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Abstract 

Amyotrophic lateral sclerosis (ALS), is a devastating neurodegenerative disease that affects about 

400,000 people worldwide.  Despite decades of intensive research, the cause of ALS remains 

widely unknown.  Several studies documented the connection between Human Endogenous 

Retrovirus K (HERV-K) and the development of ALS.   

Given the recent findings and emerging scientific evidence that reinforces this correlation, the 

purpose of this study is to investigate the relationship between the autoantibodies (AAbs) against 

the HERV-K envelope and the pathogenesis and progression of ALS.  Our study gave particular 

attention to the humoral response toward the most immunogenic epitopes of the envelope protein.   

Additionally, since microRNAs (miRNAs) play a crucial role in regulating gene expression, our 

study investigated their potential involvement in ALS.  Although miRNAs dysregulation has been 

previously associated with ALS, understanding of its potential impact on HERV-K transcriptional 

levels is still limited.  By delving deeper into these topics, our project aimed to contribute to the 

development of new strategies for the prevention, diagnosis, and treatment of ALS.   

 

During my doctoral research, I had the opportunity to work on a project pertaining to the role of 

the humoral response against NL-63, HERVs, and Interferons in SARS-CoV-2 patients.  The study 

was conducted during the outbreak of the SARS-CoV-2 pandemic.  Its purpose was to better 

understand the reasons for the extremely diverse immune responses observed in the population 

through the detection of antibodies (Abs) that could cross-react with SARS-CoV-2 antigens or 

predict a more severe form of the disease.  
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1 Introduction  

1.1 Retroviruses 

Retroviruses are a unique group of viruses that are characterized by the ability to reverse-transcribe 

their RNA genome into DNA and integrate it into the host cell's genome.  This particular life cycle 

has a profound impact on the biology of both the retrovirus and the host.  Once inside the cell, the 

viral RNA genome is reverse-transcribed into DNA by the viral enzyme reverse transcriptase.  The 

resulting DNA is then integrated into the host cell's genome by the viral integrase enzyme.  This 

integration process is a critical step in the retroviral life cycle, as it allows the virus to persist within 

the host cell for an extended period.  Retroviruses work backward from what we expect in biology.  

In fact, the Central Dogma of Molecular Biology, which states that the genetic information flows 

only in one direction, from DNA, to RNA, to protein, or RNA directly to protein, had to be revised 

when the replication of retroviruses was understood. 

 

 

1.1.1 Retroviruses: genomic structure 

Both endogenous and exogenous retroviruses exhibit a basic highly conserved genetic sequence 

consisting of four major genes: 5’-gag-pro-pol-env-3’. The gag gene encodes structural proteins 

such as the capsid and matrix proteins.  The pro gene encodes the protease.  Pol gene encodes 

enzymes required for reverse transcription and integration, such as reverse transcriptase and 

integrase.  Lastly, the env gene encodes the viral envelope glycoprotein, which facilitates virus 

entry into host cells.   

The genes are flanked by long terminal repeats (LTRs) that serve as viral promoters and enhancers.  

The LTRs are essential for viral replication and transcription, as they contain binding sites for 

cellular transcription factors and the viral protein Tat, which enhances transcriptional activity.1   
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In addition to the four major genes, retroviruses also encode several accessory genes that are not 

essential for viral replication but play important roles in virus-host interactions.  For example, the 

human immunodeficiency virus (HIV) encodes six accessory genes that contribute to the virus's 

ability to evade the host immune system and enhance viral replication.2   

The integration of retroviruses into the host cell's genome is mediated by the viral integrase 

enzyme, which catalyzes the insertion of the viral DNA into the host chromosomal DNA.  The 

integrated viral DNA (provirus) becomes a permanent part of the host cell's genome and can be 

passed on to daughter cells during cell division.3   

The ability of retroviruses to integrate into the host genome has both beneficial and detrimental 

effects.  On the one hand, it allows the virus to persist within the host for an extended period and 

provides a mechanism for stable, long-term gene expression.   

 

 

Figure 1. Organization of an integrated HERV (provirus).  
The long terminal repeats (LTRs) at the 5′ and 3′ ends consist of the U3, R, and U5 regions.  The R region, located 

within the 5'-LTR, is responsible for the initiation of transcription and the end of the R region in the 3′-LTR represents 

the polyadenylation signal.  Upstream of the gag reading frame, is located the primer binding site (PBS).  The 

polyprotein encodes for the viral matrix (MA), capsid (CA), and nucleocapsid (NC).  The reverse transcriptase (RT) 

and integrase (IN) are part of the downstream polymerase.  The surface (SU) and transmembrane (TM) units are 

located in the envelope. Regarding HERV-K(HML-2), it encodes accessory proteins, Rec, Np9, located in the region 

of the pol/env junction. 

 

 

1.1.2 Retroviral endogenization  

The integration of retroviruses into host genomes, known as endogenization, is a remarkable and 

unique evolutionary process.  This process has occurred repeatedly throughout evolution and has 
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resulted in the proliferation of retroviral sequences in many animal genomes, including humans.4  

The endogenization process occurs when a retrovirus infects a germ cell, and integrates its DNA 

into the host genome.  The resulting progeny inherit the integrated retroviral DNA, which can then 

be passed on to subsequent generations.3  Over time, these integrated retroviral sequences can 

accumulate in the host genome and comprise a significant portion of its genetic material.  For 

example, it has been estimated that up to 8% of the human genome is derived from retroviral 

sequences.5   

The process of retroviral endogenization has important implications for the evolution of host 

organisms.  Retroviral sequences can provide a source of genetic variation that can drive adaptive 

evolution by introducing new genes or regulatory elements into the host genome.  It has been 

suggested that retroviral endogenization may have contributed to the evolution of the mammalian 

placenta by providing a source of novel regulatory elements.6   

However, retroviral endogenization can also have deleterious effects on host organisms.  The 

integration of retroviral DNA can disrupt host genes or regulatory elements, leading to the 

manifestation of disease or abnormalities.7  In addition, retroviral endogenization can contribute 

to the development of cancer by activating oncogenes or disrupting tumor suppressor genes.8   

Despite the potential risks associated with retroviral endogenization, it is clear that this process 

has been an important driver of genome evolution.  In some cases, retroviral endogenization has 

even led to the formation of new host genes with important biological functions.9  Thus, while 

retroviral endogenization can have both positive and negative effects on host organisms, it 

represents a key mechanism that has shaped the evolution of many animal genomes.   

 

1.1.3 Retroviral proliferation process 

The proliferation of integrated retroviral elements, known as endogenous retroviruses (ERVs), 

resulted in the presence of multiple copies at different chromosomal locations.  Each ERV lineage 
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derived from a single founder virus constitutes an independent monophyletic group, which may 

include fixed and non-fixed proviruses.  The actual proportion of fixed proviruses depends on 

replication activity, host population dynamics, and selective pressures.  Most of the ERVs in the 

human genome are derived from a small number of germline colonization or selectively amplified 

elements.  Some of these have proliferated with great success, resulting in thousands of progeny 

sequences that are still identifiable in the human genome.  However, the accurate prediction 

regarding the total number of independently derived lineages and their mutual relationships 

remains a challenge, despite extensive phylogenetic investigations.   

Several well-defined and widely accepted proliferation models and mechanisms have been 

proposed, although their role in amplifying a particular lineage remains controversial.  The 

complexity of ERV proliferation is due to the interplay between various factors such as host 

factors, retroviral genomic features, and environmental factors.  The understanding of ERV 

proliferation is important in elucidating their potential roles in host biology and disease.   

One model that has gained attention is the Reinfection model, where the progeny of an endogenized 

virus reintegrates into the germ line of the host during a replication-competent phase.  This can 

occur either directly from a germ-line cell or from a somatic cell that has an active provirus or has 

become infected.  The fitness of the virus, its ability to successfully replicate and spread within a 

host population, may improve in response to selective pressures, resulting in an apparent increase 

in the preservation level of the lineage.  This process is supported by evidence from HERV families 

with moderate and low copy numbers that have been under continuous purifying selection for more 

than 30 million years, indicating that their expansion was partly due to reinfection.10  This implies 

the prolonged presence of replication-competent lineage members during the periods of 

chromosomal colonization.  Most of these infectious elements were not fixed and were regularly 

lost from the population's gene pool, but a few have acquired inactivating mutations that increased 

their chance of being driven to fixation.   
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Another way that ERVs can proliferate is through Retrotransposition.  There are two 

retrotranspositional proliferation hypotheses for ERV phylogenies.  Firstly, the Random template 

model proposes that all copies of an ERV lineage can amplify, while the Master gene model 

suggests the presence of only one or a few active elements, known as master genes, that remain 

functional for a long time and release copies that cannot proliferate.11  The latter model is more 

suitable for explaining the expansion of Short Interspersed Nuclear Element (SINE) and Long 

Interspersed Nuclear Element (LINE) retroelements.  This mechanism apparently played a 

significant role in the amplification of the HERV-K (HML-3) lineage.12   

Even if multiple genes of a provirus are deactivated, it can still propagate within the genome as 

long as specific regulatory sequences, such as packaging motifs, the polypurine tract, and the 

primer binding site, are preserved and the provirus is able to produce transcripts.   

Lastly, the missing functional proteins can be replaced by proteins from other viruses or 

retroelements through a mechanism called Complementation in trans.  This process does not 

increase the replication fitness of the provirus itself, but it allows defective viruses to amplify.  

Homologous recombination, gene conversion, and template switching can also reverse the 

inactivation of proviruses and create chimeric proviruses that are replication-competent.  This can 

initiate cycles of ERVs’ bursts, a period of increased retroviral proliferation and spread within a 

host population, observed in some retroviral lineages throughout primate evolution.13  Although 

the entity of that contribution may be limited, ERV copy number may also increase through 

chromosomal duplication events and other passive amplification mechanisms.14   
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Figure 2. Proliferation modes of ERVs.  

To reinfect a host, the virus must possess a functional envelope protein that allows it to re-enter a germ-line cell. Once 

inside, the virus undergoes a brief period of replication in somatic cells, which leads to adaptation and increases the 

overall fitness of the lineage.(a)  In retrotransposition, a poorly understood mechanism, viral RNA contained in core 

particles are likely formed.(b) The presence of a “helper virus” (displayed in red) is fundamental fort the 

Complementation in trans mechanism with the goal of forming entities able to proliferate by retrotransposition or 

reinfection. PIC represents the preintegration complex.(c) 14 

 

 

1.2 Human Endogenous Retroviruses 

As previously mentioned, Human endogenous retroviruses (HERVs) are remnants of ancient 

retroviral infections that have integrated into the human genome during evolution, accounting for 

approximately 8% of it.15  They represent a subset of ERVs and the majority of HERVs are 
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defective and lack the ability to produce viral particles.  However, over the year, some of them 

have acquired both physiological and disease-related functions.  In particular, abnormal expression 

of HERVs has been implicated in the development and progression of various neurological 

diseases, including ALS.16   

Notwithstanding their origin as viral elements, many HERVs have been found to carry out 

important physiological roles.  An emblematic example is syncytin protein, a placenta protein 

derived from the env gene of HERV-W.  It plays a critical role in trophoblast fusion and 

syncytiotrophoblastic layer formation.17,18  The acquisition of syncytin may have provided a 

selective advantage to early humans, enabling the development of a more efficient placenta, which 

in turn may have contributed to the success of the species.  Furthermore, HERV-K (HML-2) has 

been implicated in the control of human embryonic development and pluripotency.19,20  These 

findings emphasize the potential physiological importance of HERVs and their more complex role 

in human biology beyond origins as retroviral debris.   

 

 

1.2.1 ERVs, classification and integration time  

The human genome contains a vast number of ERVs that have integrated into the germ line during 

evolution.  The classification and nomenclature of these retroviruses are complex and constantly 

evolving.  Based on their phylogenetic relatedness to exogenous viruses, ERVs are classified into 

three classes: class I ERVs are related to gamma- and epsilon-retroviruses, class II comprises 

viruses that cluster with beta-genera or distantly to delta- and lenti-viruses, and class III comprises 

elements similar to spuma-viruses.21   
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Figure 3. Representative unrooted Pol neighbor-joining NJ dendrogram of retroviral genera.  

Unrooted Pol neighbor-joining dendrogram of the retroviral genera: alpha-, beta-, gamma-, delta-, epsilon-, lenti-, and 

spuma-like retroviruses.  The host species are provided with symbols next to each taxonomic unit.22 

 

The HERVs have been vertically transmitted to the offspring of the host species.  They are grouped 

into families based on their sequence similarity and genomic organization.23  The naming of HERV 

families is based on the sequence of the 18 nucleotides constituting the primer-binding site, which 

hybridizes with a specific cellular tRNA that initiates the reverse transcription reaction.  The HERV 

families are named by adding a suffix to the acronym HERV, indicating the one-letter code of the 

amino acid specificity of the most probable tRNA.24   

Currently, approximately 50 HERV groups have been identified in the human genome, but the 

number of retroviruses within each HERV group can vary depending on the method of 

classification used.25  Most HERV families are ancient and are believed to have entered the human 

genome through multiple colonization events that occurred over millions of years.  The presence 
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of several HERV families in both Old and New World monkeys suggests that the primary 

colonization occurred over 35 million years ago.26   

 

 

Figure 4. HERVs integration.  
Phylogeny of primate species. Important subsequent amplification periods of different families are dispayed in blue 

color.14  

 

 

1.2.2 Human endogenous retroviruses in physiology and pathology 

As has been previously highlighted, HERVs have been implicated in both physiological and 

pathological processes.  In the context of human physiology, studies have suggested that HERVs 

may play a role in normal cellular processes such as differentiation, development, and immune 
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response regulation.27,28  HERVs are transcribed in a systematic and stage-specific manner during 

early embryogenesis, and their expression serves as a hallmark of cellular identity and potency 

that characterizes various cell populations in early human embryos.29  HML-2 has been shown to 

be transcribed during normal human embryogenesis, with transcription starting at the eight-cell 

stage during embryonic genome activation and continuing when epiblast cells emerge in 

preimplantation blastocysts.19  The presence of proviral RNAs leads to the production of viral-like 

particles and Gag proteins, suggesting that early human development occurs in the presence of 

retroviral products. 19  The envelope protein of HERV-K is expressed at high levels on the cell 

membrane of human pluripotent stem cells, and plays a crucial role in maintaining stemness via 

the mammalian target of rapamycin pathway.20  When the HML-2-env is down-regulated or 

epigenetically silenced, human pluripotent stem cell colonies become dissociated and 

differentiation along neuronal pathways is enhanced, indicating that regulation of HML-2 is 

critical for human embryonic development and neural differentiation.20 

Contrarily, HERVs have also been implicated in the development of various pathological 

conditions such as cancer, autoimmune diseases, and neurological disorders.30,31  HERV 

expression has been detected in several types of cancer including breast, prostate, and ovarian 

cancer.32  In addition, its expression has been linked to the pathogenesis of autoimmune diseases 

such as multiple sclerosis and systemic lupus erythematosus, where they may contribute to the 

breakdown of self-tolerance and the activation of autoreactive T cells.33,34  HERVs have also been 

implicated in the pathogenesis of neurological disorders such as schizophrenia, MS and ALS, 

where they may contribute to neuroinflammation and neuronal dysfunction.35   

Given the potential involvement of HERVs in both physiological and pathological processes, there 

is considerable interest in understanding their regulatory mechanisms and potential therapeutic 

applications.   
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1.2.3 Human endogenous retroviruses in neurodegenerative disease 

The expression of HERVs within the central nervous system (CNS) is regulated by a variety of 

factors, including HERV insertional and sequence polymorphisms, epigenetic modifications of 

HERV proviruses, antiretroviral cellular responses, and environmental triggers.  Although the 

majority of HERV sequences are functionally inactive, some retain the potential for expression, 

which is suppressed by epigenetic modifications of DNA, such as methylation and supercoiling, 

that are influenced by both age and disease status.36–38   

Owing to their evolutionary capacity to infect germ cells, it is comprehensible that the expression 

of HERVs is increased in human reproductive tissues.39,40  However, the CNS shows a higher level 

of HERV expression compared to most other tissue types.41–43   

The reasons for this heightened expression in the CNS are not yet fully understood.  Microarray 

analysis reveals that not all HERV families are transcribed in the healthy human prefrontal 

cortex.41  Some HERVs are universally active in brain tissue samples obtained from patients with 

systemic diseases but without any known brain injury, while others are transcriptionally silent.41  

The diverse transcriptional profiles observed may potentially indicate individual genetic disparities 

or similar patterns of gene induction for a particular clinical condition.41,44,45   

Alternatively, specific HERV-encoded proteins may serve unknown biological functions in the 

CNS, analogous to the critical role of syncytin-1 in placental and embryonic tissues.40,46,47   

Currently, HERV expression has been consistently and strongly linked to various neurological 

disorders, although the underlying mechanisms of how HERVs contribute to these diseases are not 

yet fully understood.   

One possible reason for the higher expression of HERVs observed in diseased human brain 

samples is related to the tropism of environmental triggers, such as viruses and bacteria, in the 

CNS.34  Certain neurotropic pathogens, including herpesviruses, exogenous retroviruses, 

Toxoplasma gondii, Chlamydia pneumoniae, and some influenza virus strains, can cross the blood-
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brain barrier and infect the CNS.  Although most of these infections are abortive, their presence in 

the CNS could activate HERVs expression.  For example, multiple sclerosis (MS) has been linked 

to herpesviruses, such as Epstein-Barr virus (EBV) and human herpesvirus-6, which exhibit an 

affinity for infecting meningeal B lymphocytes or white matter.48,49   

Accumulating evidence indicates that the expression of HERV RNA and protein may be triggered 

in the presence of other retroviral infections, such as HIV.  The activation of HERV-K expression 

has been repeatedly observed in the serum and peripheral blood mononuclear cells (PBMCs) of 

individuals infected with HIV50, as well as in the in vitro models of HIV infection51.  In contrast 

to only 2-3% of healthy adults, HERV-K102 expression in sera occurs in 70-80% of HIV viremic 

cases, as measured by peptide serology or viral RNA52.  It has been suggested that HIV's ability to 

compromise innate defense mechanisms triggers HERV expression by removing or altering 

cellular control of HERVs activity.53   

Opportunistic infections are another potential source of HERV expression in the CNS.  For 

instance, Toxoplasma gondii infection can activate HERVs transcriptionally in neuronal cells.54  It 

may be worthwhile in future studies to explore additional pathogenic factors that can trigger 

HERVs expression in the CNS, given the range of viral, bacterial, and parasitic infections 

associated with HERV-linked diseases.48,55  This is especially relevant for MS patients who 

developed progressive multifocal leukoencephalopathy caused by Polyomavirus JC infection 

while receiving natalizumab treatment.  Some of these patients developed a persistent JC virus 

infection in the brain despite immune system normalization.56  The possibility that HERVs 

expression is driving this phenomenon should be taken into account. 

Similar to retrotransposons, HERVs can undergo cycles of transposition, recombination, and 

reintegration.12,57  Reintegration requires only a subset of viral genes, specifically gag and pol, 

since the nascent genomic viral RNA is not packaged into virions but instead is reverse-transcribed 

and reintegrated into the host cell.  Some HERV families, including HERV-K (HML-3), which are 
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present in high copy numbers within the human genome, are thought to have spread through the 

reintroduction of an existing provirus.12  De novo accumulation of HERVs reveals a preference for 

integration into gene-rich and transcriptionally active sites, as shown by the integration pattern of 

a reconstituted consensus HERV-K virus.58   

The ability of integrated proviruses to influence the expression of adjacent or distant host cell 

genes is another important aspect.  Enhancer sequences and transcription factor-responsive 

elements are present within HERV LTRs, which play a role in regulating host gene expression.59–

64  HERV proviruses also provide alternative transcription initiation sites, splice acceptor/donor 

sites, and polyadenylation signals to neighboring host sequences.65,66   

Additionally, HERV-K LTRs can produce regulatory RNA through antisense transcription, which 

downregulates adjacent genes by reducing their mRNA levels65  

The transcription and translation of individual HERV-encoded retroviral proteins may have 

significant effects on various cellular pathways in addition to their effects during retroviral 

replication.  Although a considerable number of intact HERV open reading frames (ORFs) exist, 

their potential contribution to neurodegeneration remains largely unexplored.  HERV proteins, and 

accessory proteins, may modulate cellular activity.  For example, HERV-K encodes the accessory 

protein Rec, which is similar to the HIV Rev protein and may contribute to oncogenesis by 

inhibiting the PML zinc finger protein and promoting c-myc expression.67  HERV-K also encodes 

Np9, a splice variant of Rec that interacts with the RING-type E3 ubiquitin ligase LNX, which is 

involved in the Notch signaling pathway.68  Another HERV-K accessory protein is produced by 

cleavage of the HML-2 Env precursor, forming the nucleolar localized signal peptide.69  The exact 

functions of these regulatory proteins are only beginning to be understood, but it is clear that they 

may play a key role in neuropathogenesis.  

 

 



 27 

1.2.4 HERV-Related Immune Response in the Nervous System 

Continued activation of an innate immune response mediated by HERVs from CNS-resident cells 

may contribute to neural damage and enhance neuroinflammation together with the adaptive 

immune response.  Retroviral proteins, both endogenous and exogenous, particularly the envelope 

glycoproteins, have a tendency to modulate the immune system and provoke neuropathogenic 

responses in glial cells.70–72   

The expression of the envelope protein (env-W) from HERV-W can result in various 

immunomodulatory processes that cause damage to the nervous system.  The ERVWE1 provirus 

of HERV-W encodes syncytin-1, overexpressed in glia within MS lesions.73  Although it is unclear 

which genomic loci encode the HERV-W envelope protein, evidence suggests that envelope 

proteins, particularly syncytin-1, can cause neurotoxicity.  It triggers an innate immune response 

by activating TLR4 signaling, which leads to the secretion of proinflammatory cytokines, 

including tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), and interleukin-6 (IL-

6), in human monocytes.74  In vitro, these cytokines can enhance the release of HERV-W by 

PBMCs from HERV-W-positive individuals, resulting in a positive feedback loop of virus 

production and inflammation.75  In addition, inflammatory mediators like TNF-α, IFN-γ, IL-6, and 

IL-1β activate the ERVWE1 promoter, leading to syncytin expression,76 which can contribute to 

an uncontrolled inflammatory cycle.  The ERVWE1 promoter is activated by the transcription 

factor NF-kB, indicating that the recognition of HERV nucleic acids and proteins,77 or co-infecting 

viruses,78  could reactivate the expression of latent HERVs.   

An instance of superantigen envelope can be seen in the HERV-K family.  The provirus HERV-

K18 is located in an antisense orientation within the first intron of the CD48 gene.  The env gene 

is the only intact viral gene of this provirus and encodes a superantigen (ENV-K18), which 

stimulates Vβ7 TcR CD4+ T cells.79  Although most ENV-K18 reactive thymocytes are negatively 

selected in the thymus, a small fraction of Vβ7 thymocytes may escape deletion in certain 
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individuals, leading to an increased number of circulating Vβ7 TcR CD4+ T cells.  These ENV-

K18 Super Antigen-reactive T cells can be triggered during viral infection, either by type I IFN or 

directly by herpesvirus proteins.  Strikingly, and unlike other HERV-K proviruses, the expression 

of ENV-K18 can be induced by type I IFNs in the non-T-cell fraction of PBMC.80  Specifically, 

the IFN-α1 isoform elicits robust ENV-K18 transcription, compared with IFN-α2 or IFN-β.  The 

induction of ENV-K18 can also be synergistically boosted by IFN-γ.80  These findings suggest that 

acute or chronic viral infections that drive IFN responses may trigger ENV-K18 expression and 

activate peripheral Vβ7 TcR CD4+ T cells.81–83   

All types of cells in the CNS can initiate innate and intrinsic immune responses.  However, resident 

antiviral immunity in the brain is mainly mediated by microglia and astrocytes.  These cells possess 

a variety of pattern recognition receptors (PRRs), including Toll-like receptors (TLRs), RIG-I-like 

receptors (RLRs), and NOD-like receptors, which allow them to sense retroviral nucleic acids and 

viral proteins.84  PRR signaling results in the induction of both IFN and proinflammatory 

responses, which create a cellular antiviral state and attract effector immune cells.  Nevertheless, 

retroviruses have developed mechanisms to evade the innate immune system.  While several 

examples exist, such as those seen in Cheng et al. and Kirchhoff, 85,86 it is still unclear whether 

HERVs employ similar strategies.  After being recruited to the CNS, immune cells such as T cells 

may recognize novel antigens derived from HERVs that are presented by CNS cells or antigen-

presenting cells that have infiltrated the CNS.  It has been reported that during cellular apoptosis, 

HERV proteins can be cleaved by activated caspases or granzyme B, potentially leading to the 

formation of T-cell epitopes, similar to the process that generates nuclear autoantigens.87  These 

CD4+ T cells and cytotoxic CD8+ T cells can exacerbate ongoing inflammatory responses and 

directly contribute to demyelination, and tissue injury.   

 

 



 29 

1.2.5 Human Endogenous Retrovirus K and Amyotrophic Lateral Sclerosis 

HML-2 is a member of the HERV family.  It is one of the most recently integrated, 

transcriptionally, and biologically active in the human genome with an estimated integration time 

of 1-5 million years ago.  HERV-K has been found to be expressed in a variety of human tissues, 

including the testis and placenta.25,88   

It is unique among HERVs in having maintained the ability to produce infectious viral particles, 

and its expression has been related to several physiological and pathological processes, including 

immune regulation, embryonic development, neurodegeneration, and cancer.88  Diverse studies 

have suggested that HERV-K may have a role in the pathogenesis of ALS.  For instance, elevated 

levels of HERV-K RNA and protein have been measured in the spinal cord tissue of ALS patients 

compared with healthy controls.89  In a study by Li et al.89 the HERV-K presence was detected in 

cortical and spinal neurons of patients with ALS, but not in neurons from healthy individuals.  

When HERV-K or its envelope protein was expressed in human neurons, it caused the retraction 

and beading of neurites.  Transgenic animals that expressed the envelope gene exhibited 

progressive motor dysfunction, accompanied by selective loss of motor cortex volume, decreased 

synaptic activity in pyramidal neurons, dendritic spine abnormalities, nucleolar dysfunction, and 

DNA damage.  Injury to anterior horn cells in the spinal cord resulted in muscle atrophy and 

pathological changes consistent with nerve fiber denervation and reinnervation.   

Altogether, the multiple expression and functional roles of HERV-K indicate that it may serve an 

important role in both normal physiology and pathological conditions.   

Based on this evidence, different approaches could be adopted for the development of therapies 

targeting HERV-K in ALS.  A potential strategy entails the use of drugs that inhibit the expression 

of HERV-K or interfere with its activity.  Another potential therapeutic approach entails the use of 

monoclonal Abs or small molecules that target the HERV-K envelope protein and prevent its effect.  

Therapies that target the downstream effects of HERV-K activity, such as inflammation and 
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oxidative stress, can be evaluated.  However, it should be mentioned that the development of 

HERV-K-targeted therapies in ALS poses a big challenge, and the potential side effects of HERV-

K-targeted therapies are not currently known.   

 

 

1.3 Amyotrophic Lateral Sclerosis 

ALS is a neurodegenerative disease that affects motor neurons in the brain and spinal cord.  Initial 

symptoms of ALS may include muscle weakness or stiffness, often starting in the arms or legs, 

and difficulty speaking or swallowing.  As the disease progresses, people can experience difficulty 

breathing.  Other symptoms can include fasciculations, and muscle wasting or atrophy.  In some 

cases, cognitive and behavioral changes also may occur, including problems with decision-making 

and problems with memory.  It is important to point out that symptoms can vary greatly from 

person to person and that the disease can progress at different rates.90  ALS can be classified based 

on motor neuron involvement: limb-onset ALS, bulbar-onset ALS, and spinal-onset ALS.  Each 

subtype has unique clinical features and disease progression, suggesting that different underlying 

mechanisms may contribute to the development and progression of the pathology.  To date, there 

is no known cure for ALS, and treatment options are limited to managing symptoms and slowing 

disease progression.  However, there are numerous ongoing research efforts aimed at identifying 

new therapies and potential targets for ALS treatment.   

 

 

1.3.1 Amyotrophic Lateral Sclerosis Epidemiology and Risk factors  

The global prevalence of ALS is estimated to be 4.1 cases per 100,000 population and it also varies 

by age and gender, with a higher prevalence in men and in people over 60 years of age.90   
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Several environmental risk factors include exposure to toxic substances such as lead, mercury, and 

pesticides, as well as smoking and physical trauma.91  Different studies suggested that exposure to 

viruses, as enteroviruses and HERVs, may be associated with an increased risk of ALS.  Indeed, 

higher levels of HERV-K expression have been found in the brains of individuals with ALS 

compared to healthy controls.89,92   

Approximately 10% of all ALS cases are caused by genetic factors, and over 20 genes have been 

linked to the disease.  Mutations in the SOD1 gene were the first genetic cause identified in ALS.  

Other genes such as C9orf72, FUS, TARDBP, and UBQLN2 have been associated with ALS.93  

The presence of these mutations has been shown to cause neuronal toxicity and mitochondrial 

dysfunction, which ultimately leads to motor neuron death.  Male gender, increasing age, lower 

educational level, and occupation in industries such as agriculture and sports represent other 

factors that have been associated with an increased risk of ALS.94,95   

 

 

1.3.2 Amyotrophic Lateral Sclerosis Diagnosis and Therapy 

The diagnosis of ALS is primarily based on clinical symptoms and neurological examination and 

can be confirmed through electromyography (EMG) and nerve conduction studies (NCS), widely 

used to gauge muscle and nerve functionality in patients with suspected neuromuscular disorders 

such as ALS.96  EMG assesses the electrical activity of muscles at rest and during contraction, 

while NCS evaluates the speed and strength of nerve signals.  In addition, the revised El Escorial 

criteria provide a standardized framework for the diagnosis of ALS and its subtypes and have been 

broadly adopted in clinical practice.97  To exclude other conditions that may mimic ALS, other 

exams such as magnetic resonance imaging (MRI) and blood tests, can be performed.   

ALS therapy involves comprehensive care with a combination of pharmacological and non-

pharmacological approaches.  Riluzole and Edaravone represent the pharmacological interventions 
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for ALS treatment.  Riluzole acts by reducing the release of glutamate, a neurotransmitter that can 

cause motor neuron damage, whereas Edaravone is a free radical scavenger that decreases 

oxidative stress in motor neurons.98,99   

Non-pharmacological interventions typically include respiratory management strategies, such as 

ventilation or cough assistance, as well as physical therapy to support strength and mobility.100   

Ongoing research is currently exploring the potential of gene therapies, immunotherapies, and 

stem cells as promising approaches for the treatment of ALS.  These innovative therapeutic 

strategies aim to target the mechanisms underlying the disease and foster motor neuron survival.  

Gene therapies involve therapeutic gene delivery to replace or correct mutated genes, while 

immunotherapies use the immune system to target toxic proteins and inflammatory pathways 

associated with the disease.  Stem cell therapies, on the other hand, seek to replace lost motor 

neurons and restore neural function by introducing healthy stem cells into affected regions of the 

central nervous system.  The development of these novel therapies holds great promise for 

improving the quality of life for people affected by ALS. 

 

 

1.4 Interplay Between Amyotrophic Lateral Sclerosis and the 

Immune System 

There is emerging evidence that dysregulation of the immune system contributes to the 

development and progression of ALS.  Indeed, anomalies in the innate and adaptive immune 

defense have been described in ALS patients and in animal models of the disease.101  Pro-

inflammatory cytokines, such as IL-6, IL-1β, and TNF-α, are elevated in ALS patients, suggesting 

that neuroinflammation plays a role in ALS pathogenesis.102   

Both cellular and humoral immune responses have been involved in the pathogenesis of ALS.  

Activated microglia and astrocytes contribute to neuroinflammation and neuronal death in ALS.  
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Microglia are the resident immune cells of the CNS and are implicated in the immune response to 

injury and disease.  Astrocytes play a key role in the maintenance of homeostasis in the CNS, 

including the regulation of neurotransmitter levels and the removal of toxins.  Microglia and 

astrocytes have been found to interact with each other, forming a complex network that influences 

the progression of ALS.103  The release of proinflammatory cytokines, because of their activation, 

leads to the recruitment and activation of peripheral immune cells such as T lymphocytes and 

monocytes.104  Some reactive oxygen species, such as nitric oxide and proteases, can be released 

as a consequence of chronic activation of microglia thus leading to neurodegeneration and 

neuroinflammation.105  Several studies have shown that activated T cells are present in the spinal 

cord and brain of ALS patients and contribute to neuroinflammation.106  The mechanisms by which 

these immune cells induce damage in ALS are complex and not fully understood, but they likely 

involve a combination of direct neurotoxicity and indirect effects mediated by the release of 

proinflammatory cytokines and chemokines.   

Increasing evidence points to the role of the humoral immune system in ALS and various 

mechanisms have been proposed to explain how its activation may contribute to the damage.  The 

humoral immune response triggers the activation of B-cells and the production of antibodies (Abs), 

leading to inflammation and neurotoxicity.  By targeting the activated complement, a cascade of 

proteins that can incite inflammation and tissue damage, through specific inhibitors, we can 

potentially devise an innovative therapeutic strategy for treating motor neuron diseases.107  

However, the exact mechanisms underlying ALS' humoral immune response and contribution to 

disease progression remain unclear and demand further investigation.  In a study conducted by our 

research group, we investigated the potential involvement of HERV-K in the immune response of 

patients with ALS.  Using different methodological approaches to study the effects of HERV-K in 

humoral and cell-mediated immune responses, we found that HERV-K can modulate the immune 
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response in ALS patients by inducing the production of pro-inflammatory cytokines and increasing 

the expression of immune-related genes.108   

The role of the immune system in ALS pathogenesis is not fully understood and further studies are 

needed to elucidate the mechanisms involved.  However, the emerging evidence suggests that 

targeting immune dysregulation may be a promising therapeutic strategy for ALS.   

 

 

1.5 TAR DNA-binding protein 43 in Amyotrophic Lateral Sclerosis 

TAR DNA-binding protein 43 (TDP-43) is a multi-functional nucleic acid-binding protein that has 

a crucial role in RNA metabolism, involving alternative splicing, mRNA stability, and mRNA 

transport.  It is primarily found in the nucleus; however, under certain conditions, such as cellular 

stress or neurodegenerative diseases, it can translocate into the cytoplasm and form aggregates.  

These aggregates are hallmarks of several neurodegenerative disorders, including ALS, 

frontotemporal lobar degeneration (FTLD), and Alzheimer's disease (AD).  Mutations in the TDP-

43 gene have been linked to familial ALS and sporadic ALS.  TDP-43 pathology has also been 

observed in other neurological disorders, including Parkinson's disease and Huntington's disease.  

The presence of these aggregates in neurodegenerative diseases suggests a common mechanism 

of pathogenesis.   

The loss of TDP-43's regulatory effect on RNA combined with its mislocalization and aggregation 

can have a downstream effect on gene expression and cellular processes and the acquisition of 

toxic properties by TDP-43 can lead to dysfunction and neuronal death.  This dual role of TDP-43 

in disease has been observed in several studies and highlights the importance of understanding the 

mechanisms underlying TDP-43 pathology in neurodegenerative diseases.109   



 35 

The role of TDP-43 in ALS pathogenesis has been investigated by several studies and it has been 

found to be the primary contributor to ubiquitinated inclusions in motor neurons of ALS patients, 

hinting at a key role in the pathology.110   

Mutations in the gene encoding TDP-43 (TARDBP) have been identified in both familial and 

sporadic cases of ALS.111  Animal model studies of ALS have proven that either reducing TDP-43 

levels or inhibiting its aggregation can retard or ameliorate the disease phenotype.112,113   

One of the most prominent hallmarks of TDP-43 pathology in ALS is abnormal phosphorylation 

of the protein, causing it to accumulate in cytoplasmic inclusions.  The exact mechanism by which 

phosphorylation contributes to TDP-43 pathology is not clearly understood, but it is widely 

considered to play a role in affecting the normal function of the protein.  Several kinases have been 

implicated in the abnormal phosphorylation of TDP-43, with many studies suggesting that their 

levels are increased in the spinal cord of ALS patients.114   

The post-transcriptional modification, the mechanisms underlying the aggregation of TDP-43, and 

its toxicity are still not fully understood.  However, several therapeutic approaches targeting TDP-

43 are currently under investigation.  These include RNA-based therapies that target TDP-43 

mRNA or modulate its splicing, small molecule compounds that inhibit TDP-43 aggregation or 

promote its clearance, and immunotherapy approaches that target TDP-43 protein aggregate.115  

The development of efficacious treatments for TDP-43-associated diseases remains challenging, 

requiring further investigations to better grasp the pathogenesis of these disorders and identify new 

targets.   

The regulatory role of TDP-43 toward HERV-K is an important aspect to consider since the binding 

of TDP-43 to HERV-K LTR was confirmed through chromatin immunoprecipitation by Li et al.116  

They observed that the HERV-K expression occurred in human neurons transfected with TDP-43 

plasmid.  Increased replication of HERV-K, as evidenced by the reverse transcriptase activity in 

the culture supernatants and increased viral transcripts in the cell extracts, has been documented 



 36 

following HeLa cells co-transfection with HERV-K and TDP-43.  Additionally, HERV-K 

expression decreased in a knockdown of endogenous TDP-43.  The TDP-43 DNA binding 

capability can lead to the transactivation of HERV-K.  This observation is meaningful given that 

the HERV-K long terminal repeat (LTR) contains five TDP-43 binding sites, suggesting that TDP-

43 may function as a key regulator of HERV-K expression and potentially contribute to 

neurodegeneration.116   

 

 

1.6 microRNA in Amyotrophic Lateral Sclerosis 

microRNAs (miRNAs) are small non-coding RNA molecules that exert crucial roles in the 

regulation of gene expression in biological processes, such as development, differentiation, and 

disease.117  They act by binding to specific sequences on target messenger RNAs (mRNAs), 

resulting in mRNA degradation or translational repression.118  Dysregulation of miRNA expression 

or function has been implicated in numerous diseases, including cancer, neurodegenerative 

disease, and cardiovascular disease.119  For instance, studies have shown that miRNAs are 

differentially expressed in various types of cancer and can function as either oncogenes or tumor 

suppressors.120  In neurodegenerative diseases, such as ALS, Alzheimer's disease, and Parkinson's 

disease, the miRNA-altered expression and function have been linked to disease pathogenesis and 

progression.121  Thus, miRNAs represent promising therapeutic targets for the treatment of various 

diseases.   

Several studies have suggested that the dysregulation of miRNAs could contribute to the 

pathogenesis of ALS.122  MiRNAs have been found to be differentially expressed in ALS patients 

compared to healthy controls, and some of them are known to regulate axonal transport, 

neuroinflammation, protein aggregation, and other key pathways involved in neuronal function.123  

For instance, miR-206, a muscle-specific miRNA, has been found to be upregulated in the spinal 
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cord of ALS patients and in mouse models of the disease, where it contributes to motor neuron 

degeneration by inhibiting the expression of target genes involved in neuromuscular junction 

maintenance.124  MiR-155, involved in the regulation of immune responses, has been shown to be 

upregulated in the spinal cord of ALS patients and to contribute to neuroinflammation by 

promoting the activation of microglia and the production of pro-inflammatory cytokines.125   

Other miRNAs have been found to be dysregulated in ALS and to contribute to the pathogenesis 

of the disease through different mechanisms, such as by regulating the expression of RNA-binding 

proteins (e.g., TDP-43 and FUS) involved in ALS.  However, the exact roles of miRNAs in ALS 

pathogenesis are still not completely understood, and further studies are needed to elucidate the 

underlying mechanisms.   

Since miRNAs play a role in regulating gene expression, we speculate whether they may also 

regulate HERV-K expression to explain the pathological observed retroviral reactivation.  In fact, 

one hypothesis concerns that the downregulation of specific miRNAs may lead to a failure to 

repress HERV-K, inducing its overexpression.  There is a lack of scientific supporting evidence 

regarding the interaction between specific miRNAs and HERV-K, but, from predictions of in silico 

binding and moving forward with molecular studies, we aim to further explore this topic.   

 

 

1.7 Results 

1.7.1 TDP-43 and HERV-K Envelope-Specific Immunogenic Epitopes Are 

Recognized in ALS Patients  

First, we aimed to investigate the humoral response directed against a highly immunogenic epitope 

derived from the envelope of HERV-K and against epitopes identified within the C-terminal 

portion of the TDP-43 protein.  Among the latter epitopes, we also aimed to investigate the one 

that exhibited phosphorylation.  Epitopes’ list are displayed in Materials and Methods, Tab. 2.   
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The Abs levels against HERV-K-env-su(19-37) and three specific epitopes of TDP-43 were assessed 

in the plasma of the ALS patients and healthy donors (HDs) groups.  To compare the quantitative 

values of the Abs’ OD among groups, the Mann–Whitney U test was performed.  ROC analysis 

was used to determine the cut-off values, percentage of positive and negative samples was 

determined using Fisher's exact test.   

Abs targeting HERV-K-env- su(19-37) moiety were present in 40% of the ALS population, versus 

8.89% in the healthy control group. (Fig. 5A): Mann–Whitney U test, p < 0.0001, HDs median = 

0.139, 95% CI [0.107, 0.175], ALS median = 0.371, 95% CI [0.305, 0.45]; cut off value of 0.393; 

Fisher’s exact test, p = 0.0011; and AUC = 0.86.  Regarding the humoral response against TDP-

43 epitopes, we observed that 24.44% of ALS patients exhibited Abs against TDP-43(258–271), 

versus only 4.44% in the healthy group (Figure 5B): Mann–Whitney U test, p < 0.0001, HDs 

median = 0.157, 95% CI [0.084, 0.191], ALS median = 0.284, 95% CI [0.243, 0.318]; cut off value 

of 0.381; Fisher’s exact test, p = 0.013; and AUC = 0.813.  An increased Abs presence against the 

TDP-43(398–411) epitope (Figure 5C) has been detected in ALS patients, with a positivity measured 

in 51.11% of the ALS group compared to  4.44% of HDs with a Fisher’s exact test p < 0.0001 

(Mann–Whitney U test, p < 0.0001, HDs median = 0.11, 95% CI [0.074, 0.168], ALS median = 

0.386, 95% CI [0.332, 0.453]; cut off value of 0.385; and AUC = 0.915).  Figure 5D shows the 

Abs levels targeting TDP-43(398–411)P; 4.44% of healthy subjects were positive, whereas, we 

observed an increased percentage of up to 20.00% in ALS patients (Mann–Whitney U test, p = 

0.0006, HDs median = 0.151, 95% CI [0.103, 0.195], ALS median = 0.226, 95% CI [0.202, 0.255]; 

cut off value of 0.35; Fisher’s exact test, p = 0.049; and AUC = 0.706).   
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Figure 5. ELISA-based analysis of Abs reactivity against HERV-K- and TDP-43-derived epitopes.   

Abs levels targeting HERV-K-env- su(19-37) (A), TDP-43(258–271) (B), TDP-43(398–411) (C), and TDP-43(398–411)P 

(D) fragments, were assessed in plasma samples from ALS patients and HDs subjects.  Median and dashed lines 

depict the thresholds used to interpret the positivity of the samples.  The Mann-Whitney p-value and the 

percentage of positive patients evaluated by Fisher's exact test are indicated at the top of each graph. 

 

To explore a possible variation in the humoral response in the plasma of ALS-Newly-Diagnosed 

(ALS-ND) and ALS-Long-Survivors (ALS-LS) patients, the Kruskal-Wallis test and Dunn's post 

hoc analysis were conducted.  The limitation of this analysis is that the three groups (HD, ALS-

LS, and ALS-ND) are not matched for sex due to the small ALS population; therefore, it would be 

quite intriguing to understand thoroughly if any sex-related statistical differences exist in a wider 

population.  The obtained results reveal a significant difference between HDs versus ALS-

ND/ALS-LS for the epitopes derived from TDP-43 and HERV-K sequence.  There was no 

difference in humoral response observed between ALS-ND and ALS-LS. (Fig. 6) 
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Figure 6. ELISA-based analysis of Abs reactivity against HERV-K- and TDP-43-derived epitopes.   
Abs levels targeting HERV-K-env-su(19–37) (A), TDP-43(258–271) (B), TDP-43(398–411) (C), and TDP-43(398–411)P (D) 

fragments, were assessed in plasma samples from ALS patients and HDs subjects.  A Kruskal–Wallis test and 

Dunn’s post hoc analysis were performed.  Scatter plots represent the median, and the p-value is indicated in the upper 

part of each graph. 

 

To investigate the potential correlation between TDP-43 and HERV-K humoral response, 

additional analysis was performed.  We documented a correlation between the Abs levels against 

HERV-K and TDP-43 epitopes in ALS patients: HERV- K-env-su(19–37) and TDP-43(258–271) (r = 

0.297, p = 0.048) (Fig. 7A), HERV-K-env-su(19–37), and TDP-43(398–411) (r = 0.488, p = 0.001) (Fig. 

7C), and HERV-K-env-su(19–37) and TDP-43(398–411)P (r = 0.435, p = 0.003) (Fig. 7E).  The 

corresponding analysis was carried out in HDs.   

No significant correlations were found in HDs; HERV-K-env-su(19–37) and TDP-43(258–271) showed 

r and p values, respectively, of −0.138 and ns (Fig. 7B), while HERV-K-env-su(19–37), and TDP- 
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43(398–411) showed an r = −0.173 and p = ns, (Fig. 7D), HERV-K-env-su(19–37) and TDP-43(398–411)P 

showed an r = −0.099 and p = ns (Fig. 7F).   

 

 

Figure 7. Scatter plots of Abs to TDP-43 derived peptides, and HERV-K env epitope in ALS populations.   
The graphs show the correlation between HERV-K-env-su(19–37) and TDP-43(258–271), TDP-43(398–411), and TDP-43(398–

411)P in ALS patients (A,C,E) and in HDs (B,D,F).   
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Then, we looked at the correlation between the humoral response against TDP-43 and HERV-K in 

patients classed in ALS-ND and ALS-LS.  Results showed a positive correlation between the 

epitopes in both groups.  Regarding the ALS-ND group: HERV-K-env-su(19–37) and TDP-43(258–271) 

(r = 0.246, p = ns) (Fig. 8A), HERV-K- env-su(19–37) and TDP-43(398–411) (r = 0.451, p = 0.018) 

(Fig. 8C), and HERV-K-env- su(19–37) and TDP-43(398–411)P (r = 0.357, p = ns) (Fig. 8E).  Regarding 

ALS-LS patients: HERV-K-env-su(19–37) and TDP-43(258–271) (r = 0.395, p = ns) (Fig. 8B), HERV-

K-env-su(19–37) and TDP-43(398–411) (r = 0.570, p = 0.013) (Fig. 8D ), and finally HERV-K-env-

su(19–37) and TDP-43(398–411)P (r = 0.473, p = 0.047) (Fig. 8F).   
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Figure 8. Scatter plots of Abs targeting TDP-43 and HERV-K-env derived epitope in ALS patients.  The graphs 

illustrate the correlation between HERV-K-env-su(19–37) and TDP-43(258–271), TDP-43(398–411), and TDP-43(398–411)P in 

ALS-ND patients (A,C,E) and in ALS-LS (B,D,F).  
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1.7.2 Antibody Response to HERV-K May Be Protective in Amyotrophic 

Lateral Sclerosis 

In the second study, conducted in collaboration with the National Institute of Neurological 

Disorders and Stroke, we aimed to better understand the role of the humoral response directed 

against the envelope protein of HERV-K and whether it correlated with disease progression.   

Epitope mapping was carried out on Abs against HERV-K measured in the serum of 10 ALS 

individuals and 8 healthy controls, employing a peptide array that covers the whole protein 

sequence.  The analysis revealed that ALS subjects presented a significantly higher Abs response 

toward more regions of the protein than controls (Wilcoxon corrected p < 0.05) (Fig. 9A).  Notably, 

statistical significance was only observed for peptides that elicited a stronger response in the ALS 

group compared with controls subjects.   

The reactivity pattern of HERV-K-env Abs was clearly different between ALS individuals and 

controls.  In particular, while healthy control sera exhibited responsiveness against only a limited 

number of HERV-K sequence-specific peptides, ALS sera showed reactivity against a much wider 

range of HERV-K-env regions.   

Using the median of the HDs as a positivity threshold, 50.14% of peptides elicited a humoral 

response in controls and 98.26% in ALS sera (Fisher exact test; p < 0.0001) (Fig. 9B).  Using 

Phyre2 software for 3D modeling, we were capable of localizing peptides on HERV-K-env 

subunits.  The majority of peptides recognized from the sera of ALS-affected individuals were 

found to accumulate on the transmembrane subunit of the protein, particularly in the 

nonextracellular areas (Fig. 9D,E, left and center).   

We identified 35 distinct epitopes ranging from 4 to 12 amino acids in length targeted by the Abs 

in ALS patients through the analysis of adjacent peptides that elicited a higher Ab response in ALS 

compared to controls. 
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Figure 9: Differential recognition of HML-2 env peptides in individuals with amyotrophic lateral sclerosis 
(ALS) and controls.  
Analysis of the percentage of total optical density (OD) per peptide in controls (n = 8) (A, upper part), in individuals 

with ALS (n = 10) (B, center), and comparison of both groups (A, lower part) (Wilcoxon test; *p < 0.05), as determined 

by HML-2 env peptide array.  Location and topology of the protein areas according to the amino acid sequence (lower 

part).(A)  Comparison of the values of epitope recognition score of all peptides covering the full sequence of HML-2 

env between ALS individuals and controls (Mann–Whitney; ****p < 0.0001), and comparison of percentage of 

peptides eliciting a humoral response. Red dashed line represents the cutoff used to consider a peptide as positive 

(median of controls) (Fisher’s exact test; p < 0.0001).(B)  Percentage of total OD in an area of the protein mapping 

the peptide used in the enzyme-linked immunosorbent assay (ELISA) assay showing higher reactivity in ALS than in 

controls’ sera (Wilcoxon test; *p < 0.05).(C)  Percentage of total OD in a non-extracellular part of the protein located 

in the transmembrane subunit, showing higher reactivity in ALS than in controls’ sera (Wilcoxon test; *p < 0.05).(D)  

The 3D modeling of the HML-2 env protein showing the location of the subunits (left), the peptides differentially 

recognized by ALS sera (center) and the peptide used in the ELISA assay (right).(E) 
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Afterward, we performed ELISA analysis on sera from 243 ALS patients, 242 HD, and 85 

individuals with MS to screen for Abs to the envelope peptide of HERV-K-env(19-37).  This epitope 

had shown higher reactivity in ALS patients in our previous study and aligned with a region 

exhibiting higher reactivity in ALS patients in the epitope mapping analysis.   

The Abs levels were increased in ALS (mean OD ± SEM = 0.667 ± 0.028) than in HDs (0.340 ± 

0.021) (Mann–Whitney; p < 0.0001) and in MS (0.258 ± 0.027) (Fig. 10A).  The optical density 

(OD) cutoff value of 0.478 indicated the best sensitivity and specificity.  According to this value, 

55.14% of ALS patients and only 21.16% of HDs and 13.10% of MS individuals presented Abs 

targeting the HML-2 epitope (AUC = 0.769, p < 0.0001, Fisher’s exact test p < 0.0001) (Fig. 10A, 

B).   

We assayed extracellular DNA levels of HML-2 (expressed as the ratio of HML-2 copies to RPP30 

copies) in the serum of a subgroup of individuals aiming to investigate possible differences in 

HML-2 expression.  ALS individuals (n = 60) showed a higher HML-2 ratio (mean ratio ± SEM 

= 14.75 ± 3.79) compared to HDs (n = 27) (13.11 ± 3.54), even though the difference was not as 

striking as with Abs, probably because of the smaller sample size (Mann–Whitney; p = 0.02) (Fig. 

10C).  In ALS patients with a disease duration of fewer than 5 years, we found a weak but positive 

correlation between disease duration and the HML-2 ratio (Spearman’s r = 0.34; p = 0.02) (Fig. 

10D).   

In individuals with a disease duration <5 years we observed a strong positive correlation between 

the number of peptides eliciting an immune response and the disease duration (Spearman’s r = 

0.81; p = 0.02) (Fig. 10E).   

We likewise investigated if the observed disparities in Abs response between ALS patients and 

HDs were HERV-K specific or were linked to a broader disease-associated immunoglobulin 

imbalance.  To accomplish this, we analyzed total IgG levels in serum samples and found no 

significant differences between ALS patients (mean ± SEM = 5,585 ± 383.5 μg/ml) and controls 
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(5,805 ± 228.9 μg/ml) (Mann–Whitney; p = 0.19) (Fig. 10F).  Besides, no correlation was observed 

between total IgG levels and anti-HERV-K Ab levels in either healthy donors (Spearman’ r = 0.11; 

p = 0.3) (Fig. 10G) or ALS subjects (Spearman’s r = 0.13; p = 0.2) (Fig. 10H).   
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Figure 10: HML-2 levels and antibodies against a select HML-2 env peptide.  
Comparison of levels of antibodies to a select HML-2 peptide determined by enzyme-linked immunosorbent assay 

(ELISA) in healthy donors (HD) (n = 242), individuals with amyotrophic lateral sclerosis (ALS) (n = 243) and in 

multiple sclerosis (MS) (n = 85) (Kruskal–Wallis test with Dunn post-hoc test; ****p < 0.0001) and comparison of 

percentage of positive individuals. Red dashed line represents the threshold used to assess the samples’ positivity 

(Fisher exact test; p < 0.0001).(A)  ROC curve between sensitivity and specificity of the HML-2 antibody ELISA test 

for every possible cutoff. The area under the ROC curve (AUC) is a measure of the diagnostic test accuracy (AUC = 

0.769; p < 0.0001).(B)  HML-2 ratio (HML-2 env copies/RPP30 copies) in individuals with ALS (n = 60) and HDs (n 

= 27) as determined by digital PCR (Mann–Whitney; *p = 0.02).(C)  Correlation between disease duration and HML-

2 ratio in ALS patients (with duration <5 years) (n = 54; Spearman’s r = 0.34; p = 0.02).(D)  Correlation between the 

number of peptides recognized and the disease duration in individuals with ALS (with duration <5 years) (n = 8; 

Spearman’s r = 0.81; p = 0.02).(E)  Levels of total IgG antibodies as determined by ELISA in HDs (n = 100) and 

individuals with ALS (n = 100) (Mann–Whitney; p = 0.19).(F)  Correlation between concentration of total IgG 

antibodies and levels of HML-2 antibodies in the serum of HDs (n = 99; Spearman r = 0.11; p = 0.27).(G)  Correlation 

between concentration of total IgG antibodies and levels of HML-2 antibodies in the serum of individuals with ALS 

(n = 99; Spearman r = 0.13; p = 0.22).(H)   
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On the classification of ALS subjects according to EL Escorial's criteria, we observed a weak 

positive correlation between the HML-2 ratio and the degree of diagnosis of ALS (Spearman’s r 

= 0.24; p = 0.03) (Fig. 11A).  Although the levels of HML-2 Abs were higher in all classes of ALS 

compared to controls (Kruskal–Wallis test; p < 0.0001), we found a weak negative correlation 

between the level of confidence in the ALS diagnosis and the levels of HML-2 Abs in ALS patients 

(Spearman’s r = 0.15; p = 0.02) (Fig. 11B).   

Indeed, patients with definite ALS (unpaired t-test; p = 0.03) (Fig. 11C) showed lower Abs levels 

than patients with a non-definite diagnosis of ALS (suspected, possible, or probable combined).  

Since the level of confidence in the diagnosis is dependent on the extent to which the disease has 

spread, the definitive diagnosis of ALS needs upper and lower motor involvement in at least three 

regions, this finding hints that Abs levels decline in the later stages of the disease.  To investigate 

if Abs levels were associated with disease survival, we categorized individuals with ALS into three 

groups according to the ENCALS survival prediction model.  The results showed that very long 

survival individuals (≥91 ± 1.84 months) had higher levels of HML-2 env Abs than the patients 

predicted to have a moderate (from 25.3 ± 0.06 to 43.7 ± 0.21 months) or very short survival (≤17.7 

± 0.20 months) (ANOVA with Sidak’ post-hoc; p = 0.03 and p = 0.02, respectively) (Fig. 11D).  

When we divided the ALS group into tertiles based on HML-2 env Abs levels, the patients with 

the lowest Abs presence had lower survival (Tertile 1 median survival = 36 months) versus the 

subjects with higher levels of Abs (Tertile 2 median survival = 51 months; Tertile 3 median survival 

= 50 months) (Log-rank Mantel-Cox test; p = 0.03) (Fig. 11E).   
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Figure 11: Correlation of HML-2 ratio and antibodies with severity of amyotrophic lateral sclerosis (ALS). (A) HML-

2 ratio in individuals with ALS classified by El Escorial criteria (suspected: n = 2; possible: n = 13; probable: n = 29 

and definite: n = 11) and in healthy donors (HD) (n = 27) as measured by digital polymerase chain reaction (PCR). 

Correlation analysis by Spearman’s r test (r = 0.24; p = 0.03). (B) Levels of HML-2 env antibodies in individuals with 

ALS classified by El Escorial criteria (suspected: n = 10; possible: n = 39; probable: n = 112 and definite: n = 67) and 

in controls (n = 327; 242 HD and 85 multiple sclerosis [MS]), as determined by peptide enzyme-linked immunosorbent 

assay (ELISA). Comparison between groups (Kruskal–Wallis test with Dunn post-hoc analysis). Correlation analysis 

by Spearman r test (r = 0.15; p = 0.02). (C) Levels of HML-2 env antibodies in individuals with non-definite and 

definite ALS according to El Escorial criteria (unpaired t-test; p = 0.03). (D) Levels of HML-2 env antibodies in ALS 

individuals grouped by predicted survival according to the ENCALS model (analysis of variance [ANOVA] with 

Sidak post-hoc test; p = 0.02 and p = 0.03). (E) Analysis of observed survival in individuals with ALS according to 

the levels of antibodies to a select HML-2 env peptide. HML-2 antibodies optical density (ODs): Tertile 1 (n = 78); 

OD: 0.026–0.380; Tertile 2 (n = 78); OD: 0.381–0.749; Tertile 3 (n = 79); OD: 0.750–2.79. Log-rank Mantel–Cox 

test; p = 0.03.  
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1.7.3 Effect of Antiretroviral Therapy on HERV-K Abs Levels in Amyotrophic 

Lateral Sclerosis Patients 

Our purpose aimed to explore whether 24 weeks of antiretroviral therapy, usually used to handle 

HIV infection, could successfully reduce levels of HERV-K AAbs in ALS patients.  We measured 

Abs levels of HERV-K by ELISA assay, during, and after treatment with the antiretroviral 

regimen.  The ALS patients who had a ratio of HERV-K:RPP30 greater than or equal to 13 were 

enrolled in the study.  About 30% of ALS patients had detectable levels of HERV-K, and about 

20% of patients with ALS had a level >1000 copies/ml.  We recruited approximately 20% of 

patients with high levels to determine the antiretroviral effect.  Levels of Abs against HERV-K 

epitopes were measured in 16 out of 28 ALS patients who completed a 24-week antiretroviral 

therapy regimen consisting of Darunavir, Tenoforvir, and Dolutegravir.  Blood samples were 

collected every 4 weeks up to the 36th week to monitor the trend of the Abs before, during, and 

after the end of the therapy.  The obtained results, expressed as MEAN ± SEM (Fig. 12), did not 

show significant differences in the levels of Abs directed against the different HERV-K epitopes 

before, during, and after antiretroviral treatment.  The OD values, directly proportional to the Abs 

presence in the plasma, ranged from 0.758 to 0.902 for HERV-K-env(19-37) (Fig. 12A), from 0.583 

to 0.704 for HERV-K-env(165) (Fig. 12B), from 0.684 to 0.740 for HERV-K-env(648) (Fig. 12C), 

and from 0.521 to 0.590 for HERV-K-env(668) (Fig. 12D).  
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Figure 12. ELISA-based analysis of antibody reactivity against HERV-K-derived peptides in ALS patients 
undergoing antiretroviral therapy at multiple time points.  
Plasma samples were tested against HERV-K-env-su(19-37) (A), TDP-43(165) (B), TDP-43(648) (C), and TDP-

43(398–411)P (D) peptides. A Kruskal–Wallis test and Dunn’s post hoc analysis were performed.  

To have a clearer understanding of the tendency of Abs levels during the therapy, we categorized 

all time points (TPs) into three groups: pre-treatment TP, including blood and screening TPs; post-

treatment TP, including those at weeks 28 and 36 TPs; and the end of antiretroviral therapy at 

week 24 TP.  The results, displayed in Fig. 13, show a decreasing trend in Abs levels, although 

not statistically significant among the three TPs.  Briefly, we observed a decrease in the OD levels 

from 0.883 to 0.823 for HERV-K-env (19-37) (Fig. 13A), from 0.695 to 0.626 for HERV-K-env(165) 

(Fig. 13B), from 0.733 to 0.694 in HERV-K-env(648) (Fig. 13C) and from 0.592 to 0.539 for HERV-

K-env(668) (Fig. 13D).  A limitation of this study is that the post-treatment period considered is 

probably not sufficient to observe the onset of Abs production, as it is necessary to consider the 

period of HERV-K reactivation after antiretroviral therapy.  It would be very interesting to analyze 
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the long-term Abs trend for the patients involved in the study and correlate these results with the 

HERV-K-env gene expression levels, as well as with the clinical data.   

 

Figure 13. The reactivity of Abs against HERV-K-derived peptides in ALS patients under antiretroviral therapy was 

analyzed by ELISA at three different time points. The pre-treatment time point represents the average between the 

blood collection and screening time points, while the post-treatment time point represents the average between the 

Week 28 and Week 36-time points. Plasma samples were tested against HERV-K-env-su(19-37) (A), TDP-43(165) 

(B), TDP-43(648) (C), and TDP-43(398–411)P (D) peptides. A Kruskal–Wallis test and Dunn’s post hoc analysis were 

performed.  

 

 

1.7.4 Co-Transfection and Transfection of microRNAs in HEK-293 and 

TERA-1 Cells  

To investigate the regulatory effect of miRNAs on HERV-K expression, we decided to focus on 

those that are down-regulated in ALS and capable of binding to the consensus sequence of HERV-
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K.  We identified 5 miRNAs for which the binding with the HERV-K sequence was predicted in 

silico analysis using the miRDB database.   

In this study, HEK-293 cells were co-transfected with the selected miRNAs and HERV-K plasmid 

using Lipofectamine 3000 instructions (Thermo Fisher). 

We conducted co-transfection experiments in HEK-293 cells to identify miRNAs that had a 

stronger effect on silencing HERV-K expression. Specifically, we transfected single miRNAs, 

combinations of miRNAs, and varying concentrations of Negative-Control-miRNA (NC-miR) to 

determine the concentration of NC-miR that could result in non-specific silencing (Fig. 14).   

The Western Blot results showed that the co-transfection led to a decrease in HERV-K protein 

levels for miR-182 and miR-221, as compared to the cells transfected with the NC-miR.  Based 

on these results, we decided to perform a second transfection using only the two selected miRNAs.   

 

Figure 14. miR-182 and miR-221 modulate protein expression in HEK-293 after transfection.  
Proteins purified from the HEK-293 cell line were analyzed by western blot.  

 

We conducted the  co-transfection experiment solely using the miR-182 and miR-221 with the aim 

to investigate their potential role in regulating HERV-K expression.  These two microRNAs have 

been shown to be dysregulated in various neurological diseases, including ALS, and have been 

implicated in the regulation of multiple cellular processes such as apoptosis, cell proliferation, and 

differentiation.  As shown in Fig.15, we assessed the effect of miRNAs on the gene expression of 
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HERV-K by considering the -env (Fig. 15A), -gag (Fig. 15B), and -pol (Fig. 15C) genes.  The 

greatest silencing effect was observed at the -env gene level, with a significant difference between 

cells transfected with the NC-miRNA and those transfected with miR-182, miR-221, and the 

combination of both miRNAs.  The same effect has been observed regarding -gag gene for the co-

transfection with HERV-K and miR-182, HERV-K and miR-221, and HERV-K with the 

combination of both miRNAs (Fig. 15B).  A slightly different result was observed for the silencing 

of the -pol gene.  In fact, the only significant difference was observed regarding the co-transfection 

with HERV-K and miR-182 (Fig. 15C).  The results at the protein expression level reflect the data 

obtained regarding gene expression.  It seems that miR-182 acts with a mechanism that does not 

induce the degradation of the target mRNA but physically inhibits it from proceeding with 

translation in ribosomes and miR-221 acts with a mechanism that induces the degradation of the 

target mRNA.  Therefore, the combination of the two miRNAs may have a synergistic effect, 

leading to a significant reduction in protein expression levels of HERV-K (Fig. 15A, B).  These 

results suggest that the use of specific miRNAs or their combination could represent a potential 

strategy for the regulation of HERV-K expression. 

 

 

Figure 15. miR-182 and miR-221 modulates env, gag, and pol gene expression in HEK-293 after transfection.  

After transfection, RNA was collected and used for RT-qPCR to analyze the expression of the env-gene (A), gag-gene 

(B), and pol-gene (C). p < 0.05 = *, p < 0.01 = **, p < 0.001 = ***. 
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Figure 16. miR-182 and miR-221 modulate HERV-K envelope protein expression in HEK-293 after 
transfection.  
Proteins purified from the HEK-293 cell line were analyzed by western blot.  Protein expression levels were assessed 

by western blot analysis (A) and protein signals were quantified using ImageJ and plotted (B).  

 

After this evidence, we wanted to further investigate the 5 selected miRNAs’ binding property to 

endogenously expressed HERV-K to get closer to what might happen in pathology.  To achieve 

this, we transfected the TERA-1 cell line, which expresses HERV-K at a relatively high 

endogenous level.  TERA-1 is a human choriocarcinoma cell line that has been widely used as a 

model system to study the expression and function of HERV-K.  Unlike what was observed in the 

transfection of HEK-293 cells, we did not observe a significant difference in the expression of 

endogenous HERV-K before and after transfection with miRNAs at the level of the HERV-K-

envelope protein (Fig. 17), nor at the level of the pre-processed protein (Fig. 17C) or even at the 

level of the transmembrane fragment (Fig. 17D).   
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Figure 17. miRNAs transfection in the TERA-1 cell line.  
Proteins purified from the TERA-1 cell line were analyzed by western blot (A).  Protein expression levels were 

assessed by western blot analysis and HERV-K-env (B), HERV-K-env-preprocessed (C) and HERV-K-env-

transmembrane (D) protein signals were quantified using ImageJ and plotted. 

 

 

1.8 Discussion 

Within this investigation, we conducted an assessment of the humoral response elicited by different 

immunogenic epitopes derived with both HERV-K and TDP-43.  Of particular interest has been 

the hypothesis of its functional role, along with a preliminary analysis of the regulatory miRNAs 

mechanisms that might govern HERV-K expression.   

We observed a noteworthy increase in Abs directed against the C-terminal fragment of TDP-43 

and the HERV-K-env(19-37) epitopes in ALS patients relative to healthy controls.  These findings 

corroborate our prior results and emphasize the significance of HERV-K as a crucial component 

in ALS pathology.126   
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Conti et al. documented higher levels of both anti-TDP-43 Abs and TDP-43 protein in the serum 

of patients with ALS compared with healthy controls and those with motor neuron mimic disease, 

Alzheimer's disease, and frontotemporal lobar degeneration.  However, there was a lack of 

correlation between the levels of Abs and protein in the serum.127 

On the other hand, the literature has provided clear evidence that the cytoplasmic aggregation of 

phosphorylated, ubiquitinated, and truncated TDP-43 is a pathological hallmark found throughout 

the clinical spectrum of ALS.128,129  The C-terminal region of TDP-43 is a complex domain that 

plays a crucial role in mediating liquid-liquid phase transitions within the protein.  These 

transitions are essential for the biogenesis of various membrane-less organelles, such as stress 

granules.  However, this region also renders TDP-43 susceptible to misfolding and aggregation.130  

Of note, C-terminal fragments (CTFs) are present within cytoplasmic aggregates alongside the 

full-length form of TDP-43.131  Our results emphasize the increased humoral response targeted 

towards specific C-terminal epitopes, including phosphorylated variants, of TDP-43 in patients 

with ALS compared to HDs.   

A recent study132 aimed to develop TDP-43-specific immunotherapy that can limit neuronal 

damage while maintaining physiological TDP-43 function.  The study identified the C-terminal 

domain of TDP-43 as the key targeting domain through in vitro and mouse models.  Targeting this 

domain was found to reduce pathology and neurotoxicity while preserving physiological TDP-43 

activity. The study also found that monoclonal Abs treatment could enhance phagocytic capacity 

in ALS patient-derived microglia, enabling clearance of misfolded TDP-43.  These results support 

the clinical strategy of targeting the C-terminal fragment of TDP-43 through immunotherapy.132 

It would be particularly intriguing to investigate whether exist an association between the plasma 

Abs presence and the cerebral accumulation of TDP-43, as it might provide valuable insight about 

the presence of the protein in the brain.   
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To explore the potential role of Abs as a new biomarker in ALS, we examined their presence in 

both ALS-ND and ALS-LS patients.  The humoral response to the four selected epitopes did not 

show any significant differences, suggesting that the Abs targeting the selected epitopes may be 

present in ALS patients at an early stage of diagnosis.  Performing a prospective study to 

investigate the humoral response by searching for AAbs at the onset of symptoms, before a 

definitive ALS diagnosis is established, would be intriguing.   

An aberrant expression of HERV-K pol transcripts has been observed in post-mortem brain 

samples from ALS patients when compared to individuals with other neurological disorders and 

healthy controls.133  Additionally, Arru et al. have reported significantly elevated levels of anti-

HERV-K-env-su Abs in the serum and cerebrospinal fluid of ALS patients, suggesting the 

development of a humoral immune response to HERV-K.134   

Moreover, HERV-K pol-gene expression was observed to be correlated with TDP-43 mRNA in 

post-mortem brain tissue of ALS patients116, and we also identified a correlation between the 

humoral response against HERV-K-env-su(19-37) and TDP-43 epitopes in ALS patients.135   

In a recent study, researchers investigated the inter-cellular movement of "prion-like" proteins as 

a potential explanation for the propagation of neurodegeneration between cells.49  The study 

focused on the progression of ALS and FTD, which are not infectious and cannot be caused by the 

injection of aggregated TDP-43 alone.  The study found that ERV expression and TDP-43 

proteinopathy are mutually reinforcing and that the expression of certain viral ERVs can stimulate 

the cytoplasmic aggregation of human TDP-43. 49  This mechanism could potentially explain the 

neurodegenerative propagation through neuronal tissue caused by TDP-43 proteinopathy.136   

Unlike the correlation among Abs directed against TDP-43 and HERV-K that we observed in ALS 

patients, we did not find any correlation in healthy controls, which supports and suggests a specific 

association between HERV-K and TDP-43 in disease conditions.  Taking into account the duration 

of the disease we found a slightly stronger correlation between TDP-43 and HERV-K Ab levels in 
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LS-ALS compared to ND-ALS.  If future studies validate this finding, this relationship may serve 

as a potential marker of ALS progression.  A prospective study monitoring ALS patients as their 

condition evolves would be valuable to investigate this field.   

It is relevant to point out that in the immune responses, the initial epitopes that trigger the adaptive 

immune system are usually limited.  However, with repeated exposure to an antigen, the T and B 

cell responses can broaden to include other epitopes of the same antigen.  This phenomenon, the 

intramolecular epitope spreading, refers to the process where the immune response diversifies its 

specificity from the initial response that targets dominant epitopes on a self or foreign protein to 

other subdominant or cryptic epitopes on the same protein (intramolecular spreading) or other 

proteins (intermolecular spreading).137  An explanation for our results, regarding the multiple 

epitope recognition of HML-2 env in ALS may be attributed to epitope spreading.  Therefore, it 

remains to be clarified what role these Abs may have in ALS pathology.   

We decided to delve deeper into this aspect investigating the Abs response against the viral element 

HERV-K and its relationship with ALS pathology.  Specifically, we sought to evaluate whether 

intramolecular epitope spreading of the HERV-K virus was involved in the pathogenesis of ALS 

and whether the Abs response against viral epitopes was associated with disease progression.  

Additionally, we examined whether anti-HERV-K Abs had a protective effect on ALS.  We 

documented a diminished humoral response against HML-2 in ALS patients in the later stages of 

the disease.  In addition, we observed a correlation between lower levels of anti-HERV-K Abs and 

poorer predicted and observed survival in ALS patients.  Furthermore, consistent with the previous 

study, we found higher levels of extracellular HERV-K-DNA in the serum of individuals with 

ALS.138  Taken together, our results suggest that the reactivation of HERV-K may play a role in 

the development of ALS and that a humoral response against it could be protective for patients.  

An alternative hypothesis is that B cell activation may occur during the early stages of the disease, 

but there could be a subsequent decline in B cell function as the illness progresses.  Furthermore, 
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our study revealed that the serum samples from ALS patients exhibited a distinct reactivity pattern 

to the envelope protein of HERV-K, with more antigenic regions compared to control samples.  

We also observed a correlation between the levels of HERV-K in the serum and disease duration, 

suggesting that some individuals with ALS may experience continuous exposure to HERV-K 

antigens.  The study revealed that there is a correlation between the duration of the disease in ALS 

patients and the number of HERV-K peptides recognized by their sera.  This indicates that epitope 

spreading may be responsible for the increase in epitope recognition of HERV-K in ALS.  

Therefore, it is possible that the increase in epitope recognition of HERV-K in ALS patients may 

be due to epitope spreading resulting from neural death and subsequent release of normally cryptic 

antigens.   

Since HERV-K env is a protein encoded by a human gene, Abs against it would be considered 

autoantibodies (AAbs).  Although AAbs are known to have a pathogenic role, several studies have 

also suggested that autoimmunity can be protective in certain situations.  For instance, in systemic 

lupus erythematosus (SLE), IgM anti-double-stranded DNA (anti-dsDNA) Abs are negatively 

correlated with the severity of glomerulonephritis139,140 and the administration of IgM anti-dsDNA 

prevents the development of pathology in a SLE mouse model.141   

There is growing evidence to support that the immune system plays a beneficial role in the 

progression of ALS.  It has been suggested that similar to the situation in cancer immunology, the 

onset of clinical symptoms in neurodegenerative diseases may reflect immune tolerance towards 

neurotoxic self-antigens and a loss of immune surveillance.  To fight off neurodegenerative 

conditions, breaking peripheral immune tolerance to the CNS self-antigens may be necessary to 

boost protective autoimmunity.142  Protective autoimmunity is believed to be a natural response to 

CNS trauma.  While not yet confirmed, some studies suggest that ALS may be linked to repetitive 

CNS trauma in certain individuals.  For example, ALS rates have been reported to be higher among 

military veterans and collision-sport athletes.143–145  It is possible that the expression of HERV-K 
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may contribute to the increased risk of neurodegeneration after brain trauma.  Neural stem cells 

typically migrate to areas of CNS trauma to facilitate repair, and HERV-K env is highly expressed 

in neural stem cells but silenced in neurons and differentiated cells.  Therefore, it is possible that 

the reactivation of HERV-K in neural stem cells after CNS trauma may contribute to the 

development of neurodegenerative diseases such as ALS, Alzheimer's disease, Parkinson's disease, 

and chronic traumatic encephalopathy.  However, more research is needed to test this 

hypothesis.20,146  In addition, HERV-K env is known to be neurotoxic, which may lead to 

degeneration in neurons near areas of brain injury if the expression of HERV-K in differentiating 

neural stem cells is not silenced quickly enough, or if this process occurs repeatedly due to 

repetitive brain trauma.  However, AAbs against HML-2 env may have a protective effect against 

neurodegeneration and the development of ALS in individuals with increased expression of 

HERV-K following brain injury.   

In summary, this evidences have important strengths, including large sample size and extensive 

follow-up of individuals with ALS, allowing for analysis of predicted and observed survival 

according to Abs levels.  The limitations include incomplete information on the date of onset for 

all patients, and the association between Ab levels and predicted survival may be influenced by 

additional prognostic factors beyond the progression rate, such as onset type, age at onset, 

diagnostic criteria, and the presence of genetic mutations.  Furthermore, the study only analyzed 

Abs against HERV-K-env, but there may be other HERV-K proteins or antigens that are also 

relevant to the development and progression of ALS.  Additionally, the study focused on a specific 

population of European descent, and it is unclear whether these findings can be generalized to 

other populations with different genetic backgrounds and environmental exposures.  Our results 

suggest that HERV-K Abs may have a protective role in slowing disease progression in ALS, but 

it is still unclear whether these Abs have a causal effect or are simply a biomarker.  Testing these 

Abs as a potential therapeutic option for ALS could be a promising approach.  In fact, a monoclonal 
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Ab against the envelope of HERV-W has already been developed as a treatment for MS.  Further 

research is needed to investigate the potential therapeutic use of HERV-K Abs in ALS.147  A 

preclinical study aimed at investigating the potential therapeutic application of a monoclonal Ab 

targeting HERV-K env in ALS has demonstrated its ability to prevent neurodegeneration induced 

by HERV-K-env protein both in vitro and in vivo.148   

To better understand the role of Abs in ALS, we decided to monitor their levels during the 

administration of antiretroviral therapy.  It has been suggested that HIV infection can lead to the 

upregulation of HERV-K expression, which may contribute to the chronic immune activation and 

inflammation seen in HIV-positive individuals.149  In our study, levels of Abs against HERV-K 

epitopes were measured before, during, and after a 24-week course of antiretroviral therapy 

targeting HIV in ALS patients who were negative for HIV.  The therapy included Darunavir, 

Tenofovir, and Dolutegravir.  Darunavir is a medication that belongs to a class of drugs called 

protease inhibitors.  It is primarily used in the treatment of HIV infection.  Darunavir works by 

inhibiting the activity of the HIV-1 protease enzyme, which is responsible for cleaving viral 

proteins into their functional components during the replication of the virus.  By inhibiting this 

enzyme, it prevents the formation of new viral particles, thereby reducing the viral load in the body 

and slowing the progression of HIV infection.  Tenofovir is an antiviral medication that works by 

inhibiting the reverse transcriptase enzyme of the HIV and the hepatitis B virus (HBV).  It blocks 

the activity of this enzyme and prevents the virus from replicating and spreading in the body.  

Tenofovir is often used in combination with other antiretroviral drugs to treat HIV infection and 

to reduce the risk of transmitting HIV to others.  It is also used to treat chronic hepatitis B virus 

infection. Dolutegravir belongs to the class of HIV integrase inhibitors, which blocks the activity 

of the viral integrase enzyme, preventing the insertion of viral DNA into the host DNA and thus 

preventing the virus from replicating. In this way, Dolutegravir helps to control HIV infection and 

prevent the development of AIDS.   
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Despite the administration of antiretroviral therapy, we did not observe significant changes in the 

levels of Abs directed against immunogenic epitopes of the HERV-K envelope.  The lack of 

significant changes suggests that antiretroviral therapy against HIV has no effect on the level of 

Abs directed against HERV-K.  The study has some limitations that need to be taken into account.  

Firstly, the study population is relatively small, with only 16 patients completing the study.  

Furthermore, the period taken into consideration after the end of antiretroviral therapy is short, 

since blood samples were collected up to the 36th week.  Since we are examining the presence of 

Abs rather than HERV-K gene expression, it may take more time after the completion of therapy 

to detect any reactivation of HERV-K, which should result in the production of Abs.  Therefore, 

it is essential to associate the Abs levels data with HERV-K gene expression levels to observe 

whether these results are directly or indirectly correlated.  It is important to note that this type of 

study is still in its early stages and further research is needed to fully understand the relationship 

between HERV-K and ALS.  However, the detection of Abs against HERV-K in ALS patients 

may open up new avenues for understanding the pathogenesis of the disease and for developing 

new therapeutic approaches.   

In addition to the role played by the immune system in producing antibodies, we decided to 

investigate one of the potential roles underlying the regulation of HERV-K gene expression.  

MicroRNAs predominantly regulate the expression of target genes in a negative manner.  Our 

hypothesis is that a dysregulation at the level of microRNAs may lead to a failure in the silencing 

of HERV-K and its consequent overexpression.  We decided to focus our attention on the two 

microRNAs that, following a preliminary experiment, showed the greatest effect in regulating 

HERV-K, miR-182 and miR-221.   

MicroRNA 182 (miR-182) is a small non-coding RNA molecule that plays a critical role in various 

biological processes.  It has been shown to be involved in the regulation of neuronal differentiation, 

synaptic plasticity, and cancer development.  Studies have demonstrated that miR-182 can promote 
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the proliferation and migration of cancer cells in different types of cancers, including breast, lung, 

liver, and colon cancer.  In addition to its role in cancer, miR-182 has also been implicated in 

neuronal development and function.150,151   

MicroRNA 221 (miR-221) is a small non-coding RNA molecule that has been shown to play a 

crucial role in various biological processes, including cell proliferation, apoptosis, and 

differentiation.  It is highly expressed in several types of cancer, and studies have suggested that 

miR-221 may serve as a potential target for cancer therapy.   

Research has demonstrated that miR-221 is upregulated in various types of cancer, including 

breast, liver, and pancreatic cancer.152  Moreover, miR-221 has also been implicated in 

cardiovascular disease.  Studies have suggested that miR-221 may play a role in the pathogenesis 

of atherosclerosis and vascular smooth muscle cell proliferation.153   

In summary, miR-182 and miR-221 are multifunctional molecules that play critical roles in various 

biological processes, including cancer and cardiovascular disease.  Understanding their molecular 

mechanisms of action and downstream targets may provide insights into the development of new 

therapies for ALS.   

However, the findings from TERA 1 cell line transfection, which involved cells expressing HERV-

K endogenously, did not reveal a significant impact of the microRNAs on HERV-K expression 

post-transfection.  This suggests that, despite their ability to bind and regulate the HERV-K 

sequence, as we demonstrated in HEK-293 cell line co-transfection, their actual physiological 

impact may differ.  HERV-K expression varies across different cell types, and it would be advisable 

to confirm this result using cell lines that are directly implicated in the pathology to obtain a more 

accurate representation.  The most appropriate cell lines to study HERV-K regulation in ALS 

would be those derived from motor neurons or other cell types directly involved in the disease 

pathogenesis.  Therefore, further studies are needed to investigate the expression of HERV-K in 
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different cell types, particularly those involved in the pathology, to better understand the role of 

HERV-K-targeting microRNAs in regulating HERV-K expression.   

 

 

1.9 Conclusions and Future Directions 

Our study aimed to achieve a greater understanding of the role of the immune system in the 

pathology of ALS.  There are still many points to clarify, and certainly, one of our next goals will 

be to continue the analysis aimed at elucidating the function of the immune system and the role of 

microRNAs in this disease.  We also aim to expand the study population by examining not only 

patients but also close relatives, in order to determine if they exhibit any particular characteristics.  

Currently, there are no biomarkers available for the diagnosis of ALS, and the disease is typically 

diagnosed based on clinical presentation and exclusion of other conditions.  This lack of 

biomarkers and early diagnostic tools poses a major challenge in the management and treatment 

of ALS, as the disease progression can vary greatly between patients.  Additionally, many patients 

may not receive a diagnosis until the disease has already advanced significantly, further limiting 

the effectiveness of available treatments.  There is a critical need for the development of reliable 

biomarkers and early diagnostic tools in order to improve the diagnosis and management of ALS.   
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2 Introduction  

2.1 SARS-CoV-2 and Human Endogenous Retrovirus 

SARS-CoV-2 belongs to the family of coronaviruses, which also includes SARS-CoV and MERS-

CoV, both of which caused previous outbreaks.  SARS-CoV-2 is a single-stranded RNA virus and 

it is responsible for the COVID-19 pandemic, a respiratory illness that emerged in Wuhan, China 

in December 2019, which has affected millions of people around the world and caused significant 

morbidity and mortality.154  The virus is highly contagious and spreads through respiratory droplets 

and contact with contaminated surfaces. The virus can cause a range of symptoms, from mild to 

severe, and can lead to hospitalization and death in some cases.155  Some of the most common 

symptoms include fever, cough, and difficulty breathing, while more severe cases can lead to acute 

respiratory distress syndrome, septic shock, and multi-organ failure.  Recent studies have 

suggested that a significant proportion of patients with severe COVID-19 disease develop AAbs 

against a range of self-antigens, which could contribute to the pathogenesis of the disease.156  AAbs 

against various targets, including type I interferons and multiple cytokines, have been reported in 

patients with severe COVID-19.157,158  In some cases, these AAbs have been associated with an 

impaired immune response and a worse clinical outcome.  While the exact mechanisms underlying 

the production of AAbs in COVID-19 patients are not yet fully understood, it is believed that the 

virus may trigger a dysregulated immune response leading to the production of AAbs.  Their 

presence in COVID-19 patients highlights the need for further research to understand the role of 

autoimmunity in the disease and to develop potential strategies for treatment.  Several studies have 

explored the possible link between HERVs and SARS-CoV-2.  A recent in vitro study 

demonstrated that the envelope protein of SARS-CoV-2 can induce the expression of HERV-K.159   

Balestrieri et al.160 documented the increased expression of HERV-W-envelope protein in COVID-

19 leukocytes compared to healthy individuals.  The envelope expression was positively correlated 
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with markers of T-cell differentiation and exhaustion as well as blood cytokine levels.  The 

percentage of lymphocytes positive for HERV-W ENV was also found to be positively correlated 

with inflammatory markers and the severity of pneumonia in COVID-19 subjects.  Interestingly, 

the expression of HERV-W ENV was found to be indicative of the respiratory outcome of patients 

during their hospitalization. 160 

In addition, has been shown that HERV-K expression is upregulated in COVID-19 patients, 

particularly in those with severe disease.  The authors suggested that the expression of HERVs 

may contribute to the pathophysiology of local inflammatory pathways in SARS-CoV-2-infected 

lungs and that targeting their expression could be a potential therapeutic strategy. 161   

Since the activation of HERVs has been implicated in the pathogenesis of COVID-19, targeting 

these elements could be a potential therapeutic strategy for the treatment of this disease.   

 

 

2.2 SARS-COV-2 Epidemiology and Risk factors  

The COVID-19 pandemic has rapidly spread worldwide since its emergence in late 2019.  

Epidemiological data have shown that COVID-19 affects all age groups and both genders, with 

higher morbidity and mortality rates observed in elderly and male patients, respectively.  The virus 

is mainly transmitted via respiratory droplets, close contact, and fomites.  Several risk factors have 

been identified to be associated with severe COVID-19, including pre-existing comorbidities such 

as hypertension, diabetes, obesity, and cardiovascular disease, as well as immunocompromised 

status.  In addition, environmental and socio-economic factors have also been shown to play a role 

in COVID-19 morbidity and mortality.162  Current prevention measures include vaccination, social 

distancing, wearing masks, and frequent hand washing.  The etiology of SARS-CoV-2 infection is 

complex and not yet fully understood.  The virus is believed to have originated from bats and may 

have been transmitted to humans through an intermediate host, such as a pangolin.163  SARS-CoV-
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2 enters human cells through the angiotensin-converting enzyme 2 (ACE2) receptor and employs 

the transmembrane protease serine 2 (TMPRSS2) for viral spike protein priming and membrane 

fusion.164  Once inside the host, the virus can cause damage to various organs, including the 

respiratory system, cardiovascular system, and gastrointestinal system, among others.165,166  The 

pathogenesis of SARS-CoV-2 infection involves a dysregulated immune response that can lead to 

a cytokine storm and acute respiratory distress syndrome in severe cases.167   

 

 

2.3 SARS-COV-2 Diagnosis and Therapy 

The diagnosis of COVID-19 is primarily based on RT-PCR assays targeting SARS-CoV-2 nucleic 

acid.168 However, chest computed tomography (CT) is also used to diagnose and monitor the 

disease.  CT can reveal the presence of ground-glass opacities and consolidations in the lungs, 

which are typical radiological features of COVID-19.169  Other diagnostic tests for COVID-19 

include serological assays that detect IgM and IgG Abs against SARS-CoV-2.170   

Treatment for COVID-19 is mainly supportive and includes symptomatic management, oxygen 

therapy, and mechanical ventilation for severe cases (WHO, 2020).  Several drugs, such as 

antivirals, immunomodulators, and monoclonal antibodies, have been used in clinical trials to treat 

COVID-19, but none have been proven to be universally effective.171  Some of the drugs that have 

been used include Remdesivir172, Hydroxychloroquine173, Tocilizumab174, and convalescent 

plasma.175  While treatments for COVID-19 have improved over time, the best course of action 

remains prevention through vaccination.  Vaccines are a safe and effective tool for preventing 

COVID-19, reducing the likelihood of infection and severe disease.  With the emergence of new 

variants, vaccination remains critical for maintaining immunity and reducing transmission.  While 

some individuals may still contract COVID-19 even after being vaccinated, the risk of severe 
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illness and hospitalization is greatly reduced.  Additionally, widespread vaccination has been 

shown to slow the spread of the virus and decrease the likelihood of new variants emerging.  

 

 

2.4 Results 

2.4.1 HCoV-NL63 and SARS-CoV-2 Share Recognized Epitopes by the 

Humoral Response in Sera of People Collected Pre- and during CoV-2 

Pandemic  

In our first study, we pursued an explanation for the heterogeneity among responses to SARS-

CoV-2 infection.   

Despite the lack of structural homology in RBD cores or RBM between HCoV-NL63 and SARS-

CoV, both viruses recognize common regions on ACE2.  We attempted to identify possible 

common binding hotspots on ACE2 using the IEDB site by analyzing the S-proteins of both CoVs.  

We wondered if a serologic cross-reactivity may be found between HCoV-NL63 and SARS-CoV-

2.  Since HCoV-NL63 is known to infect children and is thus widely distributed in the population, 

we investigated whether a previous NL-63 infection could elicit a rapid immune response to 

SARS-CoV-2 infection, thus providing a first line of protection.   

We evaluated the humoral response against five selected epitopes of HCoV-NL63 and two 

epitopes of SARS-CoV-2 in plasma samples from pre-pandemic (samples collected before the 

pandemic period), mid-pandemic (samples collected during the pandemic period), and SARS-

CoV-2 positive patients groups.  The NL63-RBM1 epitope showed a statistically significant 

difference in Abs response between the pre-pandemic and mid-pandemic populations (p = 0.0055), 

as determined by the Mann-Whitney U test.  Cut-off values were established using ROC analysis, 

and Fisher's exact test was used to determine the percentage of positive and negative samples.  We 
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found that 63.1% of the pre-pandemic population (101 out of 160 patients) and 48.9% of the mid-

pandemic population (69 out of 141 patients) were seropositive (p = 0.01, Fisher's exact test) with 

a cut-off value of 0.100 and AUC = 0.593 (Fig.18A).  

The humoral response against NL63-DISC-like and NL63-RBM2_1 epitopes showed a significant 

difference between pre-pandemic and mid-pandemic populations, with p-values of 0.0001 for 

both.  Of the pre-pandemic patients, 112 out of 160 (70%) were positive for NL63-DISC-like, 

while 69 out of 141 mid-pandemic patients (48.9%) were positive (p = 0.0002, Fisher's exact test).  

The cut-off value was determined to be 0.087, with an AUC of 0.627 and p-value of 0.0001 (Figure 

1F).  Similarly, for NL63-RBM2_1, 120 out of 160 pre-pandemic patients (75%) and 69 out of 

141 mid-pandemic patients (48.9%) were positive (p < 0.0001, Fisher's exact test) with a cut-off 

value of 0.149, AUC of 0.630 and p-value of 0.0001 (Fig. 18B,F).   

The Abs response to COV2-SPIKE(421–434) and COV2-SPIKE(742–759) showed a significant 

difference between the pre-pandemic and mid-pandemic populations, both with p < 0.0001 (Fig. 

18G,H).  The analysis of COV2-SPIKE(421–434) peptide showed that 128 out of 160 patients (80%) 

in the pre-pandemic population and 60 out of 141 patients (42.5%) in the mid-pandemic population 

were positive (p < 0.0001, Fisher's exact test) with a cut-off value of 0.157, AUC = 0.736, and p 

< 0.0001. In regards to COV2-SPIKE(742–759), 111 out of 160 patients (69.4%) and 72 out of 141 

patients (51.1%) in the pre-pandemic and mid-pandemic populations respectively were positive (p 

= 0.001, Fisher's exact test) with a cut-off value of 0.093, AUC = 0.633 and p < 0.0001 (Fig. 

18G,H). However, the Ab response against NL63-RBM2_2, NL63-RBM3, and NL63-SPIKE(541–

554) were not significantly different between the two populations (Fig. 18C,D,E). 



 73 

 

Figure 18. ELISA-based analysis of Abs reactivity against SARS-CoV-2 and HCoV-NL63 derived peptides.  

Plasma samples were tested against NL63-RBM1 (A), NL63-RBM2_1 (B), NL63-RBM2_2 (C), NL53-RBM3 (D), 

NL63-SPIKE(541-554) (E), NL63-DISC-like (F), COV-SPIKE(421-434) (G) and COV2-SPIKE(742-759) (H) peptides. Scatter 

plots represent the median with the interquartile range. Dashed lines represent thresholds used to assess the sample 

positivity. 
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Correlation analyses were conducted using OD values obtained from assessing humoral responses 

to HCoV-NL63 and SARS-CoV-2 epitopes.  Remarkably, in the pre-pandemic COVID-19 group, 

the Abs response to SARS-CoV-2 epitopes showed a positive correlation with the Abs response to 

NL63-derived peptides.  Specifically, COV2-SPIKE(742–759) showed a moderate correlation with 

NL63-RBM1 (r = 0.601, p < 0.0001) (Fig. 19A), NL63-RBM2_2 (r = 0.592, p < 0.0001) (Fig. 

19C), NL63-RBM3 (r = 0.626, p < 0.0001) (Fig. 19D).  Moderate correlations were also observed 

between COV2-SPIKE(421–434) and NL63-RBM1 (r = 0.661, p < 0.0001) (Fig. 20A), NL63-

RBM2_1 (r = 0.5, p < 0.0001) (Fig. 20B), NL63-RBM2_2 (r = 0.571, p < 0.0001) (Fig 20C), 

NL63-RBM3 (r = 0.582, p < 0.0001) (Fig 20D), and NL63-DISC-like (r = 0.529, p < 0.0001) (Fig 

20F); a low correlation was noted between COV2-SPIKE(421–434) and NL63-SPIKE(541–554) (r = 

0.414, p < 0.0001) (Fig 20E).   
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Figure 19. Scatter plot expressing correlation between SARS-CoV-2 and HCoV-NL63 derived peptides in pre-
pandemic COVID19 cohort.   
The graphs show the correlation between COV2-SPIKE(742–759) and NL63-RBM1 (A), NL63-RBM2_1 (B), NL63-

RBM2_2 (C), NL63-RBM3 (D), NL63-SPIKE(541–554) (E), NL63-DISC-like (F). 
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Figure 20. Scatter plot expressing correlation between SARS-CoV-2 and HCoV-NL63 derived peptides in pre-
pandemic COVID19 cohort.  
The graphs show the correlation between COV2-SPIKE(421–434) and NL63-RBM1 (A), NL63-RBM2_1 (B), NL63-

RBM2_2 (C), NL63-RBM3 (D), NL63-SPIKE(541–554) (E), and NL63-DISC-like (F). 
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In addition, positive correlations were found between SARS-CoV-2 epitopes and NL63-derived 

peptides in the mid-pandemic group's antibody response.  COV2-SPIKE(742-759) showed a low 

correlation with NL63-RBM1 (r = 0.423, p < 0.0001) (Fig 21A), NL63-RBM2_1 (r = 0.391, p < 

0.0001) (Fig 21B), NL63-RBM2_2 (r = 0.395, p < 0.0001) (Fig 21C), NL63-RBM3 (r = 0.342, p 

< 0.0001) (Fig. 21D), NL63-DISC-like (r = 0.324, p = 0.0001) (Fig. 21F). Meanwhile, COV2-

SPIKE(421-434) showed a moderate correlation with NL63-RBM1 (r = 0.589, p < 0.0001) (Fig. 22A), 

NL63-RBM2_1 (r = 0.564, p < 0.0001) (Fig. 22B), NL63-RBM2_2 (r = 0.551, p < 0.0001) (Fig. 

22C), NL63-SPIKE(541-554) (r = 0.502, p < 0.0001) (Fig. 22E).  Interestingly, a remarkably high 

correlation was observed between COV2-SPIKE(421-434) and NL63-RBM3 (r = 0.797, p < 0.0001) 

(Fig. 22D).   
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Figure 21. Scatter plot expressing correlation between SARS-CoV-2 and HCoV-NL63 derived peptides in mid-
pandemic COVID-19 cohort.  
The graphs show the correlation between COV2-SPIKE(742–759) and NL63-RBM1 (A), NL63-RBM2_1 (B), NL63-

RBM2_2 (C), NL63-RBM3 (D), NL63-SPIKE(541–554) (E) and NL63-DISC-like (F). 
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Figure 22. Scatter plot expressing correlation between SARS-CoV-2 and HCoV-NL63 derived peptides in mid-
pandemic COVID19 cohort.  
The graphs show the correlation between COV2-SPIKE(421–434) and NL63-RBM1 (A), NL63-RBM2_1 (B), NL63-

RBM2_2 (C), NL63-RBM3 (D), NL63-SPIKE(541–554) (E), NL63-DISC-like (F). 
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To investigate age-related differences in the pre-pandemic population, we conducted a Spearman 

correlation analysis between HCoV-NL63 and SARS-CoV-2 epitopes.  The resulting correlation 

coefficients were used to generate heatmaps (Fig. 23) depicting the strength of the correlations 

between pairs of epitopes in the pre-pandemic population, stratified by age group as detailed in 

Table 1.   

 

Table 1. Details of the pre-pandemic population divided by age groups (years old, y/o) 

Age Groups Number of Patients 

5-10 y/o 14 

11-20 y/o 33 

21-40 y/o 25 

41-60 y/o 50 

61-80 y/o 35 

 

In the age group of 5-10 y/o (Fig. 23A), several high correlations were observed between NL63-

RBM1 and NL63-RBM2_1 (r = 0.735, p = 0.004), NL63-RBM2_1 and COV2-SPIKE(421–434) (r = 

0.859, p < 0.0001), NL63-RBM3 and COV2-SPIKE(421–434) (r = 0.724, p = 0.005), NL63-RBM3 

and COV2-SPIKE(742–759) (r = 0.745, p = 0.003), COV2-SPIKE(421–434) and COV2-SPIKE(742–

759) (r = 0.79, p = 0.001).   

In the 11-20 y/o group (Fig. 23B), moderate correlations were observed among several epitopes 

including NL63-RBM3 and NL63-RBM1 (r = 0.525, p = 0.002), NL63-DISC-like and NL63-

RBM1 (r = 0.511, p = 0.002), COV2-SPIKE(421–434) and NL63-RBM1 (r = 0.552, p = 0.0009), 

NL63-DISC-like and NL63-RBM2_1 (r = 0.529, p = 0.002), COV2-SPIKE(421–434) and the 

epitopes NL63-RBM2_1 (r = 0.678, p < 0.0001), NL63-RBM2_2 (r = 0.580, p = 0.0004), NL63-

RBM3 (r = 0.560, p = 0.0007), NL63-DISC-like (r = 0.573, p < 0.0001); a moderate correlation 
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was also found between COV2-SPIKE(742–759) and the epitopes RBM2_2 (r = 0.520, p = 0.002), 

NL63-RBM3 (r = 0.579, p < 0.0001) and NL63-DISC-like (r = 0.553, p= 0.001).   

Moving to the age group of 21-40 y/o (Fig. 23C), high correlations were found between NL63-

RBM1 and COV2-SPIKE(742–759) (r = 0.759, p < 0.0001), COV2-SPIKE(742–759) and COV2-

SPIKE(421–434) (r = 0.720, p < 0.0001).   

In regard to the 41–60 age group (Fig. 23D), a high correlation was obtained between COV2-

SPIKE(421–434) and NL63-RBM1 (r = 0.720, p < 0.0001).  Finally, in the 61-80 years age group 

(Fig. 23E), high correlations were observed between NL63-RBM2_2 and NL63-RBM1 (r = 

0.725, p < 0.0001), COV2-SPIKE(742–759) and the epitopes NL63-RBM1 (r = 0.704, p < 0.0001), 

NL63-RBM2_2 (r = 0.824, p < 0.0001), COV2-SPIKE(421–434) (r = 0.713, p < 0.0001); also, 

NL63-SPIKE(541–554) and NL63-RBM3 showed a high correlation (r = 0.702, p < 0.0001).   

 

 

 



 82 

 

Figure 23. Heatmap displaying the Spearman correlation analysis performed among HCoV-NL63 and SARS-
CoV-2 derived peptides. 
Heatmap displaying the r values obtained from Spearman correlation analysis performed among HCoV-NL63 and 

SARS-CoV-2 derived peptides used in the previous experiments in the pre-pandemic cohort divided by age groups 

(A) (5–10 years old), (B) (11–20 years old), (C) (21–40 years old), (D) 41–60 years/old) and (E) (61–80 years old).  

 

A group of 46 patients diagnosed with SARS-CoV-2 were examined for the presence of Abs 

against COV2-SPIKE(742–759) and COV2-SPIKE(421–434).  To compare the COVID-19 group with 

the pre-pandemic and mid-pandemic cohorts, a Kruskal-Wallis test was performed.  The results 

showed a statistically significant difference between the pre-pandemic and mid-pandemic 

populations (p < 0.0001) and between the mid-pandemic and COVID-19 populations (p < 0.0001). 

However, no significant difference was found between the COVID-19 group and the pre-pandemic 

population, as demonstrated in Fig. 24.   
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Figure 24. ELISA-based analysis of Abs reactivity against Spike SARS-CoV-2 derived epitopes. 
ELISA-based analysis of Abs reactivity against Spike SARS-CoV-2 derived peptides in pre-pandemic, mid-pandemic 

and COVID19 populations. Plasma samples were tested against COV2-SPIKE(742–759) (A) and COV2-SPIKE(421–

434) (B) peptides. Kruskal–Wallis test was used for the analyses. Scatter plots represent median with interquartile range. 

 

Based on these findings, 11 COVID-19 patients were selected for further analysis, based on their 

plasma Abs response to the COV2-SPIKE(421–434) peptide.  Of these, five patients showed a strong 

response, while six showed a medium response.  Notably, all strongly responsive patients 

demonstrated significant Abs cross-reactivity, which was markedly reduced following incubation 

with the NL63-RBM3 peptide.  Results from the competition ELISA revealed a reduction of 

51.2%, 64.8%, 65.4%, 43.7%, and 78.6% for COVID-19#1 through COVID-19#5, respectively.  

Meanwhile, medium-responsive patients showed a reduction of 73.9%, 70.1%, 38.6%, 47.6%, 

35.1%, and 50.9% for COVID-19#6 through COVID-19#11, respectively (Fig. 25). 

 

 

 

 



 84 

 

Figure 25. Competition assay with COV2-SPIKE(421–434) coated ELISA plate.  
Plasma from 11 COVID19 patients, with strong and medium antibody response against COV2-SPIKE(421–434) epitope, 

were pre-incubated overnight with NL63-RBM3. The grey and black bars represent plasma reactivity against COV2-

SPIKE(421–434) under normal conditions and after incubation with NL63-RBM3, respectively. Positive and negative 

controls were included in the assay. 

 

 

2.4.2 Increased Presence of Antibodies against Type I Interferons and Human 

Endogenous Retrovirus W in Intensive Care Unit COVID-19 Patients  

The aim of our study was to investigate the presence of Abs against type I interferons and HERV-

W in COVID-19 patients in the intensive care unit (ICU) and compare them with non-ICU 

COVID-19 patients and healthy controls, in order to understand their potential role in disease 

severity and outcomes.  The study investigated the humoral response in plasma samples of HD 

subjects , COVID-19 and ICU patients matched by age and sex against selected peptides.  The 

Kruskal-Wallis test and Dunn's post hoc analysis were conducted to examine differences in the 

humoral response.  A significant difference in Abs responses has been observed between HDs and 

ICU patients considering the presence of Abs against IFN-α peptide and the epitope derived from 

the envelope portion of HERV-W (HERV- W(248–262)), with p values of 0.003 and, 0.0001, 

respectively (Fig. 26B,C).  Statistically significant differences were found in the humoral 

responses against IFN-ω and HERV-W(248–262) between COVID-19 and ICU patient populations, 
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with p values of 0.011 and 0.018, respectively (Fig. 26A,C).  The presence of HERV-W(248-262) and 

IFN Abs were evaluated for their relationship between COVID-19 and ICU patient populations 

using Spearman's correlation.  Positive correlations were also observed.  Briefly, as shown in Fig 

27A, in HD subjects, positive correlations were found for HERV-W(248–262) and IFN-ω (r = 0.35; p 

= 0.017) and HERV-W(248–262) and IFN-α (r = 0.489; p = 0.0006) (Fig. 27D); in COVID-19 patients, 

positive correlations were found for HERV-W(248–262) and IFN-ω (r = 0.6; p < 0.0001) (Fig. 27B) 

and HERV-W(248–262) and IFN-α (r = 0.573; p < 0.0001) (Fig. 27E); and in ICU patients, positive 

correlations were found for HERV-W(248–262) and IFN-ω (r = 0.49; p = 0.02) (Fig. 27C) and HERV-

W(248–262) and IFN-α (r = 0.848; p < 0.0001) (Fig. 27F). 

 

Figure 26. Analysis of humoral responses against IFNs and HERV-W in the HD, COVID-19, and ICU groups. 
Analysis of humoral responses against IFN-ω (A)-, IFN-α (B)-, and HERV-W(248–262) (C)-derived epitopes in the 

HD, COVID-19, and ICU groups. A Kruskal-Wallis test and Dunn’s post hoc analysis were performed. Scatterplots 

represent the medians with 95% confidence intervals (CIs), and the P value is indicated in the upper part of each graph. 

OD, optical density.  
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Figure 27. Scatterplots of humoral responses among HERV-W and IFN-derived epitopes in the HD and 

patients groups.  

The graphs show the correlations between HERV-W(248–262) and IFN-ω in the HD (A), COVID-19 (B), and ICU (C) 

populations and the correlations between HERV-W(248–262) and IFN-α in the HD (D), COVID-19 (E), and ICU (F) 

populations.  

 

 

2.5  Discussion 

The theory of cross-reactivity between HCoVs providing temporary protection against infection 

with other CoVs has been widely proposed.176,177  Sagar et al. have reported that patients with 

previously detected human coronavirus (HCoVs) infections have experienced less severe 

coronavirus disease 2019 illness.  They suggested that pre-existing immune responses against 

HCoVs can alleviate disease manifestations from SARS-CoV-2 infection.178   

There are three known antigenic groups of coronaviruses that are associated with diseases in 

animals and humans.  The known HCoVs, including HCoV-229E and HCoV-NL63 in the alpha-

group, and HCoV-OC43 in the beta-group, are typically known to cause mild upper respiratory 

tract diseases and, in rare cases, lower respiratory tract diseases.  Among them, HCoV-NL63 is the 
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only coronavirus responsible for mild infections that use the ACE2 receptor as a target for its S 

protein.179   

The S-protein of HCoV-NL63 has been extensively studied.  Despite the lack of structural 

homology in RBD cores or RBM between HCoV-NL63 and SARS-CoV, both viruses recognize 

common regions on ACE2, largely due to a "virus-binding hotspot" on ACE2.  We attempted to 

identify possible common binding hotspots on ACE2 using the IEDB site by analyzing the S-

proteins of both CoVs.  Additionally, structural and phylogenetic analysis of the S-proteins 

revealed low homology in the amino acid sequence between SARS-CoV and SARS-CoV-2.  

However, both S-protein RBDs exhibited the same mode of binding to ACE2.180   

With regard to what was expressed above, we wondered if a serologic cross-reactivity may be 

found between HCoV-NL63 and SARS-CoV-2.  Previous studies have examined Ab cross-reaction 

between alpha- and beta-coronaviruses, but the findings have been limited.  Loos et al.181 reported 

some positive relationships between IgG response to common CoVs and SARS-CoV-2 RBD-

specific immunity.  However, they used the HCoV-NL63 RBD without examining selected highly 

immunogenic B cell epitopes.  Our study aimed to analyze the immunogenicity of these epitopes 

and determine if they exhibit any cross-reactivity between HCoV-NL63 and SARS-CoV-2.  

Recently, three studies were published in Nature, Science, and Cell journals, demonstrating 

evidence of cross-reactive T-cell immunity between human coronaviruses (229E, NL63, OC43, 

and HKU1), and SARS-CoV-2.  These studies provided compelling evidence for the existence of 

such cross-reactive immunity.182–184   

Mateus et al.184 presented three cases where human coronaviruses (HCoVs) analogs were better 

antigens than the SARS-CoV-2 peptide, suggesting that they could be the corresponding 

immunogen, including one analog from HCoV-NL63.  These results demonstrate cross-reactive 

HCoV T-cell specificities, which are in contrast to HCoV-neutralizing Abs that are specific to each 

HCoV species and do not exhibit cross-reactivity against SARS-CoV-2 RBD, as reported by 
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Premkumar et al.184–186  Here, a study tested archived human samples collected before the 

emergence of SARS-CoV-2, including samples from 20 American adults and individuals in South 

Asia, the Caribbean, and Central America, for binding against RBD spike antigens from HCoVα 

(NL63) and HCoVβ (HKU1), but no reaction was observed.  On the other hand, Sotgia et al. have 

suggested that epitopes from mild pathogenic coronaviruses could be used for a vaccine.187   

Ng et al.188 have reported the identification of several epitopes that were recognized by cross-

reactive Abs in uninfected individuals, providing evidence for the presence of preexisting Abs 

recognizing SARS-CoV-2.  These findings and the discovery of preexisting T cell memory against 

seasonal HCoVs and SARS-CoV-2 may shed light on natural SARS-CoV-2 infection.  However, 

it is important to note that this protective cross-immunity is not long-lasting and likely not 

sterilizing.188  

Our study initially evaluated the Ab response to five HCoV-NL63 peptides and two SARS-CoV-2 

S-protein epitopes in both a pre-pandemic and a mid-pandemic group.  The pre-pandemic group 

has a high likelihood of recent HCoV infections, including NL63, as it comprises approximately 

one-third of patients under 18 years old, who are more likely to be exposed to these viruses.  The 

use of short peptides instead of expressed proteins is a study limitation, but it also presents an 

opportunity to reveal previously hidden epitopes.189   

The population before the COVID-19 pandemic showed a robust humoral response against HCoV-

NL63 compared to the mid-pandemic population, specifically for NL63-RBM1 and NL63-DISC-

like.  Interestingly, we also observed a surprisingly strong humoral response to SARS-CoV-2 S-

protein epitopes in the pre-pandemic population.  It should be noted that this response cannot be 

attributed to SARS-CoV-2 since the samples were collected prior to 2019.  We confirmed these 

findings by conducting a rapid test on one of the most reactive pre-pandemic samples for SARS-

CoV-2 epitopes, which yielded a positive result.  Our data indicate that 72.5% and 68.7% of the 

pre-pandemic population are seropositive against COV2-SPIKE(421-434) and COV2-SPIKE(742-759), 
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respectively.  We hypothesize that this heterologous cross-reactivity between HCoV-NL63 Abs 

and SARS-CoV-2 epitopes may be responsible for the observed response.  The correlations 

observed between HCoV-NL63 and SARS-CoV-2 peptides in both cohorts support the theory of 

Ab cross-reactivity between the two viruses, indicating that HCoV-NL63 may provide some level 

of protection against SARS-CoV-2.  Additionally, we examined the correlations among the 

epitopes utilized in this study within the pre-pandemic population, stratified by age groups.  The 

most significant correlation was observed in the 5-10 years and 40-60 years age groups.  While 

further research is necessary to fully comprehend this correlation, one possibility is that NL63 Abs 

may aid in managing SARS-CoV-2 infections more effectively.  In order to validate these findings, 

a cELISA was conducted on individuals diagnosed with SARS-CoV-2, which revealed a 

significant discrepancy in Ab response against SARS-CoV-2 epitopes between the pre-pandemic 

and mid-pandemic cohorts, as well as between the COVID19 and mid-pandemic groups.  It is 

worth noting that HCoV-NL63 infections were mostly observed during the winter season, which 

is when our pre-pandemic samples were obtained.  Additionally, 30.6% of the children under 18 

years old were the most commonly affected by HCoV-NL63 during this period, which could 

explain the comparable Ab response between the pre-pandemic and COVID-19 groups.  To further 

support this notion, Canducci et al. discovered that out of 322 infants with acute respiratory 

disease, 8.7% of the cases were caused by coronaviruses, with HCoV-NL63 accounting for 21.4% 

of those cases.189,190   

Our initial hypothesis that Abs targeted at HCoV-NL63 S-protein may recognize SARS-CoV-2 S-

protein epitopes is reinforced by these findings.  These results are particularly significant in 

patients with both strong and moderate Ab responses, as we observed a significant decrease in Abs 

against COV2-SPIKE(421–434), with the exception of two patients (COVID-19#8 and COVID-

19#10) who exhibited a reduction of less than 40%.  Given the increased seroprevalence of HCoV-

NL63 infections and the lower incidence of SARS-CoV-2 in children, it is possible that Abs 
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directed against HCoV-NL63 may provide some degree of protection for certain individuals 

impacted by SARS-CoV-2.  A recent report suggests that SARS-CoV-2 exhibits a stronger 

molecular interaction energy with the human ACE2 receptor compared to SARS-CoV and HCoV-

NL63, providing an explanation for SARS-CoV-2's heightened pathogenicity.  Additionally, a 

greater understanding is needed in order to investigate the potential contribution of pre-existing 

immunity provided by other coronaviruses, such as HCoV-OC43, which may be mediated by 

different proteins than Spike.191,192   

We have also wondered whether the individual differences in the response to SARS-CoV-2 

infection could be somehow related to the presence of AAbs that weaken the humoral response.  

Our findings reveal that individuals with severe COVID-19 requiring intensive care exhibit 

elevated levels of AAbs against IFN-α and IFN-ω compared to those with mild COVID-19 and 

healthy controls.  Additionally, ICU patients demonstrated heightened levels of Abs against 

HERV-W-env(248–262).  These neutralizing AAbs against IFN-I may interfere with the binding of 

IFN-I to the type I interferon receptor (IFNAR), thereby impeding the activation of the antiviral 

response.193–195   

The first evidence linking AAbs against type I interferons and severe forms of COVID-19 disease 

was published in 2020.193  These authors found that at least 10% of patients with life-threatening 

COVID-19 pneumonia had AAbs against type I interferons.193  Later, the same group reported that 

nearly 4% of uninfected individuals over the age of 70 also had neutralizing AAbs against type I 

interferons.194  These AAbs could account for nearly 20% of COVID-19 deaths, and their levels 

increased with age.194  Additionally, Chang et al. reported AAbs against IFN- α in 45% of COVID-

19 patients.195  Recent research by Manry et al.196 has suggested that AAbs against type I 

interferons are strong predictors of death in COVID-19 patients.  The authors evaluated the 

association between infection fatality rate (IFR) and the relative risk of death (RRD) and 

neutralizing AAbs against type I interferons across age groups.  It was found that carriers of AAbs 
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against both IFN-α and IFN-ω had a higher RRD across age groups, particularly those less than 

70 years old.  These findings further confirm the importance of type I IFN-neutralizing AAbs as 

predictors of life-threatening COVID-19 disease.  The presence of AAbs appears to be a unique 

feature of SARS-CoV-2 infection, as multiple studies have reported the presence of AAbs typically 

found in autoimmune diseases, such as vasculitis and rheumatic diseases, in patients with severe 

COVID-19, rather than in those with milder disease.156,197,198  In the context of susceptibility to 

severe COVID-19 and the presence of AAbs, the type I IFN defect provides a partial explanation, 

which could be confirmed through functional models and assays.  It is intriguing that levels of 

AAbs against the HERV-W-env(248–262) epitope were significantly higher in ICU patients compared 

to those with mild COVID-19 and healthy controls, and showed a strong correlation with anti-

IFN-I AAbs, especially anti-IFN-α.  It is well known that HERV expression can be triggered by 

various factors, including infectious agents.  The strong correlation between HERV-W-env and 

IFN-α Ab levels suggests that SARS-CoV-2 may induce the reactivation of HERV-W sequences, 

which could contribute to the heightened adaptive response observed in ICU patients.  The 

presence of AAbs against HERV-W-env in ICU patients with life-threatening COVID-19 has been 

shown to be strongly correlated with anti-IFN-α AAbs, indicating a potential relationship between 

these two factors.  This association has also been observed in a mouse model with anti-myelin 

oligodendrocyte glycoprotein autoimmune responses.  HERV-W envelope has been found to be 

highly expressed in T lymphocytes of COVID-19 patients, and its transcript levels have been 

positively associated with clinical parameters and disease severity.160  The increased presence of 

Abs against HERV-W-env supports its abnormal expression.  Furthermore, HERV-W envelope 

mRNA levels were strongly correlated with pro-inflammatory cytokines, such as IL-6, IL-17, 

CXCL6, and MCP1.  Studies have demonstrated positive correlations between the mRNA levels 

of HERVs and those of IFN-I and IFN-II in children with COVID-19.  Children with severe 

COVID-19 had decreased expression levels of the IFN-I and IFN-III genes, along with reduced 
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levels of HERV-W transcripts, compared to those with mild symptoms.  Although the presence of 

AAbs against HERV-W-env in COVID-19 patients suggests a heightened adaptive response, 

further research is needed to understand the exact mechanisms of HERV-W expression in COVID-

19 and its relationship with the immune response.199  In conclusion, patients with life-threatening 

COVID-19 in the ICU display elevated levels of anti-IFN-I AAbs and HERV-W-env(248–262) Abs, 

in comparison to both healthy controls and COVID-19 patients with mild/moderate disease.  

Furthermore, the humoral responses against HERV-W-env(248–262) and IFN-α are strongly linked in 

ICU patients.  Further research is necessary to gain a better understanding of the role of HERV-W 

in COVID-19 and the impact of SARS-CoV-2 on HERV-W activation and the presence of AAbs 

against IFN-I.  It is worth noting that type I IFNs are part of a complex cross-regulatory network, 

which in rare cases can lead to harm to the host rather than protection against infectious diseases.200  

Additionally, evaluating the levels of anti-IFN-I Abs in a population of individuals before and after 

SARS-CoV-2 infection could help clarify the impact of SARS-CoV-2 on AAbs levels, HERV 

activation, the clinical course of the disease, and the potential prognostic significance of these 

AAbs.  
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3 Materials and methods 

3.1 Samples - TDP-43 and HERV-K Envelope-Specific 

Immunogenic Epitopes Are Recognized in ALS Patients 

We conducted a study to evaluate a group of 45 patients with ALS consisting of 17 females and 28 

males with a mean age of 64.67 ± 9.11 years. We also included an age- and gender-matched healthy 

control group (HDs) of 17 females and 28 males with a mean age of 63.87 ± 4.82 years. The ALS 

group included newly diagnosed (ALS-ND) ALS patients (7 females and 20 males; mean age ± 

SD: 64 ± 7.8 years) who were hospitalized at the Neurology Unit Clinic of the University Hospital 

of Sassari and long-surviving (ALS-LS) ALS patients (10 females and 8 males; mean age ± SD: 

65.8 ± 10.4 years) reported by primary doctors and doctors in the Sassari local district. 

All participants provided informed consent prior to inclusion in the study, which was conducted 

in accordance with the Declaration of Helsinki and approved by the Ethics Committee of ALS 1 

Sassari (2149/CE). 

 

 

3.2 Samples - Antibody Response to HML-2 May Be Protective in 

Amyotrophic Lateral Sclerosis 

We examined serum samples from 243 individuals with ALS who were part of the Northeast ALS 

Consortium (NEALS) (99 females, 140 males, four unknown sex; mean age ± SD = 58.89 ± 10.61 

years). We also collected 242 serum samples from age- and sex-matched healthy donors (HD) from 

the Blood Transfusion Centre of Sassari (84 females and 158 males; age ± SD = 53.29 ± 6.45 

years) and 85 samples from individuals with multiple sclerosis (MS) (54 females and 31 males; 

mean age ± SD = 57.35 ± 9.6 years). ALS individuals were classified based on the EL Escorial 
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criteria21 or predicted survival by the ENCALS model22 into suspected, possible, probable, and 

definite ALS. The ALS population included newly diagnosed patients as well as those with long, 

moderate, or short survival. MS patients were diagnosed based on McDonald’s criteria23 and 

included those treated with immunomodulators or untreated. All samples were stored at -80°C 

until used, and this study was approved by the local ethics committees on human experimentation. 

All individuals provided written informed consent. 

 

 

3.3  Samples - Effect of Antiretroviral Therapy on HERV-K Abs 

Levels in Amyotrophic Lateral Sclerosis Patients 

Serum samples from 16 ALS patients under antiretroviral therapy were analyzed through ELISA 

assay.  For each patient, the presence of autoantibodies against 4 epitopes of HERV-K-envelope 

was assessed during a 36-week period, with blood sample collection every 4 weeks. 

 

 

3.4  Blood samples collection 

Peripheral venous blood samples were obtained from the participants using K2-EDTA tubes. The 

collected whole blood was gently layered over an equal volume of Ficoll (Sigma-Aldrich, St. 

Louis, MO, USA) in a 15 mL tube and centrifuged for 20 minutes at 1800 RPM without brake. 

The plasma located in the uppermost layer was collected by pipetting and tested for the presence 

of antibodies against TDP-43- and HERV-K-env-derived epitopes. The PBMCs were collected and 

stored at -80°C in FBS with 10% dimethyl sulfoxide (DMSO) for further analysis.  
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3.5  IEDB – epitope prediction 

The epitopes utilized in this study were designed using the Immune Epitope Database and analysis 

resource (IEDB) and synthesized with high purity (>95%) by LifeTein, located in South Plainfield, 

NJ, USA. The IEDB software was used to predict regions of proteins that are likely to be 

recognized as epitopes in the context of a B-cell response. All peptides were dissolved in DFM or 

DMSO, in relation to the chemical-physical characteristics, and stored in single-use aliquots (10 

mM) at -80°C. The selected  immunogenic sequence are displayed in Tab.2. 

 

Table 2. Immunogenic sequences of epitopes used for ELISA assay 

Name Epitope sequence 

HERV-K-env(19–37) VWVPGPTDDRCPAKPEEEG 

HERV-K-env(165) LGRAPGCLMPAVQNW 

HERV-K-env(648) LFCLLLVCRCTQQLR 

HERV-K-env(668) RERAMMTMAVLSKRK 

TDP-43(258–271) SNAEPKHNSNRQLE  

TDP-43(398–411) NGGFGSSMDSKSSG  

TDP-43(398–411)P NGGFGSSMDSK-(PSer)-(PSer)-G  

NL63-RBM1  FGGSCYVCKPHQVNI  

NL63-RBM2_1  NRVKSGSPGDSSWH  

NL63-RBM2_2  VKSGSPGDSSW  

NL63-RBM3  WHYTSYTIVGALYVT  

NL63-SPIKE(541–554)  SEGNSITGVPYPVS  

NL63-DISC-like  SGGRGSGRGGNLTYLNLSSEL  

COV2-SPIKE(421–434)  FSQILPDPSKPSKRSFIE  

COV2-SPIKE(742–759)  CNGVEGFNCYFPLQS  

Annexin-A2  LEGDHSTPPSAYGSVKAYTNFDAER 
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3.6 Epitope mapping 

Using an enzyme-linked immunosorbent assay (ELISA) to detect antibodies against a recombinant 

HML-2 envelope protein (MyBioSource, catalog number MBS1391552_a0), we screened serum 

samples from 46 healthy controls (HDs) and 66 individuals with ALS.  We selected serum samples 

from 10 ALS patients and 8 age- and sex-matched HDs that showed reactivity to the protein.  Using 

peptide microarrays covering the complete sequence of the protein (Uniprot ID: Q69384) 

(PEPperCHIP Immunoassay, PepperPrint, Heidelberg, Germany), epitope mapping of the 

antibodies to HML-2 envelope was performed.  The assay involved converting the elongated 699 

amino acids antigen sequence into 15 amino acids peptides with a peptide-peptide overlap of 14 

amino acids, in duplicate.  The peptide microarrays were incubated in phosphate-buffered saline 

(PBS) with 0.05% Tween20 and blocking buffer (Rockland Blocking Buffer MB-070), followed 

by incubation with secondary Ab, washing, and drying before being scanned (GenePix 4300A, 

Molecular Devices LLC, CA, USA). The serum samples were diluted 1:200 in staining buffer, 

added to each array, and incubated overnight at 4°C on an orbital shaker.  The same process was 

performed with an anti-hemagglutinin control antibody.  The scanned images were analyzed using 

MAPIX analyzer. 

 

 

3.7  ELISA 

An indirect enzyme-linked immunosorbent assay (ELISA) was carried out to detect specific 

antibodies against HERV-K-env epitopes.  Nunc immuno-plates with 96 wells were incubated 

overnight at 4°C in a solution of 0.05 M carbonate-bicarbonate (pH 9.5) from Sigma-Aldrich (St. 

Louis, MO, USA), along with the corresponding peptides at a concentration of 10 μg/mL.  The 

plates were blocked with a solution of 5% non-fat dried milk from Sigma-Aldrich and Tris-

buffered saline (TBS) and incubated at room temperature for 1 hour.  The plates were washed 
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twice with TBS-T (TBS with 0.05% Tween-20) and plasma samples were added at a concentration 

of 1:100, followed by incubation for 2 hours.  After washing the plates five times in PBS-T, they 

were incubated at room temperature for 1 hour with 100 μL of PBS and alkaline phosphate-

conjugated goat anti-human IgG polyclonal antibody (1:1000, Sigma-Aldrich, St. Louis, MO, 

USA).  After another washing step in TBS-T, plates were incubated for 8 to 10 minutes in a dark 

environment with milli-Q water and p-nitrophenyl phosphate (Sigma-Aldrich, St. Louis, MO, 

USA), and the absorbance at 405 nm was measured using a SpectraMax Plus 384 microplate reader 

from Molecular Devices (Sunnyvale, CA, USA).  Each sample was run in duplicate and 

normalization was performed with the positive control included in each assay.  The background 

activity was calculated as the mean signal of an immobilized peptide with secondary antibody.  

The results were expressed as the means of duplicate values of 405 nm OD.   

Regarding the competitive ELISA carried out in the field of SARS-CoV-2 experiments, to assess 

the specificity of binding for each peptide, a competitive ELISA was performed using IFN-α, IFN-

ω, and a different peptide, annexin A2, to which the patient was positive. 

 

 

3.8 Determination of Total IgG in Serum by ELISA. 
Levels of total immunoglobulin (Ig)G were measured in serum samples with Human ELISA Kits 

(Invitrogen) following manufacturer’s instructions.   

 

 

3.9 Analysis of HERV-K Levels in Serum  

HML-2 was detected in serum using digital polymerase chain reaction (PCR).  To remove cells 

and debris, serum samples were centrifuged 10 minutes at 300g.  Using an EZ1 Advance XL device 

(Qiagen) and the EZ1 Virus Mini Kit v2.0 (Qiagen), total nucleic acids were extracted from 400 
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μL of the supernatant, following the manufacturer's instructions.  The extracted nucleic acids were 

eluted in 60 μL of AVE buffer, and the remaining magnetic beads were removed. The digital PCR 

reaction was set in duplicate in a 96-well plate using an AutoDG Droplet Digital PCR System 

(Bio-Rad) with a set of primers and a probe (FAM labeled) to detect HML-2 env (forward primer: 

5'-ATTTGGTGCCAGGAACTGAG-3'; reverse primer: 5'-GCTGTCTCTTCGGAGCTGTT-3'; 

probe: 5'-6-FAM-AGGAGTTGCTGATGGCCTCG-Iowa Black FQ-3').  A pre-made assay of 

primers and probes targeting a cellular DNA (RPP30 gene, HEX-tagged) was included (Bio-Rad) 

to confirm the extracellular origin of HML-2 in serum.  The master mix consisted of 12.5 μL of 

ddPCR Supermix (no dUTP) (Bio Rad), 1.25 μL of a mix of HML-2 env primers (900 nm) and 

probe (250 nm) (Bio-Rad), 1.25 μL of RPP30 assay (Bio-Rad), 2.5 μL of nucleic acids, and 7.5 μL 

of RNAse-free water. After preparing the droplets, the PCR was conducted in a T100 Thermal 

cycler (Bio-Rad) with the following cycling conditions: 95°C for 10 minutes, 40 cycles of 95°C 

for 30 seconds and 60°C for 1 minute, and 95°C for 10 minutes. The number of copies was 

determined using a QX200 Digital PCR reader (Bio-Rad), and results were expressed as a ratio of 

HML-2 env copies to RPP30 copies. 

 

 

3.10 Cell culture 

HEK293 cells were grown in Dulbecco’s Modified Eagle’s medium (DMEM) + GlutaMAX. [+] 

4.5 g/L D-Glucose. [+] 110mg/L Sodyum Pyruvate supplemented with 10% fetal bovine serum 

with 5% antibiotics and maintained in a tissue culture incubator at 37°C with 5% CO2.   

Tera-1 cells were grown in DMEM + GlutaMAX. [+] 4.5 g/L D-Glucose. [+] 110mg/L Sodyum 

Pyruvate supplemented with 15% fetal bovine serum with 5% antibiotics and maintained in a tissue 

culture incubator at 37°C with 5% CO2.   
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3.11 microRNA identification 

The identification of microRNAs capable of binding to the consensus sequence of HERV-K was 

performed using the online software miRDB. miRDB is an online database designed for predicting 

miRNA targets and providing functional annotations. The targets within miRDB are predicted 

using a bioinformatics tool called MirTarget, which has been developed by analyzing thousands 

of miRNA-target interactions obtained from high-throughput sequencing experiments. Machine 

learning techniques have been employed using identified common features associated with 

miRNA binding and target downregulation to predict miRNA targets. Table 3 displayed the list of 

selected miRNAs. 

 

Table 3: List of downregulated miRNAs, able to bind the consensus sequence of HERV-K in ALS, selected for 

transfection into cell lines. 

Accession 
Number 

Name Sequence 
miRNA 
target 

MIMAT0000259 has-miR-182-5p UUUGGCAAUGGUAGAACUCACACU 

4537 (POL) 

5918 (POL) 

6876 (ENV) 

MIMAT0004614 has-miR-193-5p UGGUCUUUGCGGGCGAGAUGA 

1718 (GAG) 

2403 (GAG) 

MIMAT0000275 has-miR-218-5p UUGUGCUUGAUCUAACCAUGU 

658 (LTR) 

5650 (POL) 

9162 (LTR) 

MIMAT0000278 has-miR-221-3p AGCUACAUUGUCUGCUGGGUUUC 

1512 (GAG) 

7905 (ENV) 

MIMAT0004558 has-miR-181a-2-3p ACCACUGACCGUUGACUGUACC 

3558 (PRO) 

3989 (POL) 

4346 (POL) 

6053 (POL) 
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3.12 Transient co-transfection and transfection  

HEK-293 and TERA-1 cells were grown in the respective medium and maintained in a tissue 

culture incubator at 37°C with 5% CO.  Different transfection protocols were followed for the 

cells.  After 24 hours of passaging and achieving approximately 80% confluence, HEK-293 cells 

were co-transfected with the HERV-K plasmid (kindly provided by the Dr. Avindra Nath 

Laboratory) and microRNAs, while TERA-1 cells were transfected only with microRNAs.  

Briefly, 1.5 ug of HERV-K plasmid, 1.5 ug of pcDNA, and two different concentrations of 

micorRNAs, 15nM and 30nM, were mixed with Lipofectamine 3000, P3000 and Opti MEM 

reduced serum medium following the guidelines provided by the Lipofectamine 3000 

manufacturer (Thermo Fisher).  After 15 minutes of incubation at room temperature, the respective 

mixture was added to the cells.  After 48 hours of incubation, the cells were lysed, and the proteins 

and RNA were extracted.  

 

 

3.13 Proteins purification and quantification 

For protein extraction cells were lysed in RIPA buffer supplemented with a mammalian protease 

inhibitor cocktail (QIAGEN), and incubated 10 min in ice.  Subsequently, lysates were centrifuged 

at 10000g for 10 min at 4°C.  Supernatant, containing proteins, was transferred to new tubes and 

proteins were quantified using Pierce BCA Protein Assay Kit (Thermo Fisher) according with 

manufacturer instructions.  Briefly, the assay is based on two reactions, the chelation of copper 

ions with protein in an alkaline environment, and the reduction of copper ions to form a purple-

colored chelate complex with bicinchoninic acid (BCA) in the presence of proteins.  The intensity 

of the purple color produced is directly proportional to the concentration of protein in the sample, 

allowing for a precise determination of protein concentration.  This kit is commonly used in 

biochemistry and molecular biology research for protein quantification purposes. 
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3.14 RNA isolation 

Total RNA was isolated and purified using RNeasy Mini Kit (QIAGEN) according to the 

manufacturer’s specifications.  Briefly, samples were first lysed and homogenized, and ethanol 

was added to provide optimal binding conditions. The lysate was then loaded onto the RNeasy 

silica membrane, where RNA was selectively bound to the membrane and all contaminants were 

efficiently washed away.  The purified and concentrated RNA was eluted in water.   

 

 

3.15 mRNA reverse-transcription 

mRNA was reverse transcribed in cDNA using First Strand cDNA Synthesis Kit (Thermo 

Scientific) following the manufacturer’s suggested protocol. Briefly, 5 μl of RNA were mixed with 

4 μl of RT Buffer, 1 μl of dNTPs, 1 μl of Random hexamers, 0.5 μl of RiboLock RNAse inhibitor, 

1 μl of Reverse Transcriptase enzyme and 7.5 μl of RNAse free water. The reaction tubes were 

incubated for 10 min at 25°C followed by 30 min at 50°C; final step was at 85°C for 5 min. The 

resulting cDNA was diluted 1:20 and stored at temperature −20°C until use.  

 

 

3.16 Real Time PCR 

cDNA was analysed by quantitative RT-(q)PCR analysis using SYBR Green mix (Kapa 

Biosystems). cDNA samples were mixed with SYBR green mix and with respective primers. Plate 

was incubated in CFX Biorad PCR System at 95°C for 20 seconds, then at 95°C for 3 seconds and 

65° C for 30 seconds, this step has been repeated for 40 cycles, finally at 95°C for 15 seconds, 

following 1 minute at 60°C and 15 seconds at 95°C.  Relative changes in gene expression, 
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determined from real-time quantitative PCR experiments, have been calculated using the 2-∆∆CT 

method.  

 

 

3.17 Western Blot 

20 μg of protein samples were diluted in Laemmli and β-mercaptoethanol and boiled at 95°C for 

5 minutes.  Proteins were separated by electrophoresis on precast gels (4– 20% Mini-PROTEAN® 

TGXTM Precast Protein Gels, Bio-Rad) using MOPS buffer (Sigma Aldrich) at 180V. Proteins 

were separated and protein size was determined using SpectraTM Multicolor Broad Range Protein 

Ladder (Thermo Scientific). Proteins were then transferred to a nitrocellulose membrane using 

Trans-Blot Turbo RTA Transfer Kit, Nitrocellulose (Bio-Rad) according to the manufacturer’s 

guidelines.  The membrane was incubated with 5% milk for 30 minutes, then washed and incubated 

overnight in BSA blocking buffer + Sodium Azide 5% added with primary antibodies, HERV-K-

envelope or Vinculin (1:1000).  After overnight incubation, the membrane was washed 3 times in 

PBS-T for 5 min and incubated for 1h with the secondary antibody diluted 1:2500.  Afterwards, 

the membrane was washed 3 times in TBS-T and the signal detected by enhanced 

chemiluminescent reaction using SuperSignal West Femto (Thermo Scientific).  Images were 

acquired with the Bio-Rad Universal Hood II Gel Doc System.  

 

 

3.18 Statistical analysis 

Descriptive statistics, t-tests, ANOVA, or other appropriate methods were used for statistical 

analyses based on the study design and data characteristics. The selection of the appropriate 

statistical test was determined by the type of data obtained and research question, with the goal of 
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ensuring the validity and reliability of study conclusions. Additional information on the statistical 

analyses conducted can be found in their respective sections. 
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