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HUMAN ENDOGENOUS RETROVIRUSES

Within the human genome reside thousands of retrovirus-like sequences which comprises 

nearly 8% of the human genome (Griffiths, 2001). Originating from ancient retroviruses that 

overcame host defense mechanisms and permanently integrated into the genomes of our 

early and more recent primate and hominid ancestors, these provirus remnants are referred to 

as human endogenous retroviruses (HERVs). HERV is a broad heading for numerous 

families of retroviruses which were able to infect germline cells over the course of human 

evolution. Subsequent to integration in the genome, transmission of HERVs occurred in a 

Mendelian fashion, overriding the need to spread by exogenously acquired infection. At this 

stage, HERV expression within the host may have drastically changed: now all host cells 

carried integrated provirus, as opposed to the original subset of cells targeted during 

exogenous HERV infection. The clinical consequences for the affected hosts remain 

unknown; however, it is clear that epigenetic and antiviral responses were essential in 

silencing the expression of these integrated proviruses over time. Yet, current research 

indicates that not all HERVs remain silent passengers, as reactivation of HERVs is 

associated with several cancers, inflammatory diseases, and neurologic disorders, although 

they have not been shown to be causative of any human disease.

While this chapter has focused on the putative role of endogenous retroviruses in the 

inception and exacerbation of neurologic disease, it should be noted that, besides HERVs, 

multiple copies of Borna virus and human herpesvirus-6-derived sequences have undergone 

endogenation during human evolution and these viruses have also been implicated in 

neurologic diseases (Tanaka-Taya et al., 2004; Horie et al., 2010).

HERV lifecycles: the past and the present

Despite the limited number of exogenous retroviruses known to be circulating in modern 

human populations (human immunodeficiency virus (HIV); human T-cell lymphotropic 

virus (HTLV); xenotropic murine leukemia virus-related virus (XMRV)), it is clear that 

numerous exogenous forms of HERVs were propagated during human evolution. The 

process of retroviral endogenation has resulted in at least 31 independently acquired HERV 
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families in the human genome (Belshaw et al., 2005a; Blikstad et al., 2008). The 

endogenation process required that HERVs bypass the host’s antiviral defense mechanisms 

(Douville and Hiscott, 2010), infect germline cells without cytotoxicity, and remain 

sufficiently non-pathogenic so that the host’s progeny might reproduce, now passing on 

HERV provirus in a Mendelian fashion. Such vertical transmission of viruses is not unique 

to HERVs and has been demonstrated in many life forms, including plants (Iskra-Caruana et 

al., 2010). Successful vertical transmission ensures decreased immune surveillance of these 

viruses and diminished virulence. The host–pathogen interactions occurring during 

endogenation profoundly impacted both the host’s and virus’ survival and evolution 

(Blikstad et al., 2008). The interface between host and virus likely accounted for species-

specific acquisition of ERVs, as host susceptibility to retroviral invasion is largely dependent 

on the expression of cellular proteins acting as viral receptors and the efficacy of the 

antiviral immune responses (Jia et al., 2009; Nakayama and Shioda, 2010).

Postendogenation events have also shaped HERV proviruses and host cell function. HERV 

polymorphism occurs within a single cell, an individual, or a host species. Variation in 

HERV distribution between human populations can occur from insertional polymorphisms 

(Belshaw et al., 2005a; Jha et al., 2009), resulting in unique HERV placement and copy 

number depending on genetic background. HERV sequences can affect homologous 

recombination, giving rise to deletion, duplications, and variable tandem repeats in the host 

genome (Zhu et al., 1992; Bosch and Jobling, 2003; Belshaw et al., 2007). Finally, single-

nucleotide polymorphisms (SNPs) also contribute to the observed variation in HERV 

sequences between individual humans (Macfarlane and Simmonds, 2004; de Parseval et al., 

2005; Mayer et al., 2005; Blikstad et al., 2008). From the host’s perspective, these variations 

in HERV sequence can divergently impact cellular function (reviewed in Sverdlov, 2005), as 

HERV long-terminal repeats (LTRs) can act as tissue-specific transcription enhancers (Ting 

et al., 1992; Dunn et al., 2003), promoters (Sjottem et al., 1996; Medstrand et al., 2001; 

Landry et al., 2002; Lee et al., 2003a; Ruda et al., 2004) (even bidirectionally: Leupin et al., 

2005), and polyadenylation sites (Mager et al., 1999). Moreover, HERVs can contribute to 

alternative and necessary RNA splicing signals (Feuchter-Murthy et al., 1993; Kowalski et 

al., 1999). Use of HERVs can even contribute novel components to the human proteome. An 

example of retroviral domestication is Syncytin-1, an HERV-W envelope protein within 

chromosome 7q21, which now plays an essential physiologic role in the syncytiotrophoblast 

structure of the placenta (Bonnaud et al., 2004). Today, as in the past, HERVs contribute to 

human health and disease – the exaptation of HERV sequences thus results in a dualism 

between acquisition of novel cellular functions and the intrinsic virulence of these 

retroviruses.

HERV genomic structures

The first characterization of the HERV sequences occurred in the early 1980s, with the 

identification of proviral sequences homologous to gammaretroviruses in human DNA 

(Martin et al., 1981). It is clear that multiple families of HERV reside within the human 

genome (for a review, see Blikstad et al., 2008). Gammmaretroviruses (HERV-W, HERV-H, 

HERV-F, HERV-I, HERV-E) represent the majority of sequences, followed by 

betaretroviruses (HERV-K: HML-1 to 10) and spumaretroviruses (HERV-S, HERV-L) 
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(Blikstad et al., 2008; Christensen, 2010). However, the integrity of these HERV sequences 

is frequently compromised due to recombination events and mutations: few HERV loci 

encode proteins and even fewer sites have intact (or almost intact) proviruses (Villesen et al., 

2004; Boller et al., 2008). The most recently integrated human-specific ERVs are derived 

from HML-2 family (human murine mammary tumor virus (MMTV)-like viruses) of HERV-

K betaretrovirus. Integrated into the human genome as recently as 1 million years ago, some 

of the HERV-K (HML-2) proviruses are intact (HERV-K113 (Boller et al., 2008)) or almost 

intact (HERV-K115), with open reading frames (ORFs) for the major retroviral genes 

(Turner et al., 2001; Jha et al., 2009). Conversely, no single gammaretroviral sequence 

contains an intact provirus. Thus, a vast mosaic of HERV structures exists within the human 

genome, representing diverse families of retrovirus and quasispecies which are dispersed in 

the genome with multicopy insertions, insertional polymorphisms, and accumulated 

mutations.

Notwithstanding the diversity of HERVs, a basic genomic organization exists which encodes 

for the four essential Retroviridae genes, 5′-gag-pro-pol-env-3′ (Fig. 22.1). Gag encodes the 

matrix (MA), capsid (CA), and nucleocapsid (NC) proteins, pro the viral protease (PR), pol 

the reverse transcriptase (RT) and integrase (IN), and env encodes a glycoprotein (with 

surface (SU) and transmembrane (TM) subunits). Of note, the respective size and 

composition of these viral proteins vary considerably between HERV families. Using the 

components within this genomic structure, the retrovirus is able to reverse the usual flow of 

genetic information, starting with an RNA viral genome to make a fixed DNA copy within 

the host cell genome. Infectious retroviral particles contain a dimer formed of two copies of 

the single-sense strand RNA genomes.

Following internalization, the co-packaged RT enzyme utilizes cellular tRNA as a primer to 

convert viral RNA into a double-stranded DNA genome. This process results in the 

formation of preintegrated viral DNA containing LTRs at both ends. Now, the viral integrase 

enzyme facilitates the entry of the viral DNA genome into the host chromosomal DNA. As a 

result, the cellular DNA sequence at the integration site is duplicated, with each copy 

flanking the inserted provirus. Retroviral insertion is random, in the sense that no specific 

genomic sites are targeted; however, because of epigenetic packaging of DNA, integrations 

are more prevalent in gene-rich and transcriptionally active sites (Brady et al., 2009). Over 

time, purifying selection favors the loss of proviruses that alter gene function, thus the 

majority of older HERVs are found in intergenic DNA or with an antisense orientation 

within genic regions (Brady et al., 2009).

The integrated proviral genome uses its LTRs as viral promoters which regulate viral RNA 

transcription (Fig. 22.1). Each LTR contains a U3 (unique 3′), R (repeated), and U5 (unique 

5′) region. The transcribed viral genome is a positive single-stranded RNA, capped at the 5′ 

end and containing a poly(A) tail at its 3′ end. Ribosomal frameshifting during translation of 

the full-length transcript will produce the gag polyprotein, which is cleaved by PR, as well 

as the pol-derived proteins. Other provirus-derived transcripts undergo RNA slicing to 

generate env and accessory proteins. To date, accessory proteins have only been described in 

the case of HERV-K: these are Rec (Mayer et al., 2004), Np9 (type I HERV-K) (Armbruester 

et al., 2004), or Sp (type II HERV-K) (Ruggieri et al., 2009) (Fig. 22.1). Finally, interactions 
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with host cellular proteins, such as RNA helicase A, may specifically promote translation of 

retroviral RNA into viral proteins (Bolinger et al., 2007).

Induction of HERVs in the CNS

The expression of HERVs within the central nervous system (CNS) is likely determined by 

several factors, such as the insertional and sequence polymorphisms of HERVs, the 

epigenetic context of HERV proviruses, antiretroviral cellular responses, and environmental 

triggers. Most HERV sequences are functionally defective, but those retaining potential 

expression are suppressed by epigenetic modifications of DNA – methylation and 

supercoiling – which are altered by both age and disease status (Schulz et al., 2006; 

Jintaridth and Mutirangura, 2010; Stengel et al., 2010). Alternatively, HERV transcription 

may be actively silenced by host retroviral restriction factors such as TDP-43, TRIM19, or 

TRIM22 (Ou et al., 1995; Nisole et al., 2005; Douville and Hiscott, 2010), in addition to 

HERV-expressing cells being targeted by cytotoxic CD8+ T cells (Garrison et al., 2007; 

Krone and Grange, 2010). As such, HERV proviruses are under selective pressure to be 

latent and not expressed under normal conditions.

Due to their ancestral ability to infect germline cells, it is understandable that HERV 

expression is elevated in human reproductive tissues (Prudhomme et al., 2005; Sugimoto and 

Schust, 2009). Nonetheless, the CNS appears to support elevated expression of HERVs as 

compared to most other tissue types (Frank et al., 2005; Seifarth et al., 2005; Kim et al., 

2008). The reasons for increased HERV expression in CNS tissue remain unclear. 

Microarray analysis demonstrates that not all HERV families are transcribed in healthy 

human prefrontal cortex (Frank et al., 2005). Some HERVs are ubiquitously active in brain 

tissue specimens obtained at autopsy from patients with systemic diseases without any 

known brain injury (HERV-E, HERV-F, ERV9, HML-2, HML-4, HML-6, HML-9, and 

HML-10), whereas others are transcriptionally inactive (HERV-I, HERV-Z, ERV3, HML-1) 

(Frank et al., 2005). Within a given individual, HERV RNA expression is relatively uniform 

within the brain (Frank et al., 2005), allowing clear evaluation of interindividual differences 

in HERV expression using techniques such as microarray and digital or quantitative 

polymerase chain reaction (Q-PCR). Indepth analysis of the PCR product melting 

temperatures or DNA sequencing can further distinguish sequence differences between 

amplicons generated by primers targeted toward a specific HERV target (Nellaker et al., 

2009; Douville et al., 2011), revealing a more accurate picture of HERV profiles within 

brain tissue areas in clinical specimens. These unique transcriptional profiles may reflect 

individual genetic differences (Hughes and Coffin, 2004; Macfarlane and Simmonds, 2004) 

or similar patterns of gene induction for a given clinical state (Frank et al., 2005; Ahn and 

Kim, 2009; Krone and Grange, 2010). Alternatively, specific HERV-encoded proteins may 

serve an unknown biologic function in the CNS, similar to the essential role of syncytin-1 in 

placental and embryonic tissues (Mi et al., 2000; Bonnaud et al., 2004; Sugimoto and 

Schust, 2009).
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HERVS IN NEUROLOGIC DISEASES

To date, HERV expression is strongly and reproducibly associated with several neurologic 

diseases, although the etiologic mechanisms to demonstrate that HERVs can cause these 

diseases have yet to be elucidated (Table 22.1). Without causal evidence, it remains unclear 

whether HERV expression is indicative of an underlying pathogenesis or a spurious 

relationship with certain disease states.

HERVs triggered by infectious diseases of the CNS

A potential explanation for the preferential HERV expression seen in pathologic human 

brain samples comes from evaluating the CNS tropism of environmental triggers such as 

viruses and bacteria (reviewed in Perron and Lang, 2010). Neuro- or neurovascular-tropic 

pathogens such as herpesviruses, exogenous retroviruses, Chlamydia pneumoniae, 

Toxoplasma gondii, and certain strains of influenza virus may cross the blood–brain barrier 

into the CNS. Also the majority of these neurotropic pathogens lead to abortive infections, 

but their transient presence in the CNS may be sufficient to trigger HERV expression. For 

example, multiple sclerosis (MS) is associated with herpesviruses, such as human 

herpesvirus-6 and Epstein–Barr virus (EBV), and these viruses demonstrate an affinity for 

infection of white matter (Steiner et al., 2001) or meningeal B lymphocytes (Serafini et al., 

2007, 2010). This pattern of tissue tropism mirrors HERV expression in MS patients, as well 

as the localization of brain areas most affected in MS. Mechanistically, these herpesviruses 

can induce the expression of HERV during early replication events, such as DNA 

demethylation (Stengel et al., 2010), expression of transactivating proteins (Hsiao et al., 

2006; Nellaker et al., 2006), or aberrant cell signaling (Mameli et al., 2007b) (Fig. 22.2). 

Thus, both pathogen tissue tropism and pathogen-specific cellular deregulation are essential 

determinants of the extent and pattern of HERV induction.

Accumulating evidence suggests that HERV RNA and protein expression may be triggered 

in the context of other retroviral infections, such as HIV. Activation of HERV-K expression 

has been repeatedly measured in the serum and peripheral blood mononuclear cells (PBMC) 

of HIV-infected individuals (Contreras-Galindo et al., 2006), as well as in vitro models of 

HIV infection (Contreras-Galindo et al., 2007b). As measured by peptide serology or viral 

RNA, HERV-K102 expression in sera occurs in 70–80% of HIV viremic cases, in contrast to 

only 2–3% of normal healthy adults (Laderoute et al., 2007). The kinetics of HERV-K 

expression precede rebounds in HIV titer in patients unresponsive to highly active 

antiretroviral therapy (HAART), whereas it remains undetectable in patients successfully 

controlled by HAART (Contreras-Galindo et al., 2007a). The mechanism for HERV-K 

induction remains unclear, but HERV-K viral load may be useful to predict HIV-1 

reactivation. It has been postulated that HERV expression is triggered by HIV’s ability to 

compromise innate defense mechanisms, thus removing or altering cellular control of HERV 

activity (Garrison et al., 2007). Our recent findings reveal that, in the prefrontal cortex of 

HIV-positive patients, HERV-K RT expression is augmented in neurons concomitantly with 

detection of HIV p24 protein in surrounding tissue (Douville and Nath, unpublished 

observation). Additionally, HERV-K RT expression was significantly associated with nuclear 

overexpression and posttranscriptional phosphorylation of TDP-43, a retroviral restriction 
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factor known to silence HIV provirus (Ou et al., 1995), which notably, when deregulated, 

also plays a role in other neurologic diseases (Buratti and Baralle, 2010; Lagier-Tourenne et 

al., 2010).

Not only may HERV expression contribute to specific pathogenicity, but it may also 

augment adaptive immune responses against exogenous retroviruses. Substantial homology 

in immunogenic viral peptides is shared between HERVs and exogenous retroviruses 

(Garrison et al., 2007; Thomas et al., 2010). The detection of anti-HERV env antibodies 

correlated with severe immunosuppression during HIV infection, as defined by at least one 

opportunistic infection (Stevens et al., 1999). Moreover, HERV expression during HIV 

infection results in HERV-specific and HIV cross-reactive CD8+ T-cell responses (Garrison 

et al., 2007). The anti-HERV CD8+ T cells inversely correlated with HIV-1 plasma viral 

load, as well as demonstrated functional cytotoxic activity against cells presenting their 

cognate peptide (Garrison et al., 2007). This apparent cross-reactivity between HIV and 

HERVs may be beneficial for clearing infected cells in the periphery. At the same time, this 

duality has the potential to enhance lymphocyte recruitment to the CNS and 

neuroinflammation. Thus, the engagement of protective versus pathologic HERV-specific 

cytotoxic T-cell and antibody responses has important implications for neuro-AIDS (Petito 

et al., 2006).

Immunogenic peptides, homologous to HTLV-1 gp21 env (BA-21) and HTLV-1 p24 gag, are 

believed to drive antibody production in 50% of patients with large granular lymphocytic 

leukemia (LGLL) (Sokol et al., 2005; Thomas et al., 2010), yet these patients are not 

HTLV-1-positive. This suggests that LGLL patients are infected with an HTLV-1 variant or 

exhibit cross-reactivity to homologous non-HTLV-1 antigens. A minority of patients with 

LGLL are infected with HTLV-2 (7.5%) (Loughran et al., 1994); however, in LGLL patients 

some degree of HTLV-1 serologic cross-reactivity can be attributed to HERV-K10 (Thomas 

et al., 2010). HERV-K10 exhibits homologous protein sequences with HTLV-1 p24 and the 

BA-21 peptide (PLENRVLTG) to which HTLV-1 false-positive LGLL patients seroreact 

(Thomas et al., 2010). Similarly, a greater frequency of HTLV-1- or HTLV-2-infected 

patients with myelopathy have anti-HERV-K10 antibodies (31.8%) than patients without 

myelopathy (16.7%). The example of immunogenic expression of HERV-K10 proteins in 

LGLL and HTLV-1-infected patients further supports the idea that: (1) exogenous 

retroviruses can trigger specific HERV expression; (2) anti-HERV immune responses may 

contribute to the overall pathology of disease; and (3) HERV expression is more frequently 

associated with neurologic disease.

Herpesviruses may also be a significant trigger of HERV expression in the CNS. Multiple 

reports have detected EBV, herpes simplex virus type 1 (HSV-1), varicella-zoster virus 

(VZV), and human herpesvirus type 6 (HHV-6) in MS patient samples (Alvarez-Lafuente et 

al., 2008; Serafini et al., 2010); all these herpesviruses have also been demonstrated to 

trigger the expression of HERVs (Christensen, 2005). Induction of HERV expression can be 

attributed to specific viral proteins. The EBV protein LMP-2A causes the expression of 

HERV-K18 superantigen (SAg) by mimicking B-cell receptor signaling (Hsiao et al., 2006, 

2009), thus promoting SAg-expressing B cells to strongly stimulate antigen-independent 

TcR vβ13 T-cell activation (Sutkowski et al., 2001). Similarly, the neurotropic strain 

DOUVILLE and NATH Page 6

Handb Clin Neurol. Author manuscript; available in PMC 2016 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HHV-6A has also been shown to trigger HERV-K18 SAg during both latency and acute 

infection (Tai et al., 2009). HSV-1 immediate early proteins can initiate transcription of 

HERV LTRs: HERV-K is induced by the HSV-1 ICP0 protein via its AP-1 binding site 

(Kwun et al., 2002), whereas the HSV-1 IE1 protein requires an Oct-1 binding site within 

the HERV-W LTR (Lee et al., 2003b). Importantly, in vitro infection of neuronal and brain 

endothelial cells with HSV-1 results in increased levels of HERV-W gag and env proteins 

(Ruprecht et al., 2006). Conversely, inactivated herpesviruses can also trigger HERV 

expression when co-cultured with MS patient PBMCs (Brudek et al., 2007), and the 

combination of antigenic stimuli synergistically enhances interferon-γ (IFN-γ) responses in 

MS patients (Brudek et al., 2008). Together, these findings point to herpesviruses as playing 

a dual role in neurodegenerative disease, both as pathologic entities on their own and as 

inducers of HERVs.

Another potential trigger of HERV expression within the CNS is that of opportunistic 

infection. For example, Toxoplasma gondii infection can transcriptionally activate HERVs 

within neuronal cells (Frank et al., 2006). Future studies may benefit from considering 

additional pathogenic inducers of HERV expression within the CNS, considering the breadth 

of viral, bacterial, and parasitic infections associated with known HERV-related diseases 

(Steiner et al., 2001; Mattson, 2004; Brown and Derkits, 2010). This may particularly be 

worthy of consideration in patients with MS who developed progressive multifocal 

leukoencephalopathy due to JC virus infection while being treated with natalizumab. Some 

of these patients developed a persistent JC virus infection in the brain despite normalization 

of the immune system – a feature not seen in promyelocytic leukemia (PML) associated with 

other diseases (Ryschkewitsch et al., 2010). The possibility that this may be driven by 

HERV expression needs to be considered.

HERVs in multiple sclerosis

MS is a demyelinating disease of unknown etiology with clinical symptoms of fatigue and 

perturbations of sensory, motor, cerebellar, and cognitive function, as well as loss of bowel 

and bladder control (reviewed in Tremlett et al., 2010). Pathologically, MS is characterized 

by inflammatory immune cell infiltrates into the CNS, focal CNS inflammation, loss of 

myelin and cellular apoptosis, leading to lesions and brain atrophy (Hafler et al., 2005; 

Ramagopalan et al., 2010).

When retrovirus-like particles with RT activity were originally described in primary cells 

from MS patients (Perron et al., 1989; Haahr et al., 1991), their origin was speculated to be 

that of HTLV-1 owing to the clinical similarities between HTLV-I-associated myelopathy/

tropical spastic paraparesis (HAM/TSP) and MS (Waksman, 1989). Subsequent analysis 

determined that the pattern of HERV expression in MS includes both HERV-W (MS-

associated retrovirus: MSRV) and HERV-H/F sequences (reviewed in Christensen, 2005; 

Dolei and Perron, 2009; Perron and Lang, 2010). HERV sequences in the cerebrospinal fluid 

(CSF) of MS patients are biomarkers for disease severity and are strongly associated with 

disability and the progressive phase of disease (Mameli et al., 2008; Sotgiu et al., 2010), 

although another group failed to detect HERV-W and HERV-H in CSF of patients with MS 

following the first clinically evidentde-myelinating event (n = 48) (Alvarez-Lafuente et al., 
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2008). Ex vivo lymphocytes from MS patients produce transmissible RT-positive virions 

containing either HERV-H or HERV-W-derived viral RNA (Perron et al., 1992, 1997; 

Christensen et al., 1999, 2000; Komurian-Pradel et al., 1999). Virion-associated HERV RNA 

can readily be amplified from serum of MS patients, but rarely in healthy individuals 

(Christensen et al., 1998; Garson et al., 1998). Perplexingly, no known gammaretroviral 

HERV contains intact ORFs in all essential retroviral genes, and thus it has been proposed 

that an exogenous HERV-W virus may exist (Dolei and Perron, 2009). Alternatively, 

complementation by several sequences with coding potential may be able to produce 

sufficient viral proteins and genomic RNA for the formation of viable virions. To date the 

origin of infectious HERV-W particles is unknown. As virion formation requires the 

envelope protein, several groups have searched for the source of the MSRV envelope protein. 

The only full-length HERV-W envelope protein is syncytin-1, encoded by the ERVWE1 

locus (Mi et al., 2000). Three specific genomic loci on chromosome X may encode the 

HERV-W env protein found within MSRV (Laufer et al., 2009; Perron et al., 2009; Roebke 

et al., 2010). Env protein production would be expected to increase in the presence of two X 

chromosomes in women compared to a single one in men, which may explain the increased 

incidence of MS in women (Perron et al., 2009).

HERV expression within brain tissue from MS patients has also been reported. Significantly 

increased amounts of HERV-K and HERV-W RNA are measured in MS brains as compared 

to controls (Johnston et al., 2001; Mameli et al., 2007a). At the protein level, HERV-W env 

proteins (MSRV env and syncytin-1) are undetectable in normal white matter of control 

brains, whereas they are upregulated within acute and chronic MS lesions (Antony et al., 

2007; Mameli et al., 2007a). Immunostaining localizes MSRV env expression to glial cells at 

the periphery of the lesion and astrocytes within the plaque core (Mameli et al., 2007a). 

Moreover, HERV-W env protein expression correlates with the degree of active 

demyelination and inflammation (Perron et al., 2005; Mameli et al., 2007a).

Cellular response to HERV-W envelope protein stimulates innate inflammatory and Th1-

biased cytokine responses from PBMC (Rolland et al., 2005). Antibody responses against 

HERV antigens are also readily detectable in CSF and serum from MS patients, with 

evidence of antienvelope reactivity to HERV-W and HERV-H (Jolivet-Reynaud et al., 1999; 

Christensen et al., 2003, 2007). Flow cytometry analysis reveals that B cells and monocytes 

from patients with active MS express abundant surface expression of both HERV-H and 

HERV-W envelope proteins, which directly correlates with the intensity of serologic 

responses (Brudek et al., 2009). Thus, it is conceivable that anti-HERV reactivity may 

contribute to the intrathecal oligoclonal bands often observed in MS CSF (Cross and Wu, 

2010).

More recently, genomic profiling in MS patients and controls has attempted to determine if 

there is a genetic risk of disease conferred by specific HERV proviruses. Using a family-

based cohort, differential insertional polymorphism of HERV-K113 provirus was tested in 

over 900 patients with MS and their unaffected parents, yet similar frequencies of HERV-

K113 were observed between the affected and control groups (Moyes et al., 2008). In 

contrast, homozygous carriers of a specific allele of HERV-K18 env (K18.3) have a threefold 

increased risk of MS (Tai et al., 2008). To date, no study has determined whether HERV-W 
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(MSRV) or HERV-H alleles may modulate the risk or progression of MS; however, it has 

been shown that treatment with IFN-β decreases the immune responses to HERV-W and 

HERV-H in patients with MS (Petersen et al., 2009).

HERVs in schizophrenia

Schizophrenia is a complex neuropsychiatric disorder which encompasses a variety of 

cognitive, emotional, and perceptual disturbances. Pathologically, schizophrenia is 

characterized by decreased brain volume, loss of myelin, and altered astrocyte function 

(Archer, 2010). The pattern of known HERV expression in schizophrenia includes both 

HERV-K and HERV-W sequences.

In 2000, Karlsson et al. first demonstrated an association between HERV expression and 

recent-onset schizophrenia or schizoaffective disorder (Yolken et al., 2000; Karlsson et al., 

2001). Using a panretroviral PCR assay, 28.6% (10/35) of CSF samples from recent-onset 

schizophrenia and 5% (1/20) of chronic schizophrenia patients were positive for retroviral 

RNA, as compared to undetectable viral loads in non-inflammatory neurologic disorders and 

non-neurologic disease controls. Sequencing of the PCR products revealed that the retroviral 

RNA in schizophrenia patients was mainly derived from HERV-W, and to a lesser extent, 

ERV9 and FRD C-type retroviruses. Moreover, frontal cortex tissue from schizophrenia 

patients exhibited 10-fold greater frequency of HERV-W pol RNA transcripts than 

unaffected individuals. Schizophrenia patients exhibiting retroviral sequences within their 

CNS compartment were also more likely to be positive for HERV-W in their plasma 

(Karlsson et al., 2004). Together, this suggests that activation of HERV-W retroviral 

transcripts occurs at early onset of schizophrenia and may contribute to the initial 

progression of the illness (Yao et al., 2008). Of note, no differences in the genomic provirus 

load among the groups studied could account for the observed increased expression of 

HERVs in schizophrenia. Mechanistically, overexpression of HERV-W env in glial cells 

induces brain-derived neurotrophic factor, an important schizophrenia-associated gene 

(Huang et al., 2010).

Subsequently, conflicting reports have suggested that HERV expression is weakly correlated 

with schizophrenia. A microarray-based analysis of pol genes from representative members 

of 20 HERV families only showed specific upregulation of HERV-K10 (HML-2 family) in 

brain tissue from schizophrenia and bipolar disorder patients (Frank et al., 2005). 

Interestingly, bipolar disorder patients exhibited a loss of HERV expression specifically for 

HERV-IP (HERV-I family), NMWV7 (HML-7 HERV-K family), HERV-L, and a subgroup 

of ERV9. Using Q-PCR analysis of RNA used in the micro-array analysis, similar 

expression of HERV-K10 and HERV-W env gene was detected in schizophrenia versus non-

neurologic disease control patients. The disparity between previous reports showing 

increased HERV-W expression in schizophrenia (Karlsson et al., 2001, 2004) may reflect 

different experimental approaches (specifically choice of PCR primers) or differential use of 

anti-psychotic medications by schizophrenia patients, specifically haloperidol and clozapine, 

which are known to dampen retroviral expression (Jones-Brando et al., 1997; Schifitto et al., 

2009). Clinically, long-term treatment of schizophrenia patients with clozapine showed 

better effectiveness than other typical antipsychotics (Ravanic et al., 2009; Agid et al., 
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2010), although it is not known if this has any relation to suppression of HERV activity in 

the CNS. Another group reported the increase in HERV-W in patients with schizophrenia 

being treated with valproate. However the differences are small and there was no difference 

between the schizophrenia patients treated with valproate when compared to healthy 

controls (Diem et al., 2012).

HERVs in motor neuron disease

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by 

the progressive loss of spinal and cortical motor neurons, the cause of which is unknown. 

Approximately 20% of familial ALS is associated with mutations in the superoxide 

dismutase (SOD1) gene (Vucic and Kiernan, 2009), whereas triggers of sporadic ALS have 

yet to be clearly identified (Kim et al., 2010). Involvement of retroviruses in the 

pathophysiology of ALS has long been suspected due to the consistent observation of RT in 

serum of patients with ALS at levels comparable to those of HIV-infected patients 

(MacGowan et al., 2007; McCormick et al., 2008). Further, rarely HIV-infected patients may 

develop ALS which responds to treatment with antiretroviral therapy (Alfahad and Nath, 

2013).

Recently, we have demonstrated that HERV-K pol transcripts were increased in the brains of 

patients with ALS compared to those with systemic illness, but could not be detected in 

Parkinson’s disease or in the accidental death controls (Douville et al., 2011). Sequencing of 

the transcripts generated using degenerate HERV-K primers revealed several actively 

transcribed loci in the HML-2 and HML-3 subfamiles of HERV-K. HERV-K sequences from 

7q34 (HML-2) are more frequently expressed in patients with ALS as compared to controls. 

HML-3 is not a ubiquitously active HERV in the human brain (Frank et al., 2005), yet we 

identified the adjacent region 7q36.1 locus (HML-3) as being uniquely expressed in patients 

with ALS, and it was not detected in any of the other patient groups. The 7q36.1 locus has a 

putative ORF for RT, with a unique insertion of two codons that would potentially translate 

to two amino acids inserted prior to the conserved RT motif LPQG (Berkhout et al., 1999; 

Sharma et al., 2002), suggesting expression of an RT protein with specific functional 

properties. Most interestingly, this genomic region has previously been associated with 

another type of motor neuron disease (Gopinath et al., 2007); however, the contributing 

genes have not been identified to date. Thus specific HERV-K sequences within this 

candidate interval (between D7S2511 and D7S798) (Gopinath et al., 2007) may represent a 

putative disease marker in ALS and other types of motor neuron disease.

We further demonstrated that the HERV-K RT protein was localized to neurons in cortical 

brain tissue of patients with ALS (Douville et al., 2011). Prefrontal and motor cortex showed 

the strongest RT protein expression, despite an even distribution of HERV-K transcripts 

among all brain regions in ALS patients. HERV-K expression was also strongly correlated 

with TDP-43, a multifunctional protein known to be dysregulated in ALS. Neuronal TDP-43 

aggregate formation is believed to play an important pathophysiologic role in motor neuron 

degeneration. However, TDP-43 aggregation may also promote the overexpression of HERV 

transcripts in ALS due to impairment of its function as a retroviral restriction factor (Ou et 

al., 1995; Douville and Hiscott, 2010).
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HERVs in Creutzfeldt–Jacob disease

Creutzfeldt–Jacob disease is a rapidly progressive and uniformly fatal spongiform 

encephalopathy which is thought to be mediated via an abnormal isoform of a cellular prion 

protein. This abnormal form is protease-resistant (PrPres). Cofactors implicated in the 

formation of PrPres include HERVs. Most experimental studies have been performed using 

scrapie, which occurs in sheep, but the infectivity can be transmitted to rodents. Previous 

studies showed that an exogenous retrovirus, Moloney murine leukemia virus infection, 

strongly enhances release of scrapie infectivity in cell culture (Leblanc et al., 2006). The 

expression of endogenous murine leukemia virus is also associated with acceleration of 

scrapie infection in mice (Lee et al., 2006). In another study where HERV sequences were 

amplified from the cell pellets from CSF, it was found that several HERVs were activated in 

patients with Creutzfeldt–Jacob disease compared to controls (Jeong et al., 2010). These 

observations suggest that the relationship between prion diseases and HERVs need to be 

further explored.

PATHOLOGIC CONSEQUENCES OF HERV EXPRESSION IN THE NERVOUS 

SYSTEM

Definitive proof that HERVs are the cause – and not an epiphenomenon – of neurologic 

disease is still lacking. Arguably, putative pathogenic effects mediated by HERVs have been 

described both theoretically and experimentally (Fig. 22.3). Either as a genetic element or as 

viral pathogen, HERVs may alter cellular function in a multitude of ways, including 

modulation of DNA stability and transcription, altering cell signaling pathways, and 

stimulating the immune system.

HERVs, akin to other genetic mobile elements such as retrotransposons, have the ability to 

undergo transposition, recombination, and reintegration cycles (Belshaw et al., 2005b; Mills 

et al., 2007). Reintegration requires a subset of viral genes – gag and pol only – as nascent 

genomic viral RNA is not packaged into virions but instead is reverse-transcribed and 

reintegrated into the host cell. In fact, some HERV families, such as HERV-K (HML-3), 

which are found in high copy number within the human genome, are believed to have spread 

through reintegration of an already present provirus (Belshaw et al., 2005b). De novo 
accumulation of HERVs, as measured by the integration pattern of a reconstituted consensus 

HERV-K virus, shows preferential targeting for gene-rich and transcriptionally active sites 

(Brady et al., 2009). Over time, purifying selection favors the loss of proviruses which 

disturb gene function within a population. However, within an individual, every new 

integration event increases the risk that a detrimental insertion will occur, leading to 

knockout of a cellular gene or DNA damage through recombination events (Bosch and 

Jobling, 2003). This process may be an important component for HERV-associated cancers, 

such as primary human glioma, where HERV-K integrations were identified in the tumor 

suppressor gene BRCA2 and the DNA repair gene XRCC1 (Misra et al., 2001).

Another component related to integrated proviruses is their ability to modulate the 

expression of adjacent or distal host cell genes. HERV LTRs contain enhancer sequences and 

transcription factor-responsive elements which participate in host gene expression (Sjottem 
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et al., 1996; Schulte et al., 2000; Landry et al., 2002; Lee et al., 2003a; Ruda et al., 2004; 

Leupin et al., 2005). HERV proviruses also endow adjacent host sequences with alternative 

transcription initiation sites, splice acceptor/donor sites, and polyadenylation signals 

(Gogvadze et al., 2009; Herai and Yamagishi, 2010). Moreover, antisense transcription of 

HERV-K LTRs can produce regulatory RNA which silences neighboring genes by 

decreasing their mRNA levels, as is the case for SLC4A8 (sodium bicarbonate 

cotransporter) and IFT172 (intraflagellar transport protein 172) (Gogvadze et al., 2009). 

Again, insertional polymorphism, HERV SNPs, and epigenetic profile of cell type will 

impact the ability of HERVs to exert a regulatory effect on host gene expression.

Finally, transcription and translation of individual retroviral proteins encoded by HERVs 

may have an impact on a multitude of cellular pathways, in addition to their combinatorial 

effect during retroviral replication. A remarkable number of intact HERV ORFs exist, yet 

their potential contribution to neurodegeneration has yet to be fully explored. Conserved 

retroviral proteins, such as Gag, PR, RT, IN, and Env, as well as accessory proteins may 

modulate cellular activity. HERV-K is known to encode the accessory protein HIV Rev-like 

regulatory protein – Rec (Mayer et al., 2004) – and Np9, which is encoded by a splice 

variant of the rec gene of HERV-K type 1 provirus (Armbruester et al., 2004). Another 

HERV-K accessory protein in type II provirus is produced by cleavage of the HML-2 Env 

precursor, forming the nucleolar localized signal peptide (SP) (Ruggieri et al., 2009). The 

exact functions of these regulatory proteins are beginning to be elucidated. Rec and Np9 

may contribute to oncogenesis via inhibition of PML zinc finger protein, thus promoting c-

myc expression and subsequent transcription of c-myc target genes (Denne et al., 2007). Rec 

also binds the testicular zinc-finger protein, which de-represses its complex with the 

androgen receptor (Kaufmann et al., 2010), another pathway which could promote 

oncogenesis. Additionally, Np9 has been shown to interact with the RING-type E3 ubiquitin 

ligase LNX (ligand of Numb protein X), which is involved in the Notch signaling pathway 

(Armbruester et al., 2004). Similar to other retroviral families such as HTLV and HIV 

(Ludwig et al., 2006; Halin et al., 2009; Matsuoka and Green, 2009), HERV-K has a large 

antisense ORF which may encode an accessory protein with pathogenic potential (Fig. 22.1; 

Douville and Nath, unpublished observation). Thus, as with exogenous retroviruses (Irish et 

al., 2009), HERV-encoded regulatory proteins may play a key role in neuropathogenesis.

Toxicity and immunomodulation by HERV envelope proteins

Sustained activation of an HERV-mediated innate immune response by resident cells within 

the CNS could promote neural injury and amplify neuroinflammation in concert with the 

adaptive immune response. Both exogenous and endogenous retrovirus proteins, particularly 

envelope glycoproteins, show a proclivity for immunomodulation and causing 

neuropathogenic responses in glial cells (Mangeney et al., 2001; Nath et al., 2002; Medders 

et al., 2010).

Expression of the HERV-W (MSRV) envelope protein (ENV-W) can cause several 

immunomodulatory events leading to neurologic damage. The HERV-W provirus located on 

chromosome 7q21–22 (ERVWE1) encodes an envelope protein, syncytin-1, which is 

characteristically overexpressed in glia within MS lesions (Antony et al., 2007). 
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Interestingly, another HERV-W provirus located on chromosome Xq22.3 (ERVWE2) 

encodes a similar but truncated envelope protein of unknown pathogenic potential (Laufer et 

al., 2009; Roebke et al., 2010). Although it is not clear which genomic loci are used to 

encode the MSRV envelope protein, there is evidence that ENV-W proteins, and specifically 

syncytin-1, can mediate neurotoxicity.

ENV-W initiates innate immune response by triggering TLR4 signaling, leading to 

proinflammatory cytokine secretion (tumor necrosis factor-α (TNF-α), interleukin (IL)-1b 

and IL-6) in human monocytes (Rolland et al., 2006). In vitro, these proinflammatory 

cytokines can amplify MSRV release by PBMC of MSRV+individuals, causing a positive-

feedback loop of virus production and inflammation (Serra et al., 2003). In concert, 

inflammatory mediators, such as TNF-α, IFN-γ, IL-6, and IL-1β, activate the ERVWE1 

promoter to induce syncytin expression (Mameli et al., 2007b), which could lead to a vicious 

cycle of uncontrolled inflammation. Here, activation of the ERVWE1 promoter was driven 

by the transcription factor NF-κB, and supports the notion that triggering innate antiviral 

pathways – either through recognition of HERV nucleic acids and proteins (O’Neill and 

Bowie, 2010) or other co-infecting viruses (Christensen, 2005) – could reactivate the 

expression of latent HERVs. Thus, under specific conditions of neuroinflammation, a 

vicious HERV-meditated inflammatory loop may ensue and contribute several disease 

pathologies.

The MSRV envelop protein can also drive aberrant adaptive immune responses. Exposure of 

monocyte-derived dendritic cells to ENV-W prompts their maturation and promotes Th1-like 

T-cell differentiation (Rolland et al., 2006). Furthermore, soluble ENV-W or MSRV virions 

act as a potent superantigen for T cells expressing Vβ16 TcR chains, and non-specifically 

activates abnormal T-cell-dependent immune responses (Perron et al., 2001). In a humanized 

mouse model, injection of MSRV virions caused severe neurologic symptoms and death 

(Firouzi et al., 2003). Neuropathologic examination of these mice revealed multifocal 

hemorrhages in the brain parenchyma and meninges which were dependent on the presence 

of T cells – as depletion of T cells resulted in a reduced number of affected mice (Firouzi et 

al., 2003).

When murine glial cells (astrocytes and oligodendrocytes) are exposed to serum or CSF of 

MSRV + MS patients, they undergo apoptosis, whereas neurons do not (Menard et al., 

1997). The gliotoxic components have yet to be clearly identified, but may relate to 

neuropathogenic effects of ENV-W or syncytin-1 (Rieger et al., 2000; Antony et al., 2010). 

Overexpression of ENV-W in human U251 glioma cells upregulates brain-derived 

neurotrophic factor, neurotrophic tyrosine kinase receptor type 2, and dopamine receptor D3 

expression, in addition to increasing the phosphorylation of cyclic adenosine 

monophosphate response element-binding protein (Huang et al., 2010). Overexpression of 

syncytin-1 in astrocytes was shown to elicit endoplasmic reticulum stress and a robust 

inflammatory response mediated by inducible nitric oxide synthase, IL-1β, and redox 

reactants, which damage neighboring cells (Antony et al., 2004, 2007, 2010). Supernatants 

from these syncytin-1-expressing astrocytes were toxic to oligodendrocyte cultures in vitro, 

and in vivo the proinflammatory propensity of syncytin-1 resulted in neuropathologic 
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evidence of demyelination with diminished motor activity and exploratory behavior in a 

murine model (Antony et al., 2004).

HERV-W ENV also disrupts astrocyte-mediated neurotrophic support by binding to neutral 

amino acid transporters ASCT-1 and ASCT-2 (reviewed in Antony et al., 2007, 2010). 

ASCT-1 controls the secretion of L-serine, promoting neuronal survival and differentiation 

(Furuya and Watanabe, 2003). Reduced detection of ASCT-1 is observed in both MS 

(astrocytes) and schizophrenia (neurons) and may relate to either HERV-W ENV-inducing 

receptor internalization or antigen masking during immunohistochemistry (Antony et al., 

2007; Weis et al., 2007). However the exact role of HERV-W ENV and ASCT transporters 

in neurodegeneration merits further examination.

Another example of envelope superantigen is from the HERV-K family. HERV-K18 resides 

on chromosome 1 in an antisense orientation within the first intron of the CD48 gene 

(SLAMF2: signaling lymphocyte-activating molecule). The only intact viral gene of this 

provirus is env, which encodes a superantigen (ENV-K18) that stimulates Vβ7 TcR CD4+ T 

cells (Meylan et al., 2005). While most ENV-K18 reactive thymocytes are believed to be 

negatively selected in the thymus, a small portion of Vβ7 thymocytes may escape deletion in 

certain individuals, leading to increased numbers of circulating Vβ7 TcR CD4+ T cells 

(Meylan et al., 2005). These ENV-K18 SAg reactive T cells may further be triggered during 

viral infection, either by type I IFN or directly by herpesvirus proteins. Surprisingly, and 

unlike other HERV-K proviruses, ENV-K18 expression is inducible by type I IFNs in the 

non-T-cell fraction of PBMC (Stauffer et al., 2001). Specifically, the IFN-α1 isoform elicits 

robust ENV-K18 transcription (distinct from CD48), as compared with IFN-α2 or IFN-β 

(Stauffer et al., 2001). The induction of ENV-K18 can also be synergistically boosted by 

IFN-γ (Stauffer et al., 2001). Together, this suggests that acute or chronic viral infections 

which drive IFN responses may trigger ENV-K18 expression and activation of peripheral 

Vβ7 TcR CD4+ T cells. Alternatively, both the EBV LMP-2A protein and HHV-6 infection 

can induce ENV-K18 expression (Hsiao et al., 2006, 2009; Tai et al., 2009; Turcanova et al., 

2009).

IMMUNE RESPONSE TO HERVS IN THE NERVOUS SYSTEM

Although most HERVs are unable to replicate and produce infectious virions, expression of 

HERV proteins within the nervous system may have profound effects on disease inception 

and exacerbation by stimulating both the innate and adaptive immune system. As described 

above, both resident CNS cells and cells of the adaptive immune system respond to HERV 

expression. However, considering the complexity by which other retroviruses mediate 

aberrant host responses and neurovirulent pathologies (Power, 2001; Jacobson, 2002; Kraft-

Terry et al., 2010), our current knowledge of immunomodulation by HERVs is very limited.

Can resident CNS cells respond to HERV expression?

Innate and intrinsic immune responses can be mediated by virtually all CNS cell types, 

although microglia and astrocytes are the main mediators of resident antiviral immunity in 

the brain (Lewis et al., 2008). These cells can sense retroviral nucleic acids and viral 

proteins through a variety of pattern recognition receptors (PRRs), such as Toll-like 
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receptors (TLRs), RIG-I-like receptors (RLRs), and NOD-like receptors (Lewis et al., 2008). 

The activity of PRR signaling results in the induction of both IFN and proinflammatory 

responses which drive a cellular antiviral state and the recruitment of effector immune cells. 

Conversely, a plethora of examples exist for retroviral evasion of the innate immune system 

(Cheng et al., 2009; Fischer et al., 2010; Kirchhoff, 2010; Oliere et al., 2010), but if these 

mechanisms exist for HERVs, they have yet to be described.

How HERV expression can trigger adaptive immune responses

Once immune cells, such as T cells, are recruited to the CNS they may recognize novel 

HERV-derived antigens presented by CNS cells or infiltrating antigen-presenting cells. It has 

been described that, during cellular apoptosis, activated caspases or granzyme B can cleave 

HERV proteins, potentially resulting in T-cell neoepitopes, similar to the events producing 

nuclear autoantigens (Beyer et al., 2002). CD4+ T cells as well as cytotoxic CD8+ T cells 

can amplify ongoing inflammatory responses and directly contribute to neuronal transection, 

demyelination, and tissue injury.

Genetic polymorphisms in the host may contribute to varied clinical outcomes related to 
HERV expression

Genetic profiling has now established clear associations between SNPs or a collection of 

SNPs forming a specific genetic haplotype to the risk of disease inception and morbidity 

(Heap et al., 2009). This relationship is mediated by the intermediate phenotype of a genetic 

polymorphism: functional changes in promoter activity, protein structure and activity, 

expression of miRNAs – all leading to differential outcomes for cellular pathways and host 

pathophysiology. Thus, individual differences in the way a host will react to the expression 

of HERVs may dictate the extent of their pathologic contribution towards a particular 

disease state.

Intrinsic and innate antiviral responses are the first line of defense within retrovirus-infected 

cells (Douville and Hiscott, 2010). Functional polymorphisms in virus-sensing PRRs and 

IFN-related genes can have a dramatic impact on innate immune responses to viral nucleic 

acids and thus retrovirus replication (Diop et al., 2006; Oh et al., 2009). Moreover, few 

reports show evidence that SNPs in IFN-induced retroviral restriction factors, such as 

TRIM5α (Speelmon et al., 2006) and Cyclophillin A (Rits et al., 2008), may modulate the 

extent of retrovirus replication or associates with disease progression. A large portion of 

cellular miRNAs also target retroviral transcripts (Hakim et al., 2008), but as miRNA 

expression is variable between individuals (Krol et al., 2010), this may contribute to 

differential silencing of retrovirus expression. As these antiviral mechanisms are likely 

acting upon HERVs (Armitage et al., 2008), it follows that the host’s genetic background 

will play a deterministic role in the type and amplitude of HERV-mediated pathology.

Furthermore, there is now a better appreciation of HERVs as polymorphic genetic elements 

with precise contributions to cellular function and deregulation. The only full-length 

proviruses known to be insertionally polymorphic in humans are HERV-K113 and HERV-

K115 (Turner et al., 2001). There are significantly higher insertional frequencies in African 

Americans as compared to Caucasians: HERV-K113 (21% versus 9%) and HERV-K115 
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(35% versus 6%) respectively. Moreover, within these HERVs, specific haplotypes could be 

identified, adding to the diversity of these sequences (Jha et al., 2009). Interestingly, HERV-

K115 insertion is associated with earlier onset of schizophrenia, conferring not a disease risk 

per se but an effect on the early manifestations of the disease (Otowa et al., 2006). Moreover, 

induction of HERVs in neurologic disease may also contribute to the severity of 

comorbidities. Patients with schizophrenia are at increased risk of type 2 diabetes (odds ratio 

9.0) if they carry a unique haplotype defined by two polymorphisms in the envelope region 

of HERV-K18 (Dickerson et al., 2008). Similarly, HERV-K18 polymorphism may influence 

the genetic susceptibility to MS (Tai et al., 2008). Together, these examples demonstrate the 

complexity of HERVs in modulating disease outcomes and the importance of SNP profiling 

for HERVs as well as human genes.

FUTURE DIRECTIONS IN HERV RESEARCH AND THERAPY FOR HERV-

ASSOCIATED NEUROLOGIC DISEASES

Current and novel therapies for HERV-associated neurologic diseases

IFN-β is an essential cytokine which drives innate immune responses subsequent to 

pathogen recognition by TLR and RLR (Kawai and Akira, 2006; Hiscott, 2007). This initial 

burst of IFN-β is crucial for the amplification of IFN-stimulated genes, such as retroviral 

restriction factors (Douville and Hiscott, 2010). It is well known that IFN-β has antiviral 

effects on retrovirus-infected cells (Oka et al., 1990; Serra et al., 2003; Brule et al., 2007). In 

clinical use, IFN-β therapy has been used with moderate success for several retroviral-

mediated neurologic diseases, such as ALS-like syndrome (HIV) (von Giesen et al., 2002) 

and HAM/TSP (HTLV-1) (Saito et al., 2004; Oh et al., 2005), although IFN-β alone is not 

sufficient to control these diseases adequately. However, IFN-β therapy can be effective in 

HERV-associated diseases such as MS (Vandenbroeck et al., 2010). Recent direct evidence 

suggests that IFN-β treatment can reduce the expression of HERV-W RNA in MS patients 

(Mameli et al., 2008), as well as circulating antibodies against HERV-H/F and HERV-W 

antigens (Petersen et al., 2009).

Interestingly, commonly prescribed schizophrenia medications – lithium, haloperidol, and 

clozapine metabolites – also have antiretroviral properties (Jones-Brando et al., 1997; 

Schifitto et al., 2009). The use of lithium in patients with HIV dementia improves measures 

of neurocognitive function (Letendre et al., 2006). This may be due to lithium’s enhancing 

effect on canonical Wnt pathway via β-catenin signaling (Sinha et al., 2005; Sutton et al., 

2007), which inhibits retroviral replication and the activation of latent provirus (Kumar et 

al., 2008). This antiviral mechanism may in part be dependent on the β-catenin-dependent 

pathogen recognition receptor LRRFIP1, which can enhance IFN-β production (Bagashev et 

al., 2010). This therapeutic strategy may serve as a complementary add-on treatment for 

HERV-mediated neurologic disorders, enhancing host antiviral pathways, preventing 

activation of latent provirus, and complementing retroviral protein inhibitors.

One caveat of the therapeutic design for HERV-mediated pathology is the formulation of 

inhibitors specific to HERV proteins (Kuhelj et al., 2001). Retroviral proteases are essential 

for viral replication, as well as exerting secondary effects on cellular pathways (Strack et al., 
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1996; Nie et al., 2008; Solis et al., 2010). Although HERV protease exhibits limited activity 

on HIV proteins (Towler et al., 1998; Padow et al., 2000), current HIV protease inhibitors, 

including ritonavir, indinavir, and saquinavir, have no efficacy against HERV-K10 protease 

(Towler et al., 1998). Despite the inability of HERV-K protease to substitute the 

functionality of wild-type HIV-1 protease, HERV-encoded protease may in itself contribute 

to the disruption of cellular pathways or complement for HIV protease when compromised 

by anti-PR drugs or drug-resistant mutations. Further development of PR, RT, and IN 

inhibitors for neurodegenerative diseases should consider the family of HERV expressed and 

empirically test the individual efficacy of known and novel inhibitors (Opii et al., 2007).

State-of-the-art in HERV research: HERV polymorphisms, transcriptome, and proteome

Together, these findings reveal the importance of monitoring not only HERV sequence 

polymorphism but also insertional polymorphism when analyzing genome-wide disease 

association and intermediate molecular phenotypes. With the advent and increased 

availability of whole genome sequencing, future studies will be better equipped to predict 

disease risk based on more complete HERV genomic profiles (Villesen et al., 2004; Mayer et 

al., 2005; Moyes et al., 2007). RNA and microRNA deep sequencing in CNS specimens 

versus other tissues from clinically characterized HERV-associated diseases will also 

contribute to a clearer appreciation of the diversity of HERV transcriptomes (Seifarth et al., 

2005; Flockerzi et al., 2008). Finally, with the development of HERV consensus plasmids 

(Dewannieux et al., 2006; Brady et al., 2009), virion-producing cell lines (Ruprecht et al., 

2008), and anti-HERV antibodies, this emerging field of virology will continue to generate 

knowledge relevant for the diagnosis and treatment of HERV-associated neurologic diseases.

CAPITULATION

With the continued discovery of new retroviruses, such as XMRV (which to date has a 

disputed association with chronic fatigue syndrome) (Lombardi et al., 2009; Switzer et al., 

2010), there is the potential for an under-appreciated number of neurologic disorders to be 

caused by unidentified exogenous or endogenous retroviruses. In species other than human, 

endogenous retroviruses are known pathogens with clear pathologic outcomes (reviewed in 

Weiss, 2006). Recent findings highlight an association between precise patterns of HERV 

expression and diseases previously associated with specific pathogens or of a sporadic 

nature, such as ALS with HERV-K (Douville et al., 2011) and Creutzfeldt–Jakob prion 

disease with HERV-W (Jeong et al., 2010). Thus, the expansion of HERV research into 

sporadic, idiopathic, rare or orphan neurologic disorders is likely a worthwhile endeavor 

which will illuminate novel pathologic mechanisms underpinning various neurodegenerative 

disorders.
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Fig. 22.1. 
Genomic organization of an integrated human endogenous retrovirus-K (HERV-K) provirus 

and viral RNA transcripts. Reverse transcription priming differs between HERV families and 

is used to classify HERVs: because tRNALys is used to initiate reverse transcription at the 

primer binding site (PBS), the family is named HERV-K (K for lysine). Genomic retroviral 

RNA packaged in infectious virions is reverse-transcribed in the host cytoplasm to produce a 

preintegrated provirus. During the integration of retroviral DNA into the host genome, a 

short duplication of the host DNA occurs (blue arrows), flanking each long terminal repeat 

(LTR). The LTRs act as viral promoters to initiate transcription of viral RNA. Full-length 

viral RNA encodes the gag polyprotein which is cleaved by protease (PR) to produce viral 

matrix (MA), capsid (CA), and nucleocapsid (NC) proteins. A reading frame-shift for the 

pol gene results in the translation of reverse transcriptase (RT) and integrase (IN). The 

envelope surface (SU) and transmembrane (TM) units are generated from a sliced transcript. 

HERV-K type 1 differs from HERV-K type 2 genomes by the absence of a 292 bp sequence 

at the pol–env boundary. This affects the generation of HERV-K accessory proteins: Np9 is 

encoded in type 1 HERV-K, whereas SP is found in type 2. Both types also produce 

transcripts for the analog of HIV Rev, the HERV-K Rec protein. (Courtesy of R. Douville.)
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Fig. 22.2. 
Triggering and repressing human endogenous retrovirus (HERV) expression. Under 

homeostatic conditions, most HERVs are latent due to epigenetic silencing of proviruses in 

heterochromatin (closed chromatin) which is inaccessible to transcriptional machinery or 

actively repressed by DNA-binding retroviral restriction factors. Viral and parasitic infection 

can elicit the expression of HERVs in cells of the central nervous system. Neurotropic 

herpesviruses, such as Epstein–Barr virus (EBV), herpes simplex virus type 1 (HSV-1), 

varicella-zoster virus (VZV), and human herpesvirus type 6 (HHV-6) can trigger HERV 

expression. The EBV protein LMP2A can also transactivate the HERV-K18 envelope 

superantigen via its ITAM region. Intracellular parasites, such as Toxoplasma gondii, may 

also reactivate latent HERVs. Both human immunodeficiency virus (HIV) and human T-cell 

lymphotropic virus (HTLV) can activate HERVs which further drive adaptive immune 

responses against exogenous-endogenous retrovirus cross-reactive epitopes. Major 

histocompatibility complex class I (MHC I) molecules can present these neoepitopes to 

cytotoxic T lymphocytes (CTL) performing immune surveillance for infected cells. Innate 

immune sensing of viral RNA and DNA or adaptive immune recognition of viral proteins 

can elicit a proinflammatory response, which further promotes the transcription of HERV 

proviruses. Full-length HERV RNA can be converted into DNA by viral reverse 
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transcriptase (RT), allowing de novo insertion into the host DNA by the integrase protein 

(IN). LTRs, long-terminal repeats. (Courtesy of R. Douville.)
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Fig. 22.3. 
Potential human endogenous retrovirus (HERV)-mediated neurotoxicity in the central 

nervous system (CNS). HERV activation occurs both in the immune cell compartment of 

peripheral blood mononuclear cells (PBMC) and in the CNS. PBMC from patients with 

multiple sclerosis are known to produce infectious HERV-derived retroviral particles. 

Trafficking of HERV-shedding PBMC across the blood–brain barrier may infect cells of the 

CNS. Conversely, HERV reactivation may occur in CNS cells and impair their ability to 

perform neurotrophic support and promote proinflammatory responses. Recruitment of T 

cells, B cells, and myeloid cells into the CNS may elicit pathologic inflammatory and 

cytotoxic responses upon recognition of HERV antigens. HERV-encoded envelope 

superantigens (SAg) may further boost glial cell and T-cell activation, resulting in excessive 

tissue damage. (Courtesy of R. Douville.)
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Table 22.1

Human endogenous retrovirus (HERV) families associated with neurologic disease

HERV Family Neurologic diseases Known triggers Pathogenic contribution

HERV-W Gammaretrovirus Multiple sclerosis
Schizophrenia

Herpesviruses
Toxoplasma
Proinflammatory cytokines

MSRV virions
Env superantigen
Env alters glial function

HERV-H/F Gammaretrovirus Multiple sclerosis Unknown Virions
Env superantigen

HERV-K Betaretrovirus Schizophrenia
ALS
HIV infection

Herpesviruses
HIV
HTLV-1
Toxoplasma

Env superantigen
Neoepitopes for CTLs

MSRV, multiple sclerosis-associated retrovirus; ALS, amyotrophic lateral sclerosis; HIV, human immunodeficiency virus; HTLV-1, human T-
lymphotropic virus-1; CTLs, cytotoxic T lymphocytes.
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