initial lytic infection of epithelial cells, HSV-1
establishes latency in sensory neurons and remains in the host for life. Periodic reactivation
of latent HSV-1 is associated with recurrent clinical symptoms [43]. Some recent studies
have also proposed a link between HSV-1 infection and the development of MS [44,45].

HERV-W and K: MSRV virions that belong to the HERV-W family were originally
isolated from LM7 cells derived from an MS patient [46] and were shown to be amplified
upon HSV-1 infection [41]. MSRV production does not seem to require viral replication, as
the HSV-1 immediate early (IE) proteins, ICP0 and ICP4, are sufficient to amplify MSRV
(Figure 2a). Since this initial finding, other studies have shown similar effects of HSV-1
on HERVs. For instance, HERV-W transcripts are elevated in HeLa cells infected with
HSV-1 [47]. Overexpression of the IE genes IE1 or IE3 is sufficient for HERV-W induction,
which depends on Oct1 transcription factor binding to the HERV-W LTR (Figure 2b).
HSV-1 upregulates HERV-W env and gag in human neuroblastoma cells (SK-N-MC and
IMR-32) [48], human brain microvascular endothelial cells (HBMEC) and primary human
cerebral endothelial cells [49]. It has also been shown that UV-inactivated HSV-1 enhances
reverse transcriptase (RT) activity in PBMCs from MS patients compared to PBMCs from
healthy donors, though RT activity may originate from sources other than HERVs [50].
Finally, HERV-K transcripts are elevated in human teratocarcinoma (Tera-2) cells infected
with HSV-1 or expressing HSV-1 IE protein ICP0, and this induction requires the Ap1
transcription factor binding site within the HERV-K LTR (Figure 2c) [51], suggesting a role
for AP1 in the expression.
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2.2. Human Cytomegalovirus (HCMV)

An estimated 80% of adults around the world are infected with HCMV [52]. HCMV
is a betaherpesvirus that is most commonly acquired during childhood and is transmit-
ted through bodily fluids. HCMV is capable of infecting a broad range of cell types and
establishes latency in the bone marrow hematopoietic progenitor cells [53]. In immuno-
compromised hosts, HCMV can reactivate, replicate to high levels and cause end organ
disease [54].

HERV-W and K: HCMV infection was first shown to activate HERV-K expression in
human embryonic lung fibroblasts [55]. HERV-K and HERV-W pol are also elevated in
the sera of kidney transplant patients with high levels of HCMV infection [56]. In GliNS1
neural tumor cells and human umbilical vein endothelial cells (HUVECs), HCMV infection
upregulates class I (HERV-T, HERV-W, HERV-F, ERV-9), class II (HERV-K) and class III
(HERV-L) retroelements [57]. HERV-K (HML-2) transcription is reduced when infected cells
are treated with ganciclovir, a viral DNA replication inhibitor, but unaffected by siRNA-
mediated silencing of IE viral genes, indicating that early and late viral gene products are
likely required. HCMV is known to cause hypomethylation of the host DNA by regulating
the expression of DNA methyltransferase 1 (DNMT1) and 3 (DNMT3) [58]. Given the role
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of DNA methylation in ERV silencing, derepression of epigenetic silencing of HERVs may
be a possible mechanism of HERV expression during HCMV infection.

2.3. Human Herpesvirus 6 (HHV-6)

HHV-6 is a betaherpesvirus that preferentially replicates in activated CD4+ T cells
and establishes latency in bone marrow progenitor cells [59] and in the central nervous
system [60]. HHV-6 is usually acquired early in childhood [61,62] and is associated with
febrile diseases [62]. HHV-6 is also implicated in chronic diseases and malignancies such as
MS [63], Hashimoto’s thyroiditis [64] and Hodgkin’s disease [65].

HERV-W and K: Upon HHV-6A infection, MSRV env as well as MSRV env and gag
proteins are increased in T lymphoblasts (HSB-2), primary cord blood mononuclear cells
and glioblastoma cells (U-87 MG). MSRV env induction occurs through the HHV-6A re-
ceptor, CD46-Cyt1 isoform [66] and is dependent on protein kinase C (PKC) signaling [67].
HERV-K18 env is increased upon HHV-6A infection of HSB2-ML and HSB-2 cells [68] and
HHV-6B infection of PBMCs [69]. Blocking HHV-6B glycoprotein H (gH), the CD46 recep-
tor, or treatment of infected cells with cycloheximide decreases HERV-K18 env expression,
while viral DNA replication and expression of late genes are not necessary for HERV-K18
activation [69]. This indicates that HERV-K18 activation requires viral attachment and de
novo protein synthesis during HHV-6B infection.

2.4. Epstein–Barr Virus (EBV)

EBV is a gammaherpesvirus and a common childhood infection that has a sero-
prevalence rate of approximately 95% in the adult population. EBV infection is usually
asymptomatic, but infection during late childhood or early adulthood can cause infec-
tious mononucleosis (IM). EBV infects epithelial cells and B cells and establishes latency
in memory B cells [70,71]. EBV has oncogenic properties and is estimated to contribute
to 265,000 cases of cancer globally [72]. EBV has also been long been linked to MS [73].
Recently, a longitudinal analysis of 10 million adults showed a 32-fold increase in the risk
of developing MS following infection with EBV [74], particularly linked to individuals with
IM [75]. Incidentally, HERVs are activated by EBV and have been implicated in MS.

HERV-W: EBV glycoprotein 350 (gp350) is expressed on the viral envelope and binds
to CD21 on mature B cells to facilitate establishment of latency [71]. It has been shown that
gp350 stimulates HERV expression. PBMCs stimulated with EBVgp350 increase expression
of MSRV env and Syn-1 in a dose-dependent manner, particularly in B cells and monocytes,
and even higher in monocyte-derived macrophages [76]. EBVgp350 also induces expression
of MSRV env and Syn-1 in U87G astrocytes through NF-κB signaling (Figure 3) [76]. There
is also indirect evidence for potential links between EBV and ERVs. For example, MSRV
env is expressed higher in IM patients compared to EBV-negative people and in healthy
individuals with high titers of anti-EBNA-1 IgG [77]. More recently, it has been shown that
HERV-W env expression correlates with EBV load in relapsing–remitting MS patients [78].
In MS patients, the immunosuppressive drugs azathioprine and glatiramer acetate reduce
expression of HERV-W env, but whether this involves EBV remains to be tested [76].

HERV-K: The envelope protein of HERV-K18 is encoded in the first intron of CD48 [79]
and is a superantigen that activates T cells via TCR Vβ [80]. HERVK-18 was first shown to
be induced in primary B cells upon EBV infection [80] and subsequently in EBV-infected
human tonsil cells [81]. Mechanistically, this transactivation is mediated by the engagement
of EBV gp350 with CD21 on B cells and through the EBV latent membrane proteins (LMPs)
LMP-2A and LMP-1, which are expressed downstream of CD21 signaling (Figure 3) [81,82].
LMP-2A-mediated activation of HERV-K18 involves signaling through the immunoreceptor
tyrosine-based activation motif (ITAM) of LMP-2A [83]. However, this does not seem
to require active viral replication, as overexpression of LMPs and Epstein–Barr nuclear
antigens (EBNAs) is sufficient to transactivate HERV-K (HML-2) gag [84]. Immortalization
by EBV is another cue that makes cells permissive to HERV activation. HERV-K (HML-2)
gag is upregulated in EBV-immortalized lymphoblastoid cell lines (LCLs) from healthy
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and MS donors [85]. EBV LMP-2A overexpression transactivates HERV-K18 env in EBV-
transformed LCLs [82]. Moreover, higher expression of HERV-K gag, but not HERV-W env
or MSRV env, has been observed in LCLs derived from MS donors compared to healthy
donors, which may or may not involve EBV-associated signaling [85].
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2.5. Kaposi’s Sarcoma-Associated Herpesvirus (KSHV)

KSHV, also known as HHV-8, is a gammaherpesvirus that infects a broad range
of cells and establishes latency in B cells [86]. KSHV is an oncovirus responsible for
causing Kaposi’s sarcoma in immunocompromised individuals, most prominently in
individuals with acquired immunodeficiency syndrome (AIDS) [87]. Seroprevalence of
KSHV varies worldwide, from as high as 80% in sub-Saharan Africa to less than 10% in
Asia, northern Europe and the US [88]. It has been reported that HIV+ patients with KSHV
express higher levels of HERV-K env transcripts than those without KSHV infection [89].
In addition, infection of HUVECs with KSHV or expression of KSHV latency-associated
nuclear antigen (LANA) or viral FADD-like interleukin-1-b-converting enzyme inhibitory
protein (vFLIP) increases transcription of HERV-K env. Activation of HERV-K env in the
context of KSHV involves the mitogen-activated protein kinase (MAPK) signaling pathway,
which is activated by LANA [90], and the transcription factor Sp1, which is activated
downstream of receptor tyrosine kinases [89]. It is possible that transactivation of HERVs
by KSHV is due to the oncogenic properties of the virus, as other tumor viruses have also
been reported to transactivate HERVs [14].

2.6. Hepatitis B Virus (HBV)

HBV is a hepadnavirus and one of the smallest enveloped viruses with a DNA genome.
Following infection of hepatocytes, a covalently closed circular DNA template of the viral
genome remains in the nucleus, which can integrate into the host genome [91]. Chronic
HBV infection is associated with persistent liver inflammation, fibrosis, hepatocellular
carcinoma (HCC) and death. In 2019, the WHO estimated that 296 million people were
living with chronic HBV infection, leading to 820,000 deaths. The HBV X protein (HBx)
binds to the host genome and plays a role in the pathogenesis of HCC [92,93]. One study
showed an NF-κB-dependent increase in HERV-W env transcripts and protein in human
hepatoma (HepG2) cells expressing HBx [94], but whether HBV infection transactivates
HERVs remains to be tested.

3. Positive-Sense RNA Viruses
3.1. Retroviruses

Human immunodeficiency virus types 1 and 2 (HIV-1, -2) and human T cell lym-
photropic virus type 1 (HTLV-1) are positive-sense RNA viruses that require reverse tran-
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scription for replication and integration into the host genome [95]. HIV currently affects
39 million individuals worldwide [96], while HTLV-1 infection is rarer, affecting 5 to 10
million individuals. HIV infection causes not just AIDS but also HIV-associated neurocog-
nitive disorders (HANDs) [97], whereas HTLV causes T cell lymphoma. The following
studies represent a large body of work showing that HERVs are activated by HIV and
HTLV proteins.

3.1.1. HERV Expression in Clinical HIV Samples

An initial study on the plasma of HIV+ individuals showed the presence of HERV-K
pol in a significantly higher proportion of HIV-1+ individuals compared to uninfected
individuals [98]. Analysis of PBMCs from HIV+ individuals, compared to healthy in-
dividuals, also showed elevated expression of HERV-K env RNA [99] and HERV-K gag
protein, particularly in CD4+ and CD8+ T cells [100]. Similarly, HERV-K gag is signifi-
cantly upregulated in the blood of HIV-1 (subtype B)-infected individuals compared to
healthy controls [101]. One study showed lower HERV-K expression in those treated with
antiretroviral drugs [102], while others have shown elevated HERV-K RNA expression in
HIV+ PBMCs, regardless of HIV titers or treatment with highly active antiretroviral drugs
(HAART) [102,103]. This raises the possibility that once HERVs are elevated, factor(s) other
than HIV promote(s) the continual expression of HERVs. Although most studies do not
specify which genomic copies of HERV-K are elevated, HERV-K102 pol RNA [104] and
several other HERV-K proviral sequences are upregulated in HIV+ individuals compared
to healthy people. Finally, HERV-K gag and env proteins along with HER-K viral-like
particles are found in the blood of HIV+ patients [105].

3.1.2. HERV Expression in HIV Infection In Vitro

HERV-K: Beyond correlation studies, in vitro HIV infection of both cell lines and
primary cells have shown upregulation of HERVs, providing stronger evidence for trans-
activation of HERVs by HIV. For example, HIV infection of U-87 MG cells results in an
increase in HERV-K expression in a dose-dependent manner [100]. This is in contrast to
the lack of correlation between viral dose and HERV expression in HIV+ PBMCs. In an
H9 T cell line, HERV-K (HML-2) expression is transiently increased within 24 h following
HIV infection [100,101]. HIV infection of MT2 and Jurkat T cell lines increases expres-
sion of HERV-K gag RNA [101,106]. Moreover, HERV-K (HML-3, -4 and -10), along with
HERV-E and ERV-9, are upregulated in HIV-infected LC5 cells compared to uninfected
LC5 cells [107]. Infection of primary lymphocytes also induces expression of HERV-K
gag [100] and env RNA and protein [108]. HERV-K loci are also specifically upregulated
following HIV infection of CD4+ T cells [109], suggesting selective expression of HERVs in
this context.

Additional HERVs: HERV expression has been observed even in astrocytes, which are
susceptible to non-productive HIV infection [110,111]. MSRV RNA is increased in brain
cell lines, U-87 MG and primary human fetal astrocytes (PHFA) upon HIV infection, while
Syn-1 RNA is only upregulated in PHFA [112]. Induction of HERVs in the absence of
productive viral replication in these cells may suggest that HIV proteins are sufficient to
induce HERV expression, as reviewed in the next section and/or that additional factors
are contributing to this phenomenon. Lastly, solo-LTRs like LTR12C are upregulated in
primary T cells upon HIV infection [113].

3.1.3. HIV and HTLV Proteins on HERV Expression

Several studies have hinted at the lack of requirement for viral replication in sus-
taining HERV expression, as is the case for antiretroviral drug-treated individuals and
infection of brain cell lines that do not support productive infection. In line with this,
there is some evidence that HIV proteins are sufficient to induce HERV expression. For
instance, expression of HIV trans-activator of transcription (Tat) alone is sufficient to in-
duce expression of HERV-K gag in multiple cell lines including Jurkat T cells, HUT-78
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lymphoblasts, U-937 monocytes, 293FT fibroblasts and NCCIT tetracarcinoma cells [106].
This seems to involve a different mechanism than that of the activation of HIV-LTR, as Tat
mutants that are incapable of binding to HIV-LTR can still activate the LTR of HERV-K. Tat
also acts synergistically with viral infectivity factor (Vif) to induce an even more robust
expression of HERV-K gag in Jurkat T cells. Stimulation of healthy donor lymphocytes
with recombinant Tat results in the expression of 26 HERVs, including HERV-K108 and
K115 [114]. Recombinant Tat protein has also been shown to increase transcription of MSRV
env in primary B cells, natural killer (NK) cells and monocytes, and Syn-1 in B cells. In
monocyte-derived macrophages, Tat increases expression of MSRV and Syn-1 through
TLR4 signaling [112]. Whether HERV expression always depends on the interaction of Tat
with TLR4 [115,116] remains to be determined. Finally, HTLV Tax, a transactivator of viral
gene expression [117], can activate promoter activity of HERV-W8, -W18 and HERV-H,
HERV-K and HERV-E to varying degrees in Jurkat cells [118].

3.2. Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)

SARS-CoV-2 is an enveloped positive-sense RNA virus that causes COVID-19 and
has infected over 700 million individuals, leading to 7 million deaths worldwide. Approx-
imately 10% of infected individuals experience post-acute sequalae, also known as long
COVID, which affects neurological, respiratory, cardiovascular and digestive systems [119].

HERV-W: In COVID-19 patients, HERV-W env RNA and surface protein are elevated in
PBMCs, particularly in monocytes, B cells, CD4+ and CD8+ T cells. Heightened expression
is observed in both asymptomatic and hospitalized individuals [120]. Another study
showed that although HERV-W env and HERV-K env are elevated in nasal swabs of SARS-
CoV-2-positive samples independent of hospitalization status, samples from hospitalized
individuals that required oxygen support expressed higher levels [121]. HERV-W env
protein has also been detected in the plasma of both acutely infected individuals with
moderate to severe disease and those with long COVID [122]. In an in vitro setting, HERV-
W env RNA and protein are induced as early as two hours post-infection of PBMCs with
SARS-CoV-2. There is also evidence that in vitro stimulation of PBMCs and epithelial
cells (FaDu cells) with SARS-CoV-2 spike protein is sufficient to induce HERV-W env
expression [121,122]. These studies suggest that the SARS-CoV-2 spike protein and early
events of infection are enough to cause upregulation of HERV-W, and additional factors
associated with severe disease further amplify this effect.

HERV-K: HERV-K pol and HERV-H pol genes are elevated in the whole blood of chil-
dren with mildly symptomatic COVID-19 disease, while HERV-W, Syn-1, Syn-2 and MSRV
are either unchanged or lower compared to healthy controls [123]. HERV-K gag expression
is elevated in human monocytes infected with SARS-CoV-2, and this is diminished in the
presence of a reverse transcriptase inhibitor (zidovudine, AZT), antiviral (remdesvir, RDV)
and anti-inflammatory steroids (dexamethasone and prednisolone) [124]. One study quanti-
fied levels of anti-HERV-K env antibody titers in the blood of individuals with post-COVID
myalgic encephalomyelitis and chronic fatigue syndrome and showed that higher anti-
SARS-CoV-2 Ig titers correlated with higher anti-HERV-K env IgG titers [125]. Although
HERV expression was not directly measured, it suggests a link between SARS-CoV-2 levels
and HERV reactivity.

Other HERVs: Locus-specific transcriptome analysis of ERVs showed that HERV-H
and HERV-3 elements are elevated in SARS-CoV-2-infected Calu-3 and A549 cells, while
HERV-E was commonly elevated in cells infected with SARS-CoV-1, SARS-CoV-2 and
Middle East respiratory syndrome coronavirus (MERS) [126]. A number of HERVs are
elevated in bronchoalveolar lavage fluids (BALF) from SARS-CoV-2-infected individuals
compared to healthy BALF but less so in PBMCs. Similarly, LTR69, an ERV3 element, is
elevated in an adenocarcinoma cell line, Calu-3, following SARS-CoV-2-induced H3K27
acetylation. LTR69 expression is also prone to increase following stimulation by polyi-
nosinic:polycytidylic acid (poly:IC) and overexpression of interferon regulatory factor 3
(IRF3) and NF-κB subunit, p65/RELA [127], which are also triggered upon SARS-CoV-2 in-
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fection. In contrast, one study showed downregulation of HERV-H, HERV-W and HERV-K
in individuals reinfected with SARS-CoV-2 [128].

3.3. Dengue Virus (DENV)

DENV is an enveloped positive-strand RNA virus of the orthoflavivirus genus con-
sisting of four known serotypes (serotypes 1–4) [129]. Approximately half of the world’s
population is at risk of DENV infection, with the highest incidence in Asia. Dengue is a
vector-borne disease that usually manifests as a febrile illness, but some patients develop
more severe symptoms [130]. Only one study has reported HERV activation by DENV. Us-
ing high-throughput RNA sequencing, Wang et al. showed that many HERV loci belonging
to the ERV1, ERV2, ERV3 and Gypsy families were differentially expressed in A549 cells
infected with DENV serotype 2 [131].

3.4. Zika Virus (ZIKV)

ZIKV is also an enveloped positive-strand RNA virus of the orthoflavivirus genus. ZIKV
is widespread in Africa, Asia and Oceania [132] and caused an epidemic in 2015 and lasting
into 2016. While most human infections are asymptomatic, symptomatic patients develop
febrile illness and, in some cases, can develop neuroinvasive diseases such as meningitis and
encephalitis [133]. Only one study has investigated HERV transactivation by arboviruses.
It showed that ZIKV, Mayaro (MayV), Oropouche (OroV) and Chikungunya (ChikV) virus
infection of human primary astrocytes upregulates many different families of HERVs. In
particular, HERV4_4q22.1 is upregulated to similar levels by all four viruses [134].

3.5. Hepatitis C Virus (HCV)

HCV causes hepatitis C, a condition where viral persistence in the liver causes inflam-
mation that can lead to liver failure, cirrhosis or HCC. The WHO estimates about 58 million
people worldwide have chronic HCV infection, and in 2019, this resulted in 290,000 deaths.
Direct-acting antivirals (DAAs) are highly effective against HCV infection, but associated
malignancies and autoimmune conditions may develop even after viral clearance [91].
HERV-K, HERV-H and HERV-W pol RNA has been found to be elevated in adolescents who
were vertically infected with HCV compared to those uninfected [135]. However, reduction
in viremia by DAA did not decrease expression of HERV pol RNA. HERV-K (HML-2)
RNA is elevated in the PBMCs of HCV patients with liver cirrhosis compared to HCV
patients without liver cirrhosis, both before and after DAA treatment [136]. In addition,
HERV-K is elevated in patients who have an incomplete response to DAA treatment, and
this expression correlates with decreased albumin, a marker of impaired liver function.
These studies indicate that HERV transactivation may be indirect in this context.

3.6. Coxsackievirus (CV)

Coxsackievirus B (CV-B) is a non-enveloped, positive-sense RNA enterovirus that
causes gastrointestinal disease. While the virus is usually rapidly cleared, viral mutations
can transform the virus into a non-cytolytic or defective form that can persist in tissues [137].
Persistence of serotype CV-B4 in the pancreas has been implicated in diabetes mellitus
type 1 (T1D) [138]. HERV-W env RNA and protein levels are upregulated in human
pancreatic cells upon infection with CV-B4 compared to uninfected cells [139]. In addition,
HERV-W env is induced in monocyte-derived macrophages infected with CV-B4 but not in
infected PBMCs. It has also been shown that HERV-W env is significantly upregulated in
the serum of T1D patients compared to controls, and env protein is elevated in the pancreas
of T1D patients [140]. Whether HERV-W upregulation in T1D patients is directly dependent
on CV-B infection remains to be answered.
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4. Negative-Sense RNA Viruses
4.1. Influenza

Influenza virus is an enveloped virus that belongs to the Orthomyxoviridae family and
has a segmented, negative-sense RNA genome. Influenza A (IAV) and B (IAB) are two
virus types that are responsible for causing epidemics worldwide [141]. Influenza infection
in healthy individuals usually resolves on its own, but virus-induced pneumonia can be
fatal [142], and highly pathogenic strains of influenza remain a major global concern.

HERV-W: HERV-W env and gag RNA, including Syn-1, are elevated in human astrocy-
toma (CCF-STTG1), human histiocytic lymphoma (U937) and kidney epithelioma (293F)
cells infected with IAV [48]. In CCF-STTG1 cells, a master transcriptional regulator of syncy-
tiotrophoblast formation called glial cells missing-1 (GSM1) is required for Syn1-encoding
ERVWE1 expression upon IAV infection. Additionally, serum deprivation results in the
upregulation of HERV-W env, suggesting that cellular stress caused by IAV infection may
be involved in the transactivation [48]. Finally, IAV infection causes a reduction in SETDB1
expression as well as H3K9me3 marks on the 5′ LTR and intronic regions of ERVWE1
(Figure 4), indicating that epigenetic de-silencing of HERV-W during IAV infection is likely
mediating the transactivation [143].

HERV-W
env & gag

StressTRIM28

↓SUMO

SETDB1↓

ERVV1/2
env

Figure 4. Expression of ERVs during IAV infection. Cellular cues and factors that are modulated
during IAV infection regulate expression of ERVV-1, ERVV-2 and HERV-W.

Additional HERVs: During IAV infection of lung carcinoma cells (A549) and human
fibroblast cells (MRC-5), ERVV-1 and ERVV-2 env are elevated and correlate with the loss
of small ubiquitin-like modifier (SUMO) linkages on TRIM28 [144]. In fact, SUMOylation-
deficient TRIM28 is associated with higher expression of ERVV-1, ERVV-2 and ERV3-1 env
compared to SUMOylated TRIM28, suggesting that IAV mediates depression of HERVs by
targeting SUMO-modified TRIM28 (Figure 4). HERVs belonging to the ERV3 group are
also upregulated in A549 cells infected with IAV, and thus differentially expressed HERVs
are enriched for the NF-Y transcription factor binding motif within the LTR [145].

4.2. Respiratory Syncytial Virus (RSV)

RSV is an enveloped virus with a negative-sense, single-stranded RNA genome. RSV is
a major cause of respiratory illness in young children. Most infections cause mild respiratory
symptoms, but the involvement of the lower respiratory tract can lead to life-threatening
consequences [146]. There are approximately 30 million cases and 100,000 deaths caused
by RSV infection worldwide each year [147]. Only one study has investigated the effect of
RSV, showing significant downregulation of HERV-H, K, W pol and Syn-1 and Syn-2 env
in the whole blood of children under the age of 3 who were hospitalized with severe RSV
bronchiolitis [148]. This is in contrast to the transactivation of HERVs observed in other
viral infections, and further investigation is needed to assess whether this is observed in
other cohorts.
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5. Discussion

It is evident that HERVs are activated by a range of DNA and RNA viruses. Although
many viruses have not been reported to activate HERV expression, it is likely that some level
of HERV transactivation is a universal effect of viral infection. While some studies show
clear transactivation of HERVs upon viral infection in vitro, others are more correlative. In
some cases, viral load correlates with HERV expression, as in the case of EBV and HCMV,
but conflicting evidence exists for others like HIV and SARS-CoV-2. Antiviral treatments
may (in the case of HAART of HIV) or may not (DAA treatment of HCV) lead to reduced
HERV expression. Some discrepancies also exist when comparing clinical samples to
in vitro infection studies, suggesting a need for more mechanistic studies on viral-induced
transactivation of HERVs.

Whether HERV activation requires viral infection or not has been probed in multiple
studies. Indeed, HERVs are activated by UV-inactivated viruses, stimulation by soluble
viral proteins and overexpression of viral proteins, suggesting that viral replication may
not be a requirement for transactivation of HERVs. Rather, HERV expression may be a
result of early signaling events during infection. Both EBV and HHV-6 infections result
in HERV activation through PKC signaling downstream of receptor tyrosine kinases,
suggesting that sensing of the extracellular content during infection may potentially play a
role. Transcription factors such as NF-κB or Sp1 that are activated during viral infection are
also involved in HERV transactivation for HIV, EBV and HBV. Moreover, modulation of
epigenetic silencing machinery by viruses like IAV can lead to epigenetic de-silencing of
HERVs and subsequent expression, similarly to cancer and autoimmune diseases. Although
the exact mechanisms of HERV transactivation in most cases are not known, these studies
are beginning to reveal that a combination of intracellular signaling, epigenetic modification
and transcriptional activation are involved in the transactivation.

Activation of HERVs is also linked to inflammation in cancer and autoimmunity,
reviewed extensively elsewhere [15,149–151]. HERVs are also elevated in some cancers that
involve viruses, such as human papillomavirus in cervical cancer [152–154]. The expression
of interferon (IFN-I)-stimulated genes (ISGs) and proinflammatory cytokine genes often
correlates with HERV expression in disease. Proximity of differentially expressed genes to
HERVs is one contributing factor to this relationship, as observed for DENV and IAV. HERV
LTRs in close proximity to antiviral genes can promote transcription of these genes [113].
Moreover, HERV peptides can stimulate T cells to secrete IFN-gamma [99]. The HERV
envelope can stimulate innate immune response through TLR4 [67] and can even increase
the invasiveness of KSHV-infected HUVEC cells as a result of reduced VEGF signaling [89].
Finally, expression of HERV gag can lead to co-packaging of the HERV gag in newly
synthesized HIV virions, resulting in lower replication capacity of HIV—this is also seen in
integrase-deficient HIV strains supplemented with HERV-K10 integrase [155]. Together,
transactivation of HERV LTR and HERV proteins have downstream consequences that
impact the host immune response or replication of exogenous viruses, even through HERVs
themselves are not generating replication-complement virions.

There seems to be little specificity in the HERVs that are activated by viral infection,
as most viruses activate the expression of HERV-K and HERV-W. However, given the
limited number of HERVs that can be assessed by qPCR, compared to the vast number
of HERVs that are present in the genome, the absence of signal in existing studies may
not reflect biology. On the other hand, some HERVs may never be transcriptionally active
due to mutations within the LTR. Further studies using deep sequencing techniques and
convergence of methodology to assess the expression of individual LTR and HERV elements
will likely provide higher resolution on the specificity of virus–HERV pairs. Finally, more
work is needed to further elucidate the dynamics between infectious viruses and HERVs
and how this contributes to virus-associated diseases.
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6. Methods Used to Obtain Papers

We identified articles on viral transactivation of ERVs by searching PubMed. Key
words used to search were “human endogenous retrovirus + [name of virus]” to capture
the broadest possible range of articles. We included primary research papers showing
results from in vitro infections and stimulation with viral proteins and data obtained
from clinical samples that were analyzed post-infection. Papers published in languages
other than English, conference abstracts or papers without full text availability were not
included in the review. We divided and grouped articles by virus to provide a coherent
flow of information. Articles on non-human endogenous retroviruses were not included in
this review.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/v16111649/s1, Table S1: List of differentially expressed ERVs.

Author Contributions: E.F.E., A.S. and M.T. contributed to writing and editing of the manuscript.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Canadian Institutes of Health Research (PJT 183573 to M.T.),
Michael Smith Health Research Scholar Award (SCH-2022-2804 to M.T.), the University of British
Columbia Affiliated Fellowship to A.S. and the University of British Columbia Four Year Fellowship
Award to E.F.E.
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