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Ever since the origin of human life, we have been
infected by a wide range of viruses. These pathogens
have invaded our cells, leaving behind traces of their
presence in our genome, known as endogenous viral
elements (EVEs). Among the affected cells are neurons.
The infectious hypothesis for Alzheimer’s disease
(AD) proposes that viral infections may serve as an
environmental factor contributing to AD. In our study,
we explored this hypothesis for the first time from an
endogenous perspective by identifying EVEs in the
long-read assembled genomes of both AD patients
and cognitively healthy centenarians (CHCs). Using
a custom-built data processing pipeline, our findings
reveal that the genomes of AD patients harbor more
EVEs than those of CHCs (p=3.24e-4, incidence rate
ratio (IRR) = 1.27). Furthermore, we identified specific
chromosomal regions with a higher incidence of viral
integration in the AD cohort across different virus
families. Notably, we found that remnants of the
Orthoherpesviridae family tend to be located near
genes that are differentially expressed in AD brains
compared to healthy brains. Our data suggest that viral
infections over time have increased the susceptibility
to AD, underscoring the importance of preventive
measures against infections.

Keywords: Paleovirology, Alzheimer’s Disease, Centenarians, En-
dogenous Viral Elements, Long-Read Sequencing

Fig. 1. The replication life cycle common to all viruses. A
virus is drawn as a green hexagon. The host cell which is in-
fected is represented by the double lined square area. Taken
and adapted from figure 1.6 in [1].

INTRODUCTION

Viruses are the smallest, and perhaps paradoxically, the most
abundant biological entities on our planet [2]. Not surprisingly
then, there is an immense diversity within the virus kingdom.
This diversity is best exemplified by the many different genome
compositions in existence. Depending on the virus, its genome
can consist of ribonucleic acid (RNA) or deoxyribonucleic acid
(DNA) and is either single-stranded (ss) or double-stranded
(ds). Furthermore, specifically for RNA genomes, a distinction is
made between whether a virion carries sense RNA (also known
as positive RNA, hereafter mentioned as (+)RNA) that can be
directly translated, or antisense RNA (also known as negative
RNA, hereafter mentioned as (-)RNA) of which only its com-
plementary copy can be translated [1]. Viruses always need a
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Table 1. The influence of viruses on cognitive functions in
the context of AD. △ = increased risk of cognitive impair-
ment, □ = increased risk of AD. Taken and adapted from
Table 1 in [8]

Virus Species Influence

Herpes Simplex Virus Type 1 (HSV-1) □

Herpes Simplex Virus Type 2 (HSV-2) △

Varicella-Zoster Virus (VZV) □

Epstein-Barr Virus (EBV) □

Cytomegalovirus (CMV) △

Human Herpesvirus 6 (HHV-6) □

Hepatitis C Virus (HCV) △

Influenza A Virus Subtype H5N1 (H5N1) □

Influenza A Virus Subtype H1N1/09 (CA/09
H1N1)

□

host organism to survive and therefore play a pivotal role in our
ecosystem. Their influence ranges from influencing domestic
livestock populations and regulating oxygen and carbon levels
in our oceans to shaping and manipulating the genomes of their
hosts, for the better or worse from an evolutionary point of view
[1, 3].

The manipulation of host genomes results from the general
replication life cycle of a virus. Virions, i.e. individual virus par-
ticles, are relatively simple entities that lack many of the basic
biochemical molecules needed for growth and replication, like
enzymes that generate amino acids, nucleotides, ATP, etc. Hence,
viruses are obligatory intracellular parasites, meaning that they
can only replicate within a host cell. Despite the remarkable
diversity in virus replication strategies, all viruses share a com-
mon replication life cycle in which the following tasks need to
be performed (Figure 1): (1) bind to the appropriate cell receptor;
(2) enter or invade the host cell and release of the viral genome
(i.e., uncoating); (3) synthesize "early" proteins that are necessary
for genome replication; (4) replicate the viral genome within the
host cell, using its available resources; (5) express "late" proteins
that are essential for packaging of the newly synthesized viral
genome; (6) assembly of the (nucleo)capsid structure; and (7)
escaping the host cell to spread to neighboring cells [1, 4].

A consequence of this life cycle is that viruses may integrate
(part of) their genome into the host genome. During millions of
years of virus-host interaction, some viruses managed to infect
the gametes or cells of the early embryo in case of animals [5].
Once a viral genomic sequence is integrated into the genome
of those cells, it will be passed on to all progeny cells. In this
way, the viral genome is passed on vertically over generations
following the principles of Mendelian genetics. Genomic in-
sertions like these are called endogenous viral elements (EVEs)
[6]. Today, EVEs make up about 5-8% of the human genome
[7]. Viruses have therefore been and still are a huge source of
horizontal gene transfer.

The first discoveries of viral elements in the human genome
were derived from retroviruses, also called human endogenous
retroviruses (HERVs) [9–11]. Retroviridae is a family of viruses
that inserts a copy of its genome into the host cell’s nuclear
genome by creating a DNA copy of its RNA genome through a

reverse-transcriptase enzyme [4]. Hence, by means of its natural
way of replicating, including the mandatory reverse transcrib-
ing step, remnants of retroviruses are expected to be found
in the genomes of their hosts. Infamous examples of a retro-
virus today are the Human Immunodeficiency Virus 1 (HIV-1)
and the Human papillomavirus (HPV), that cause Acquired Im-
munodeficiency Syndrome (AIDS) and cancer, respectively [4].
Because of their far-reaching pathological consequences, these
integrations are thought to not spread in the host gene pool.
Nevertheless, some integration events of other, less detrimental,
retrovirus species in the past offered an evolutionary advantage
and increased in frequency in the population. These integrations
have become a HERV [12, 13]. An example of this symbiotic
relationship is the synctin gene which is thought to have a retro-
viral origin and has been exapted in certain mammals, playing a
crucial role in placental development [14, 15], or the recently dis-
covered RetroMyelin gene which is essential for the production
of myelin to insulate nerve fibers [16].

Retroviruses, however, are the only viruses for which ge-
nomic integration is a mandatory step in the replication cycle.
The replication strategies of other viruses do not include integra-
tion into the host genome. Surprisingly though, many elements
of non-retroviral origin, i.e. non-retroviral EVEs (nr-EVEs), have
been discovered in the genome of animals and humans specifi-
cally, although they are much less common than endogenized
retroviruses [6, 17]. Interestingly, their influence on the fitness
of the host has been shown in some cases to have positive ef-
fects [18]. The integration of non-retroviral viruses is thought
to be mediated by non-homologous recombination or through
interaction with Class I transposable elements of the host cell,
i.e. retrotransposons [6, 19, 20]. Overall, we now know that 5-8%
of the human genome originated from a mixture of retro- and
non-retroviral insertions, of which the majority is of retroviral
origin due to its inherent integrative nature [10].

Even though the non-retroviral proportion in human
genomes is small, there is one particular non-retroviral virus
type that has received increased attention over the past decades
in the field of AD, namely herpesviruses. Herpesviruses, i.e. the
members of the Orthoherpesviridae family, have been around for
millions of years and have infected human beings throughout
their evolution constantly. Nine herpesviruses today infect hu-
mans and all of them establish a life-long latency after infection
in neurons, lymphocytes, or other cell types which means that
the viral DNA is harbored inside these cells for months, or even
years, to eventually cause reactivation of the virus in the same
individual [1]. In fact, it is estimated that the majority of our
global population has been infected at least once with one of
these nine viruses [1]. So why is this interesting to people work-
ing in the field of AD? AD is an inflammatory neurodenegerative
disease and the most common form of dementia worldwide. On
the molecular level, AD is hallmarked by the formation of ex-
tracellular amyloid beta (Aβ) plaques between neurons in the
brain and neurofibrillary tangles made of hyperphosphorylated
tau protein [21]. What exactly causes these aberrant molecular
structures and why remains unclear. One fact that is widely
accepted though is that AD is a multifactorial disease with many
genetic as well as environmental contributory factors. One of
these environmental factors has been hypothesized to be her-
pesvirus infections. Already back in 1991, traces of herpesvirus
DNA were found back in the brains of AD patients and healthy
controls [22]. Subsequent research revealed that in AD brains,
72% of the herpesvirus DNA was associated with Aβ plaques. In
contrast, in aged control brains, which have a lower frequency of
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amyloid plaques, only 24% of the viral DNA was associated with
plaques. Moreover, experiments in mouse models demonstrated
that herpesvirus infections upregulate Aβ producing enzymes
β-secretase 1 and γ-secretase and cause tau hyperphosphory-
lation [23, 24]. Strikingly, it was later also shown that the Aβ
plaques entrap virus particles in mice and are protective against
herpesvirus induced encephalitis [25]. Much more research be-
fore and after these experiments all converged to the underlying
thought that the formation of these Aβ and tau phosphorylation
in the brain might be a response to protect individuals against
acute infection in the short term, but contribute to plaque for-
mation over the long term [25]. Long story short, the pile of
data in favor of herpesvirus infection being a key environmental
factor for the onset of AD is growing. These ideas have been
extensively summarized as ’the infectious hypothesis’: virus
infections contribute to AD’s pathogenesis [26]. Notably, the
hypothesis nowadays includes many more virus species other
than herpesviruses [8]. A summary list of the most important
viruses is given in Table 1. We forward the reader to [8] for an
exhaustive list.

Despite environmental influences, AD is predominantly
hereditary, with evidence showing that the genetic profiles of
individuals with AD differ from those of healthy control groups
[27]. The connection between the infectious hypothesis and
heritability may lie in the fact that herpesviruses and other non-
retroviral viruses occasionally leave traces of their infections in
their host’s genome as EVEs, as previously discussed [28]. It
would therefore be interesting to investigate whether the infec-
tious hypothesis holds on the endogenous level, i.e., can we find
back traces of these virus infections differently in the genomes
of individuals with AD versus healthy controls. In order to in-
vestigate this, one needs numerous genomes of an AD cohort
and a healthy control group, for sufficient statistical power, in
addition to high quality data to make sure that these EVEs can
be identified.

Especially the high quality of the sequencing data is impor-
tant. Viral integrations can span in the range of hundreds to thou-
sands of basepairs (bp) and often include repetitive elements
[29]. Current state-of-the-art methods for short-read sequencing
are limited to capturing only segments of around 250 bp [30].
Therefore, the repetitive nature of longer viral sequences is hard
to capture. Screening approaches based on short-read sequenc-
ing have worked their way around this problem by skipping the
assembly step. Their overall approach is to first align the short
reads globally to the human genome in order to discard reads
that map back to the human genome well, i.e. false positives.
Only so-called discordant reads are kept and are screened for
viral signals downstream by comparing them to a virus database
[31]. Assembling the short reads that are punitively viral is then
still a difficult task for longer integrations and these methods suf-
fer in performance due to the smaller reads. Screening for EVEs
in assemblies that were constructed from shorter read lengths
thus leads to inevitable loss of signal. Long-read sequencing
data would make up for this loss of signal by being able to cap-
ture bigger fractions of the viral remnants in the genome within
one read and thus making the assembly of the host genome,
including the viral integration, more accurate (Figure 2).

The 100+ study in The Netherlands has collected long-read
sequencing data sets of hundreds of Dutch AD patients and
CHCs, i.e. individuals that have reached the age of 100 or older
with good cognitive and physical capabilities [32]. CHCs have
managed to avoid AD development, leading to the belief that
their genomes lack the genetic elements associated with the

Human
genome w/o

integration

Human
genome with

integration

Short read sequencing Long read sequencing

De novo assembly

De novo
assembly

Reference
based

assembly

Fig. 2. Short- and long-read alignment for a viral integration.
Long read sequencing reads are able to capture the genomic
integration (pink), including the surrounding genomic ele-
ments (blue), way better than short read sequencing can due
its large read size. De novo assembly can then reconstruct a
viral element inside the host’s genome. Reference based as-
sembly of short-reads often discard reads of unknown origin
and de novo assembly using short-reads brings along chal-
lenges of reconstructing viral elements from these smaller
fragments such as gaps and eventually potential misassem-
blies.

disease. Having genomic data of individuals at both extremes
of the cognitive spectrum is ideal for investigating the infectious
hypothesis at the genomic (endogenous) level.

In this research, we investigated the infectious hypothesis,
for the first time, at the genomic level by examining differences
in EVEs between AD patients and CHCs. To achieve this, we
designed a BLASTx-based genome screening pipeline that di-
rectly analyzes human genome assemblies constructed from
high-quality Pacific Biosciences (PacBio) long reads. This ap-
proach allows us to search for EVEs across the entire human
genome of both AD patients and CHCs, rather than construct-
ing EVEs from short reads as done in previous studies [31]
(Figure 3). Considering that the infectious hypothesis now en-
compasses many more viruses beyond just herpesviruses, we
scanned all genomes against the non-redundant RefSeq virus
protein database [33]. The analysis is structured as follows:

1. How many: how many (remnants of) viral integrations are
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Forward
BLASTx

Merge &
Reverse BLASTx

Map back to
reference
genome

Annotate EVEs
& remove FP

AnalysisA

B Remove FPs
Forward
BLASTx

Merge &
Reverse BLASTx

Long read assembled contig

Virus protein A Virus protein B

Human protein

Putative EVE

Fig. 3. The EVE detection pipeline used in our work. A) Human sequences are queried against the a viral database. The putative EVEs are
queried against a human protein database. The suspect EVEs that resemble human sequences are discarded. The contig coordinates are mapped
back to positions on human chromosomes. Further filtering is performed through removing putative EVEs that overlap with known regions
like LINEs and SINEs. Annotation of the regions with data like nearby gene information. B) Rough estimations of how many hits were found
per filtering step in our pipeline for one genome.

found back in the human genome?

2. How long: how long (in bp unit) are the (remnants of) viral
integrations?

3. Where: where in the human genome are (remnants of) viral
integrations located and what portion of the viral genome
do they originate from?

Our findings show that (1) AD genomes contain more EVEs of
a diverse range of vertebrate viruses in general; (2) AD genomes
more frequently harbor Borna-, Orthoherpes-, and Poxviridae EVEs
at specific chromosomal locations and the total EVE length is
longer at these chromosomes compared to the CHC control
group; (3) EVEs tend to be located near genes that are differen-
tially expressed in AD brains compared to healthy brains, and;
(4) a higher incidence of Retroviridae EVEs is observed in AD
genomes compared to CHC genomes near AD associated single
nucleotide polymorphisms (SNPs).

METHODOLOGY

Data Acquisition & Preprocessing
In this research, we included 249 individuals diagnosed with
AD from the Amsterdam Dementia Cohort [34]. As con-
trols, we studied 240 CHCs from the 100-plus Study [32].
All participants and/or their legal representatives provided
written informed consent for participation in clinical and ge-
netic studies. Blood samples of all individuals were taken,

processed, and assessed for minimum quality requirements
as described in [35]. These were subsequently long-read se-
quenced using PacBio Sequel IIe instruments with at least
1 SMRT cell. Whole-genome de novo assembly using hi-
fiasm was performed and were aligned to GRCh38 using
Holstege Lab’s processing pipeline which is freely available
at https://github.com/holstegelab/snakemake_pipeline [36].
Their pipeline outputs assemblies of the paternal, maternal, and
primary haplotypes in the form of contigs. In this research we
focused on the primary assemblies, i.e. the assemblies that col-
lapsed both the maternal and paternal haplotypes.

Detection Pipeline
An overview of the pipeline is shown in Figure 3. Briefly,
we: (1) screened contigs assembled from long-read sequenc-
ing data for subsequences that are similar to virus proteins
using a local alignment algorithm; (2) merged viral-like re-
gions that overlapped within the same genome, choosing the
most significant virus protein as the representative virus se-
quence for that region, and compared all regions to human
proteins to discard any that showed significant similarity to hu-
man proteins; (3) mapped the raw contig coordinates to human
genome coordinates; (4) discarded regions that were situated
within non-viral structures of the human genome and anno-
tated our regions with data like nearby gene information; (5)
and performed downstream analysis to infer any differences
between the cohorts. The detection pipeline is freely available
at: https://github.com/MaEduard/master_thesis

https://github.com/holstegelab/snakemake_pipeline
https://github.com/MaEduard/master_thesis
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EVE Detection - Forward Screening

The contigs that resulted from the assembly process of all
AD individuals and CHCs were screened in silico using the
BLASTx approach against the non-redundant Refseq NCBI
virus protein database following common standards in the
field (https://ftp.ncbi.nih.gov/refseq/release/viral/, accessed
March 2024) [5, 29, 37, 38].

We first identified putative EVEs by performing a DIAMOND
BLASTx search, specifying our genomes as the query and the
RefSeq NCBI library database as the database [39]. We call this
the "forward" BLASTx search. Our assembly files are on the
order of gigabytes, and the RefSeq database contains 683,238
protein sequences. Therefore, we chose DIAMOND BLASTx,
as it is thousands of times faster than NCBI’s default BLASTx
algorithm [39]. The nucleotide query sequences (i.e. human
assembled contigs) were translated in six reading frames (result-
ing in six protein sequences) and were compared against the
viral protein sequence database using default settings. Human
subsequences with high similarity to viral protein sequences
(e-value < 10−6) were extracted. Overlapping regions within
one genome were merged and the alignment with the lowest
e-value was chosen as representative for that merged region.
Nucleotide sequences of the putative EVEs were then extracted
using BedTools [40].

EVE Detection - Reverse Search

Putative EVEs that are highly similar to human pro-
teins are considered false positive. We thus again
perform a DIAMOND BLASTx alignment but this
time with the general protein database as input
(https://www.ncbi.nlm.nih.gov/genome/guide/human/,
accessed January 2024) [39]. The nucleotide regions of our
human genomes, that we suspect to be EVEs, are translated
into proteins and these translated sequences are then compared
to human proteins. We call this the "reverse" BLASTx search.
Any subsequence that is highly similar to a human protein
(e-value < 10−6) and overlaps for at least 50% with that human
protein, was considered false positive and was excluded from
any downstream analysis. Of note, reverse BLASTx alignments
that were similar to human proteins known as ’endogenous
viral’ were excluded in our reverse BLASTx filtering step.

Mapping

In order to identify the location of EVEs along the GRCh38 refer-
ence genome, the alignment files after the reverse BLASTx proce-
dure were processed with an in-house script parsing the CIGAR
strings of every assembly’s alignment file (in BAM format). This
step maps the contig coordinates to GRCh38 coordinates.

False Positive Removal And Annotation

Some identified EVEs may still have significant homology
with repetitive regions in the genome not attributable to vi-
ral elements. We used RepeatMasker annotations to iden-
tify structural variants overlapping our discovered EVEs [41].
Any putative EVE that overlapped for more than 50% with
an annotated human sequence was considered a false pos-
itive, except for sequences that RepeatMasker itself classi-
fied as "ERV" or "Borna-like". Additionally, we filtered our
experimental data by only keeping virus families known to
integrate in vertebrate species as reported by the Interna-
tional Committee on Taxonomy of Viruses (ICTV) Master
species list (ICTV_Master_Species_List_2023_MSL39.v1.xlsx,
https://ictv.global/msl, accessed May 2024). Of note, Metaviri-

dae, classified as a vertebrate virus family in ICTV, but truly
being a collection of retrotransposons (i.e. Ty3/Gypsy Long-
Terminal Repeat (LTR) retroelements), was still taken into ac-
count in the analysis but we kept in mind its possible non-viral
nature. [42]. Lastly, we annotate the EVEs using the NCBI
taxonomy database and annotate EVEs being inside a gene or
being intergenic based on the intersection of EVE and gene co-
ordinates using BedTools intersection with default parameters
(https://ftp.ncbi.nih.gov/pub/taxonomy/accession2taxid/, ac-
cessed March 2024) [40]. Using the same procedure, we annotate
EVEs to be close to an AD SNP (100 kbp up- or downstream of
the SNP) or not [27].

Statistical analysis

We tested whether the number of EVE was significantly different
between AD individuals and CHCs using negative binomial re-
gression analysis (NBR) [44]. Similarly, the lengths of EVEs was
compared between AD individuals and CHCs using two-tailed
Mann-Whitney U testing (MWU) [45]. Difference in proportions
of the two cohorts was tested using two-tailed Fisher’s exact test
(FE) [46]. Wherever multiple testing was involved, we corrected
our p-values following the Benjamini-Hochberg procedure (BH)
with significance threshold set at 0.05 [47].

Implementation

The EVE detection pipeline was implemented as a mixture of
bash and python scripts. All figures were created using mat-
plotlib, Seaborn, Pygenometracks, and ETE Toolkit plotting pack-
ages [48–51]. Statistical analysis was performed through Scipy
and PyMC statistical software packages [52, 53]. Wherever gene
set enrichment analysis was performed, gProfiler was used with
standard settings [54].

Poxviridae (22.2%)

Orhoherpesviridae (47.0%)

Bornaviridae(27.8%)

Flaviviridae (1.34%)

Iridoviridae (1.43%)

Adintoviridae (0.06%)

Metaviridae (0.15%)

Alloherpesviridae (0.03%)

Flaviviridae (1.61%)

Iridoviridae (1.50%)

Adintoviridae (0.0%)

Metaviridae (0.177%)

Alloherpesviridae (0.022%)

Bornaviridae(27.1%)
Retroviridae(98.6%) Poxviridae

(20.9%)

Orhoherpesviridae

(48.7%)

Retroviridae(98.6%)

A

B

Fig. 4. A/B) The average proportions of different families in an AD
individual (A) or CHCs (B). The blue, bigger circles highlights the
retroviral proportion vs. the non-retroviral proportion. The smaller
circle gives an overview of the proportions of non-retroviral EVEs
discovered.

https://ftp.ncbi.nih.gov/refseq/release/viral/
https://www.ncbi.nlm.nih.gov/genome/guide/human/
https://ictv.global/msl
https://ftp.ncbi.nih.gov/pub/taxonomy/accession2taxid/
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Fig. 5. 100+ study data characteristics outlining the relative sizes of
the two cohorts and their sex proportions (A) and the distribution
of genome coverage for the samples of both cohorts (B). Taken and
adapted from figure 6 in [43]

RESULTS

Demographics and Sequencing

The genomes of 249 individuals diagnosed with AD and 240
CHCs were sequenced using PacBio long-read technology and
preprocessed as described previously. The majority of the par-
ticipants in the study are female (Figure 5A). Additional infor-
mation on the cohorts and samples used is available elsewhere
[35]. Overall, the AD genomes were sequenced at a median
coverage of 18.2x, with median read-lengths of 14.8 kbp; the
CHC genomes were sequenced at a median coverage of 20.1x,
with median read lengths of 14.7 kbp (Figure 5B).

AD genomes harbor more EVEs

Numerous EVEs were identified in the genomes of both CHCs
and AD patients. On average, 1268 (±54) EVEs were found in
AD genomes whereas 999 (±53) were found in CHCs. We thus
see that in general the genomes of AD samples have a higher
number of EVEs than CHC genomes (p=3.24e-4, IRR = 1.27,
NBR).

In total, nine viral families, that are known to infect verte-
brates, were identified including (+)RNA viruses (Retro-, Flavi-,
and Metaviridae), (-)RNA viruses (Bornaviridae), as well as ds-
DNA viruses (Orthoherpes-, Alloherpes-, Pox-, Irido- and Adin-
toviridae).

Retroviridae EVEs were predominantly identified in the
genomes of both cohorts, as is expected given the obligatory
integration step during infection that was previously discussed
(Figure 4A & 4B, light blue portions). Zooming in, 1.4% of the
EVEs correspond to non-retroviral hits which consist of a mix-
ture of different virus families. In both cohorts, we observed
sequences similar to viral proteins of the family Orthoherpesviri-
dae as the second largest virus family. Orthoherpesviridae is the
family of viruses that comprises the HHV-6A, HHV-6B, EBV,
HSV-1, HSV-2, and CMV which were previously related to AD
(Table 1 and Figure 4C & 4D, green). Additionally, a small frac-
tion of the data found human sequences that were similar to
Borna-, Pox-, Irido-, Meta-, Alloherpes-, Adinto- and Flaviviridae
proteins.

To further investigate the differences between virus families,
we analyzed what portion of a cohort carries an EVE of a specific
virus family (Figure 6A). Due to their high abundance in the
human genome, the Retroviridae family is present in all individ-
uals across both cohorts, each individual carrying at least one
endogenous viral element (EVE) from this family. For almost
all non-retroviral virus families, we find that a larger fraction of
the AD cohort is carrying at least one virus integration in their
genome of the specified family, except for Adintoviridae. Statis-

tical testing of these distributions did not show any significant
difference after correction (FE, BH correction).

Looking at the counts of EVEs per family in an individual, i.e.
the number of EVEs within one genome for a specified family,
we observe more EVEs for Retro-, Borna-, and Orthoherpesviridae
in AD genomes than in CHC genomes (pRetro=3.00e-2 (IRR =
1.27), pBorna=3.00e-2 (IRR = 1.29), pOrthoherpes=8.49e-3 (IRR =
1.38); NBR, BH correction) (Figure 6B).

The total EVE length is longer in AD genomes than in CHC genomes

The difference between the two cohorts is also observed in the
findings of the total EVE length analysis (Figure 6C). The iden-
tified EVEs in AD spanned a total length of 1,262,581 bp on
average and ranged from 98 to 5372 bp in length with a median
length of 791 bp. In contrast, the identified EVEs in CHCs cov-
ered on average 1,027,716 bp and ranged from 107 to 5372 bp
length with a median length of 827 bp. Hence, the total EVE
length per AD individual is significantly longer than the total
EVE length of a CHC genome (p=1.91e-4, MWU). In general, we
observe a lot of heterogeneity in EVE length among different
virus families. The remnants of Retroviridae are preserved best.
Lengths of other families are smaller and should be interpreted
carefully. To exemplify, the EVE lengths of Orthoherpesviridae
are mostly between 250-500 bp, whereas the genome length
of herpesviruses are known to be at least around 125 kbp [55].
Nevertheless, we observe that the total EVE length of Retro-,
Borna-, Pox, Flavi-and Orthoherpesviridae are significantly longer
in the AD cohort compared to the CHC cohort (pRetro=1.75e-3,
pBorna=2.86e-3, pOrthoherpes=2.86e-3, pPox=1.32e-2, pFlavi=1.26e-2;
MWU, BH correction).

EVEs are unevenly spread across the human genome

To get a glimpse of where exactly on the chromosomes EVEs
were discovered, we merged hits that overlapped into one in-
terval (Figure 7A). Investigating any chromosome, except for
the Y chromosome, shows that more EVEs were present in the
AD cohort than in the CHC cohort. Moreover, we observe that
for chromosome 13, 14, and 15 no abundantly shared hits were
found at the start of the chromosomes, indicating that this region
is less attractive for viral integration. A complete overview is
given in Figure S1.

Multiple virus families are enriched on AD chromosomes

The difference in proportions between the two cohorts having
an EVE of a specific virus family was analyzed per chromosome
(Figure 7B, 7C). In both cohorts, the Retroviridae family was
present on approximately all human chromosomes, except for
the Y chromosome (Figure 7B & 7C, left column). Only males
carry a Y chromosome and thus the 30% incidence of retrovirus
integration on the Y chromosome in each cohort can be explained
by the fact that approximately 30% of each cohort is male (Figure
5). The non-retroviral families were spread unevenly across
chromosomes and show a different spread per family (Figure 7B
& 7C, all but the left column).

Next, we examined the variations between the two cohorts
per family and per chromosome (Figure 7D, green boxes). Specif-
ically, we observed that the Bornaviridae family was enriched
for the AD cohort on chromosome 9 (p=2.30e-2, odds ratio
(OR)=1.91; FE, BH correction) and 10 (p=2.30e-2, OR=1.91; FE,
BH correction). Furthermore, relatively more AD samples carry
a Poxviridae EVE on chromosome 11 (p=2.9e-2, OR=1.86; FE, BH
correction) and 19 (p=4.0e-2, OR=1.79; FE, BH correction). Lastly,
Orthoherpesviridae, was found to be enriched at four chromo-
somes in the AD cohort compared to the CHC cohort, namely
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Fig. 6. A) Percentage of cohort having at least one EVE identified of the specified family. B) EVE count per family. Every dot
represents an individual’s total number of EVEs identified for the specified family. C) The total EVE length (bp) distribution
per family. Every dot represents an individual and the total EVE length is the sum of all EVEs’ length in an individual. Stars
indicate statistical significance (p < 0.05) after false discovery correction. Box plots show median value as the middle of the box
and the box itself shows the interquartile range which contains the middle 50% of the data.

on chromosome 1 (p=2.3e-2, OR=1.96), 7 (p=3.50e-4, OR=2.47),
17 (p=1.9e-2, OR=2.01), and 19 (p=1.2e-2, OR= 2.07) (FE, BH
correction).

These findings narrowed down our analysis to specific chro-
mosomes for different virus families. Per family we merged
overlapping EVEs on a specific chromosome within a cohort and
counted the number of samples that had an EVE in that merged
region. We then intersected these regions between the cohorts
and performed FE tests to investigate where enrichment was to
be found. After BH test correction we were left with 10 regions
for the non-retroviral families Borna-, Pox- and Orthoherpesviridae.
For Retroviridae we found numerous of these regions throughout
the genome and highlight in this research those regions close to
AD associated SNPs, i.e. within a 100 kbp interval up- or down-
stream of the SNP [27]. An overview, including the statistics, is
given in Table 2.

The next sections discuss these differences in more detail for
Borna-, Pox-, Retro- and Orthoherpesviridae. For every section, we
first outline the characteristics of the virus family on the whole
genome level and then zoom into the differences observed previ-
ously. Also, we show where approximately the EVEs originated
from in the virus genome.

Orthoherpesviridae

The Orthoherpesviridae family encompasses the species of her-
pesviruses that are most interesting to us due to their associ-
ation with AD. On average, we found 11 (±0) EVEs of this
family in an AD genome compared to 9 (±0) EVEs in a CHC
genome. The remnants covered 4204 bp on average in the AD

cases whereas in CHCs, the average coverage was 3003 bp.
Members of the Orthoherpesviridae family are divided in two
subgroups, α− and β-herpesviruses. Almost all EVEs resem-
bled proteins of α-herpesviruses (Figure 8C). Specifically, the
Chelonid α-herpesvirus envelope protein represented the ma-
jority of the EVEs in both AD individuals and CHCs. This
envelope protein is part of one of the conserved domains in the
α-herpesvirus genome (Figure 8A). Protein comparison analysis
showed that the Chelonid envelope protein is phylogenetically
close to the human β-herpesvirus 6A and 6B envelope proteins.
β−herpesvirus proteins were found sporadically in both cohorts
(Figure 8B). Lastly, we saw that most herpesvirus EVEs were
intergenic, meaning that they were situated between genes. The
rest was either located inside introns or inside exons (Figure 8D).

AD individuals carry longer herpesvirus EVEs and show enrichment of
herpes EVEs near genes that are differentially expressed in AD brains
compared to healthy controls

We observed differences per chromosome in proportions of the
two cohorts that harbored a herpesvirus EVE. Specifically, for
chromosome 1, 4, 17, and 19 we observed proportionally more
AD individuals with herpesvirus EVEs than CHCs (Figure 7D
and Table 2).

On chromosome 1 the total EVE lengths were observed to be
longer for AD individuals than CHCs (Figure 9A) (p=3.45e-3;
MWU, BH correction). Furthermore, we listed all the genes clos-
est to the herpesvirus remnants on chromosome 1 for which we
found more AD samples than CHCs : RAB42, ODF2L, TGFBR3,
TRIM33, RHEX, STUM, ZNF678. Gene set enrichment analy-
sis using gProfiler did not show strong enriched pathways for
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Fig. 7. A) Karyotype plot of the human genome including common integration sights in AD (red, bottom of each chromosome) and CHCs
(blue, top of each chromosome). EVE intervals were merged separately for each cohort and displayed if at least 20% of the population (NAD +
NCHC) had an integration in that interval. Cytogenetic bands colors (all colors but red and blue) indicate gene density on the chromosome. Of
note, the EVEs on the chromosome Y did not meet the 20% threshold and are thus not displayed on this plot. B/C) Distribution plot showing
per chromosome and per virus family the fraction of the CHC (B) or AD (C) cohort having at least one EVE on the specified chromosome for the
specified family. D) Difference in distributions of B and C between the two cohorts. Positive (red) values indicate enrichment in AD genomes
whereas negative (blue) values indicate the enrichment in CHC genomes. Green boxes highlight significant differences (p < 0.05) between the
cohorts based on FE test after BH correction.
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Table 2. Overview of the significantly enriched regions for different virus families. Every region is specified through a chro-
mosome number and start (left) and stop (right) coordinates. P-values and odds ratio are reported for the FE tests after BH
correction. SNP gene represents the gene in which a SNP associated to AD lies if the specified region is in close proximity (-100
kbp or +100kbp of the SNP) [27].

Family Chromosome Coordinates NAD NCHC Odds Ratio p Closest Gene SNP gene

Orthoherpesviridae 1 28587945-
28588796

60 25 2.730 1.57e-3 TAF12 -

7 5021640-
5022178

88 54 1.882 2.39e-2 RBAK-RBAKDN -

17 50413398-
50413999

92 59 1.797 5.33e-2 ACSF2 -

19 50347788-
50348322

89 53 1.96 2.08e-2 NASPA -

Bornaviridae 9 37086819-
37087689

79 52 1.680 3.54e-2 EBLN3P -

9 96008246-
96009126

80 49 1.845 1.99e-2 ERCC6L -

10 2208886-
2220995

159 110 2.088 1.16e-3 EBLN1 -

Poxviridae 11 78085840-
78086304

117 79 1.806 1.02e-2 NDUFC2 -

19 18578415-
18578915

152 108 1.915 3.70e-3 UBA52 -

19 20865623-
20866179

4 17 0.214 1.41e-2 ZNF66 -

Retroviridae 6 32560043-
32566098

27 2 14.472 1.36e-4 HLA-DRB1 HLA-DQA1

7 12292625-
12295056

56 21 3.026 3.40e-3 VWDE TMEM106B

17 49172477-
49175501

165 123 1.868 3.94e-2 B4GALNT2 ABI3

this set of genes (Figure S4 and S5). Strikingly, however, all
but the RHEX gene showed significant differential expression
in AD brains for different regions according to the AMP-AD
study [56] (Table S1). The only region on the chromosome it-
self that was enriched after BH correction lied in the interval
of 28587945-28588796 (Figure 9E chr1, green arrows & Table 2).
Upon closer inspection of this genomic region, we observe that
the remnants were situated within the last out-of-frame exon
of the TATA-Box Binding Protein Associated Factor 12 (TAF12)
gene (ENST00000685589.1) (Figure S3). TAF12 is differentially
expressed in the cerebellum and the temporal cortex in both
males and females [56, 57].

What’s more, genes nearby EVEs on chromosome 7 that
were more common in the AD cohort resulted in the follow-
ing list of genes: RBAK-RBAKDN, OSBPL3, ANLN, CYP3A43,
AKR1B1. Gene set enrichment analysis of these genes in gPro-
filer showed weak enrichment for the steroid metabolic process
(GO:0008202) (Figures S8 and S7). Consulting the Agora AD
association database [57], it turned out that all genes have signif-
icant differential expression in at least one brain region in AD
samples and all gene loci have a significant brain expression
Quantitative Trait Locus (eQTL), except for RBAK-RBAKDN

for which no data was available [56] (Table S2). In addition, the
total EVE length distributions on chromosome 7 indicate that the
EVEs on chromosome 7 are longer (Figure 9B) (p=1.9e-4; MWU,
BH correction). We obtained one region significantly enriched
on chromosome 7 for the AD cohort after BH correction (Figure
9E chr7 green arrows & Table 2). The interval lies within intron
2 out of 7 of the RBAK-RBAKDN gene (ENSG00000272968.5)
(Figure S6). Lastly, it is situated within a repetitive LTR sequence
as classified by RepeatMasker in the reference genome GRChg38,
indicating its mode of integration [6, 19, 20].

On chromosome 17, gene set enrichment analysis of the
genes closest to the merged region (SLFN12L, KRTAP9-7, KRT17,
ACSF2, RNF213-AS1) showed weak enrichment for the keratin
filament pathway (GO:0045095) (Figure S11 and Figure S10). The
last three genes show different RNA expression profiles in AD
brains compared to healthy controls [57] (Table S3). Zooming in
further, no region was significantly enriched for AD. The only
region close to significance was located in the interval 50413398-
50413999 (Figure 9E chr17, green arrows & Table 2). It is situated
in an intergenic region upstream of ACSF2. ACSF2 has been
observed to have higher expression in many AD brain regions
compared to controls [56, 58]. Chromosome 17 in general had a
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Fig. 8. A/B) Coverage plot of all Herpesviridae sequences in representative figures of the α-herpesvirus and β-herpesvirus genome in A and B,
respectively. Roman letters indicate the six conserved domains in the herpesvirus genome: (I) Uracil-DNA glycosylase (II) Helicase-primase
(III) DNA packaging terminase (IV) Major capsid protein (V) DNA polymerase catalytic subunit (VI) Envelope glycoproteins. Proteins that
map back to non-conserved regions are annotated in the figure. Rough estimates based on literature show where they come from. Cy158.3 could
not be mapped back. Schematics of the genomes were taken and adapted from [55]. C) Proportions of α- and β-herpesvirus found in the two
cohorts. D) Proportions of intergenic, exonic, and intronic herpes EVEs in the two cohorts E) Simplified phylogenetic relationship between
different herpesvirus species and their frequency in our genomes. Branch length indicates average number of substitutions per site. Tree was
created using glycoprotein B protein sequence of every species with FastTree [39]. All branches have local bootstrap confidence > 0.7.

longer total EVE length distribution for the AD cohort compared
to the CHCs (Figure 9C) (p=4.96e-3; MHU, BH correction).

Lastly, genes nearby herpesvirus integrations that had higher
incidence of AD samples than CHCs on chromosome 19 were:
ZNF93, ZNF682, ZNF626, ZNF98, NAPSA, ZNF813. All these
zinc finger (ZNF) genes show significant differential expression
in the brains of AD patients and all are reported to be a brain
eQTL [57] (Table S4). Gene set enrichment analysis shows signif-
icant results of several pathways of which the strongest is "Fac-
tor: TFCP2; motif: ACCGGTTNAAACYGGT; match class: 1"
(TF:M03949_1) (Figure S13 and S12). Additionally, another path-
way for these genes that was enriched is KEGG:05168, termed
"Herpes Simplex virus 1 infection". Length distributions shows
that herpes EVE length is longer in the AD cohort (Figure 9D).
After analyzing all regions with EVEs on chromosome 19, we
observed one statistically enriched region, namely 50347788-
50348322 (Figure 9E chr19, green arrows & Table 2). The closest
gene to this region is NASPA (ENST00000253719.7). NAPSA
has been shown to have a higher expression in the cerebellum
and parahippocampal gyrus of AD brains compared to healthy
controls and has an eQTL [57].

Bornaviridae

The members of the Bornaviridae family carry a linear (-)RNA
molecule of approximately 9 kbp as their genome. In our data,
we find on average 6 (±0) bornavirus elements back in the in-
dividuals of the AD cohort whereas we observe 5 (±0) in the
individuals of the CHC cohort. The AD cohort’s sequence length

of these remnants span on average 2567 bp. For the CHCs, we
observe a lower average sequence length of 1984 bp. Most rem-
nants resembled the conserved nucleoprotein (Figure 10A). The
other bornavirus EVEs resembled glycoproteins (Figure 10B).
What stands out is that the nucleoprotein EVEs were better con-
served than the glycoproteins.

Bornavirus EVEs have a weak link to AD

The exploratory analysis showed that we observed more AD
individuals with a bornavirus-like element on chromosome 9
and 10 compared to the CHC cohort (Figure 7D). Interestingly,
AD individuals have a longer total EVE length on both chromo-
somes compared to CHCs (pchr9=6.45e-3, pchr10=4.54e-3; MWU,
BH correction). Zooming in further, for chromosome 9, gene set
enrichment analysis on the three nearby genes (RUSC2, EBLN3P,
ERCC6L2) to AD enriched regions did not show significant re-
sults. All three did show a difference in RNA expression in
AD brains, however [57] (Table S5). For chromosome 10, gene
set enrichment analysis of genes nearby the EVEs (EBLN1 and
TBC1D12) with higher AD incidence than CHC incidence also
showed no results. The only link found was that TBC1D12 has a
a brain eQTL and showed significant RNA expression changes
several regions of AD brains [57]. Three regions on those chro-
mosomes were observed to be significantly enriched (Figure
10D green arrows & 2). Two of three, chr9:37086819-37087689
and chr10:22208886-22209950, map back to previously discov-
ered bornavirus EVEs (EBLN3P and EBLN1). The third region,
chr9:96008246-96009126, is situated inside the last intron of the
ERCC6L2 gene (ENSG00000182150.20) (Figure S15). ERCC6L2 is
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Fig. 9. A/B/C/D) Total EVE length of herpesvirus EVEs distributions for chromosome 1 (A), 7 (B), 17 (C), and 19 (D). Stars indicate significance
after BH correction. Chromosome locations of herpesvirus EVEs and the EVE length distribution on those chromosomes. E) Chromosome
locations of herpesvirus EVEs including number of samples that have an EVE in that region. Discussed (significantly) enriched regions are
indicated with green arrows.

a brain eQTL and is differentially expressed in different regions
of the brain [56, 57].

Poxviridae
The Poxviridae family consists of viruses that carry a linear ds-
DNA genome of at least 100 kbp. We observed on average 5
poxvirus-like remnants in AD genomes compared to 4 in the
CHC cohort. The AD pox-like elements spanned on average
1869 bp. CHC genomes contained pox-like elements of length
1481 bp on average. In contrast to previous discussed EVEs,
poxvirus-like elements identified in our genomes all resembled
non-conserved proteins. Visual inspection reveals that MC132
is the best conserved domain in length compared to the other
EVEs. Ubiquitin is the only other protein that was found back
almost in full length (Figure 11A).

Poxvirus EVEs have a weak link to AD

We observed two chromosomes for which we identified more
AD samples having a poxvirus-like element compared to the
number of CHC samples, namely chromosome 11 and 19 (Figure
7D). Only chromosome 11 showed a longer total EVE length

for AD individuals compared to CHCs (p=1.52e-2; MWU, BH
correction) (Figure 11B, 11C).

The closest gene to all AD enriched regions was NDUFC2
(ENSG00000151366) on chromosome 11. chr11:78085840-
78086304 was the only region which had significantly different
number of AD cases compared to CHC cases (Figure 11D chr 11
green arrows & Table 2). NDUFC2 is differentially expressed on
the RNA and protein level in AD brains compared to healthy
controls and the locus is a brain eQTL [56, 57].

For chromosome 19, gene set enrichment analysis on the
nearby genes (UCA1, UBA52, ZNF714) for which AD had higher
incidence of integration did not show any link to AD. UBA52
and ZNF714 are differentially expressed in AD brains [57]. Two
regions were significantly enriched on the chromosome itself,
namely chr19:18578415-18578915 and chr19:20865623-20866179
(Figure 11D green arrows & Table 2). The first region is 866 bp
downstream of UBA52 (ENSG00000221983) (Figure S17). UBA52
has been identified as a potential biomarker for AD. Also, UBA52
expression plays a crucial role in protein folding and downregu-
lation of UBA52 plays an important role in Parkinson’s disease
development [59]. The second region is intergenic and close
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Fig. 10. A) Coverage plot of the our recovered bornavirus-like EVEs. The conserved domains are shown where N is the nucleocapsid protein
and G the glycoprotein. B/C) Density distribution of the total EVE lengths observed on chromosome 9 (B) and chromosome 10 (C) for the
bornavirus EVEs. Black star indicate significant difference (MWU, BH correction). D) Chromosome locations of Bornavirus EVEs including
number of samples that have an EVE in that region. Discussed (significantly) enriched regions are indicated in green.

to ZNF66 (ENSG00000160229) (Figure S18). ZNF66 is differen-
tially expressed in AD cases and part of the family of genes that
were close to herpesvirus integrations [57]. Of note, this is the
only region that has been shown to be enriched for the for CHC
cohort.

Retroviridae
The Retroviridae family is the most abundant virus family in
our genomes, in line with what was found previously [10]. We
observe that an AD genome on average has 1250 retroviral-
like EVEs (±53) compared to 985 (±52) EVEs in CHC genomes.
The identified EVEs in AD covered on average 1253766 bp. In
CHCs, on the other hand, the identified EVEs covered on aver-
age 1021125 bp.

Although we did not observe differences in the proportions
of cohorts having retrovirus-like integrations per chromosome
because of their widespread abundance on almost all chromo-
somes (Figure 7D), we did find numerous sub-chromosomal
regions which had significant higher number of retroviral EVE
incidence for both AD or CHCs. We focused specifically on
regions within 100 kbp upstream or downstream of SNPs associ-
ated with AD [27]. Three of these regions, on chromosome 6, 7,
and 17 showed significant enrichment for the AD cohort and are
discussed below (Figure 12E, green arrows & Table 2).

Retroviridae EVEs are more abundant near AD associated SNPs and
have longer total EVE length

For all three chromosomes, total EVE length was longer in AD in-
dividuals (pchr6=4.81e-3, pchr7=4.96e-3, pchr17=p=4.70e-3 MWU,
BH correction).

On chromosome 6 and 7, the remnants of these retrovirus
integrations mostly resembled the conserved pol region of the
retrovirus genome (Figure 12A). The region on chromosome
6 corresponds to an intergenic region (Figure S19). The clos-
est gene to this region is HLA-DRB1 (ENSG00000196126). The
closest SNP is inside the HLA-DQA1 gene at position 32615322.

The region on chromosome 7 corresponds to an intergenic
region with the closest gene being VWDE (ENSG00000146530.15)
approximately 36 kbp downstream of our region (Figure S20).
The closest SNP is inside TMEM106B at position 12229967.

The region on chromosome 17 contains more remnants sim-
ilar to the envelope protein of the retrovirus compared to the
other two previously discussed regions (Figure 12). The region
overlaps with the out-of-frame exon of the B4GALNT2 gene.
The closest SNP is inside the ABI3 gene on position 49219935.

Lastly, a gene set enrichment analysis was performed on all
regions throughout the genome for which we found significant
AD enrichment that had an FE odds ratio of 10 or higher, result-
ing in a list of 77 genes (Supplementary section .1). Weak signal
was found for pathways related to neuron migration and axonal
development (Figure S22 & S23).

DISCUSSION

Ever since the first discovery of virus DNA inside the brains of
AD patients, the so-called ’infectious hypothesis’ of AD has been
under heavy dispute. True or not, the fact remains that virus
infections have influenced and shaped our genome throughout
human history. Evidence of these influences can be traced back
by investigating our DNA for subsequences similar to virus
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Fig. 11. A) Coverage plot of the our recovered poxvirus-like EVEs. All found EVEs were similar to proteins from non-conserved domains as
indicated by the yellow gradient between the conserved open reading frames. Protein names per region are annotated below every region B/C)
Total EVE length distributions for the poxvirus EVEs on chromosome 11 and 19 in B and C, respectively. Star indicates significant difference
between the distributions (MWU, BH corrected). D) Chromosome locations of EVEs including the number of samples from each cohort that
have an EVE in the specified regions. Significantly enriched regions are indicated with green arrows. Note, chromosome 19 has been scaled for
visualization purposes.

proteins. Assuming that viruses might be an environmental
contributory factor for the onset of AD, we hypothesized that
traces of these virus integrations are to be found back in the
genomes of AD patients. We therefore provide a new and unique
perspective on the infectious hypothesis of AD by screening the
genomes of AD patients and healthy CHCs for remnants of virus
proteins from past infections.

In order to do so, we developed a BLASTx alignment based
pipeline to screen, for the first time to the best of the authors’
knowledge, human assemblies constructed from PacBio long-
read sequencing data against all known vertebrate viruses in the
Refseq NCBI virus protein database [33].

We observed that the genomes of the AD cohort contained
more EVEs than CHC genomes in general and that a higher
fraction of people with AD carry an EVE of one of the three non-
retroviral families, Orthoherpes-, Borna-, and Poxviridae on specific
chromosomal locations compared to the CHC control group. In
addition, for most of the chromosomes that we discussed, the
total EVE length was longer in the AD cohort than the CHC
cohort.

Specifically for the herpesvirus family, we find that the EVEs
tend to be close to genes that are differentially expressed in
the brains of AD patients compared to healthy control groups.
Most notably, we also observed relatively more AD samples
to have herpesvirus EVEs on chromosome 19 located nearby
ZNF genes. Gene set enrichment analysis showed that these
genes are involved in the "Herpes Simplex Virus 1 infection"

pathway (KEGG:05168) (Figure S12). Zooming in, we observed
that these proteins play a role in the activity of Zinc Finger
Antiviral Protein according to the KEGG database (Figure S24)
[60]. ZAP is an important protein for the cell’s intrinsic immune
response [61]. Our data thus indicates that longer herpesvirus
EVEs nearby these antiviral genes might hinder the individual’s
immune response to virus infections.

A similar but weaker link was found for Pox- and Bornaviri-
dae where we saw sporadically that genes close these EVEs had
different expression levels in AD brains. Also, we observed that
the remnants of the Retroviridae family were enriched for the
AD cohort in regions close to SNPs associated with AD. EVEs
present in the genomes of Alzheimer’s disease AD patients pos-
sibly influence the expression of nearby genes, and potentially
even the genes in which SNPs associated with AD are located.

Together, these results are indicative in favor of the infectious
hypothesis by shedding light on the infectious history of the
ancestors of both groups.

Interestingly, we observed a low number of regions for which
the CHC cohort had a higher incidence of samples compared to
the AD cohort but these were not different significantly except
for one poxvirus EVE on chromosome 19 (Figure 11D). This
could hint to the phenomenon that some EVEs might be benefi-
cial for ageing.

Our results should be interpreted with care, however. First
of all, we observe a higher prevalence of herpesvirus remnants
than most studies do, and suspect that false positive results are
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Fig. 12. A) Retroviral genome recovery of the three chromosomal regions discussed. B/C/D) Total EVE length distribution for chromosome
6 (B), 7 (C), and 17 (D). Stars indicate significance (MWU, BH correction). E) EVE sights on chromosome 6, 7, and 17 including the number of
samples that were found to have an EVE in the specific region. SNP interval of 200 kbp is indicated in green and pointed at with green arrows.

still present. For example, HHV-6 remnants are thought to be
detected in approximately 1% of the human population and
mostly in the telomeres of chromosomes [28, 62]. Our findings
mostly showcase sequence similarity to vertebrate non-human
envelope protein of the Chelonid α-herpesvirus as the most
similar virus protein to a specific human subsequence. One in-
terpretation of these results is that infections of viruses similar

to this herpesvirus happened. But, we also know that envelope
proteins are a conserved type of protein in the virus kingdom,
hinting at the fact that the remnant stems from a different virus
family. One of those might be retroviruses since they are much
more present in the human genome compared to non-retroviral
viruses. Further validation would help answering this ques-
tion. A validation technique that could be added to our pipeline
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would extracting the subsequence in the genome and use a se-
quence classifier like RepeatMasker to validate our findings [41].
Leaving the exact viral origin aside, we believe the subsequences
to be structural variants of viral origin, retro- or non-retroviral.

Our pipeline detected previously discovered bornavirus-like
elements in the human genome [18, 38, 63]. Interestingly, we did
not observe these remnants to be present in all of our genomes
(353 out of 489 carried bornavirus-like remnants). This is in
contrast to previous research that suggests these remnants to
be ubiquitously present. We suspect to have observed hetero-
geneity in the sequence composition of these bornavirus-like ele-
ments causing our pipeline to not always detect these sequences
as some bornavirus-like elements have stronger similarity to the
virus proteins than others. Extraction of the subsequences at
the genomic locations of previously discovered bornavirus-like
elements and further downstream analysis can supplement our
analysis and validate the differences we observe.

Lastly, the findings of Poxviridae are new to the field of EVEs
but need careful validation before jumping into the conclusion.
Members of the Poxviridae family replicate inside the cytosol and
thus chances of integrations are very low [1]. We emphasize
here that the subsequences that we report were queried against
all virus sequences in the non-redundant Refseq database. The
Poxviridae proteins resembled these subsequence the best based
on lowest e-value and we observe differences in incidence
between the cohorts. Previously discovered EVEs were also
thought to not integrate at all but were identified nevertheless
[7]. It would be interesting to do a similar experiment on verte-
brate genomes other than human genomes to see if a poxvirus
like sequence can be identified as well. Findings of orthologous
sequences would then be a strong indication of valid findings.

Another opportunity for deeper analysis would be to include
open reading frame extraction and poly-A tail inference in our
pipeline as is mostly done in other EVE research [7, 38]. Hence,
another filtering step that could be applied would be to use tools
like BlastAlign to infer putative open reading frames and extract
sequences around an EVE to explore poly-A tail presence [64].
Moreover, one could use the expressed sequence tag database
and perform a BLASTn experiment on the extracted EVEs as
was done in [16] to infer whether EVEs are expressed on the
RNA level. These steps would also enhance the interpretation
of the influence of these EVEs on increased AD onset risk.

Additionally, most virus signal was found to be inside LTR
repetitive elements according to the GRChg38 chromosomal
locations (see Supplementary section 1). While this is not un-
expected, given the mode of non-retroviral integration, it could
also indicate retrotransposal or retroviral origin [6]. Removal
of (retro-)transposable elements was performed only based on
previously discovered retrotransposons rather than classifying
these regions in our genomes ourselves to save computational
resources. Now that we have the regions of interest in place,
classification of these subsequences with repetitive element clas-
sifiers could shed more light on the origin of these sequences.
Leaving the discussion about the origin in the middle for now,
we observe differences in structural variant composition be-
tween the two cohorts at least, which is important to note on
itself.

Besides validation of our findings, a follow-up experiment
would be to look at the contrasting perspective, exogenous virus
detection. To the best of the authors’ knowledge, the infectious
hypothesis has only been investigated by detecting viral ge-
nomic sequences exogenously, i.e. outside of the host’s genome.
The general trend in these findings is that virus signal is in-

creased in AD samples compared to the healthy control group
[8, 22, 26]. Given the high quality raw sequencing data in blood
and brains of our two cohorts, it would be interesting to see if a
similar signal can be detected as previously discovered.

Finally, we note that we are highly biased to the Dutch sam-
ples. Stronger support for the infectious hypothesis would be
created if this study could be performed on data from various
populations across the globe.

Nevertheless, our findings underscore the diversity and dif-
ferences in the EVE landscape of individuals, even within the
Dutch population. Our genomes can be viewed as documents
describing our current phenotype and archiving the virus inter-
actions we have had in the past.

In conclusion, this research, for the first time, reports differ-
ences in identified EVEs in the AD and CHC genomes, shedding
new light on the infectious hypothesis and providing obser-
vations in favor of it. The study highlights the importance of
preventative measures against infectious diseases, demonstrat-
ing not only short-term benefits but also long-term benefits for
ourselves and possibly for our descendants.
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1. SUPPLEMENTARY

Gene Name Link

RAB42 https://agora.adknowledgeportal.org/genes/ENSG00000188060/evidence/rna

ODF2L https://agora.adknowledgeportal.org/genes/ENSG00000122417/evidence/rna

TGFBR3 https://agora.adknowledgeportal.org/genes/ENSG00000069702/evidence/rna

TRIM33 https://agora.adknowledgeportal.org/genes/ENSG00000197323/evidence/rna

RHEX https://agora.adknowledgeportal.org/genes/ENSG00000263961/summary

STUM https://agora.adknowledgeportal.org/genes/ENSG00000203685/evidence/rna

ZNF678 https://agora.adknowledgeportal.org/genes/ENSG00000181450/evidence/rna

Table S1. Gene names of nearby genes of the herpes-like EVEs
on chromosome 1 and the corresponding links to the Agora
knowledge hub for their statistically significant relationship to
AD.

Gene Name Link

BRAK-RBAKDN https://agora.adknowledgeportal.org/genes/ENSG00000272968

OSBPL3 https://agora.adknowledgeportal.org/genes/ENSG00000070882

ANLN https://agora.adknowledgeportal.org/genes/ENSG00000011426

CYP3A43 https://agora.adknowledgeportal.org/genes/ENSG00000021461

AKR1B1 https://agora.adknowledgeportal.org/genes/ENSG00000085662

Table S2. Gene names of nearby genes of the herpes-like EVEs
on chromosome 7 and the corresponding links to the Agora
knowledge hub for their statistically significant relationship to
AD.

Gene Name Link

SLFN12L https://agora.adknowledgeportal.org/genes/ENSG00000205045

KRTAP9-7 https://agora.adknowledgeportal.org/genes/ENSG00000180386

KRT17 https://agora.adknowledgeportal.org/genes/ENSG00000128422/evidence/rna

RNF213-AS1 https://agora.adknowledgeportal.org/genes/ENSG00000263069

ACSF2 https://agora.adknowledgeportal.org/genes/ENSG00000167107

Table S3. Gene names of nearby genes of the herpes-like EVEs
on chromosome 17 and the corresponding links to the Agora
knowledge hub for their statistically significant relationship to
AD.

https://agora.adknowledgeportal.org/genes/ENSG00000188060/evidence/rna
https://agora.adknowledgeportal.org/genes/ENSG00000122417/evidence/rna
https://agora.adknowledgeportal.org/genes/ENSG00000069702/evidence/rna
https://agora.adknowledgeportal.org/genes/ENSG00000197323/evidence/rna
https://agora.adknowledgeportal.org/genes/ENSG00000263961/summary
https://agora.adknowledgeportal.org/genes/ENSG00000203685/evidence/rna
https://agora.adknowledgeportal.org/genes/ENSG00000181450/evidence/rna
https://agora.adknowledgeportal.org/genes/ENSG00000272968
https://agora.adknowledgeportal.org/genes/ENSG00000070882
https://agora.adknowledgeportal.org/genes/ENSG00000011426
https://agora.adknowledgeportal.org/genes/ENSG00000021461
https://agora.adknowledgeportal.org/genes/ENSG00000085662
https://agora.adknowledgeportal.org/genes/ENSG00000205045
https://agora.adknowledgeportal.org/genes/ENSG00000180386
https://agora.adknowledgeportal.org/genes/ENSG00000128422/evidence/rna
https://agora.adknowledgeportal.org/genes/ENSG00000263069
https://agora.adknowledgeportal.org/genes/ENSG00000167107
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Fig. S1. All identified EVEs in the human genome of the AD and CHC cohort.

Fig. S2. EVE locations along human genome chromosomes.
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Fig. S3. UCSC genome track of chr1:28,587,093-28,589,648

Fig. S4. gProfiler plot output, for nearby genes of enriched herpesvirus regions on chromosome 1



Thesis Delft University Of Technology 22

Fig. S5. gProfiler table output, for nearby genes of enriched herpesvirus regions on chromosome 1
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Gene Name Link

ZNF93 https://agora.adknowledgeportal.org/genes/ENSG00000205045

znf682 https://agora.adknowledgeportal.org/genes/ENSG00000197124

ZNF626 https://agora.adknowledgeportal.org/genes/ENSG00000188171

ZNF98 https://agora.adknowledgeportal.org/genes/ENSG00000197360

NAPSA https://agora.adknowledgeportal.org/genes/ENSG00000131400

ZNF813 https://agora.adknowledgeportal.org/genes/ENSG00000198346

Table S4. Gene names of nearby genes of the herpes-like EVEs
on chromosome 19 and the corresponding links to the Agora
knowledge hub for their statistically significant relationship to
AD.

Gene Name Link

ERCC6L2 https://agora.adknowledgeportal.org/genes/ENSG00000182150

EBLN3P https://agora.adknowledgeportal.org/genes/ENSG00000281649

RUSC2 https://agora.adknowledgeportal.org/genes/ENSG00000198853

Table S5. Gene names of nearby genes of the borna-like EVEs
on chromosome 9 and the corresponding links to the Agora
knowledge hub for their statistically significant relationship to
AD.

.1. Nearby genes to Retroviridae EVEs that showed significant enrich-
ment for AD and had odds ratio > 10

AADACL3, ABI1, ADGRL2, AKAP10, ANGPT1, APOBEC1,
ASCC3, ATG4C, BEX3, C14orf177, C6orf226, C8orf33, CCDC179,
CDRT15P1, COL4A5, COMMD1, DANT2, DNAH11, EIF2AK2,
FAM181B, FBXO17, FPR3, GIMAP4, GPR83, H2AC12, HDAC2-
AS2, HLA-DRB6, HMGCS1, KCCAT333, KCNJ6, LINC01093,
LINC01242, LINC01278, LINC01356, LINC01615, LINC01815,
LINC02062, LINC02591, LOC100506990, LOC101927623,
LOC644669, LOC646029, LOC646813, LOC729732, MEI4, NDN,
NELL2, OR11H2, OR52K2, PCLO, PDE7A, PRELP, PRMT8,
PSMC1, PTGDR, RAB39A, RBFA, ROBO1, RPS4Y2, RPSAP58,
RSPO3, SETMAR, SLC25A44, SLIT2, SMIM19, SPIN3, SYNE1,
NCOR1P4, TGIF2LX, TMCC1-AS1, TTTY9A, UFM1, XCR1,
ZBBX, ZIM2, ZNF678, ZPLD1

https://agora.adknowledgeportal.org/genes/ENSG00000184635
https://agora.adknowledgeportal.org/genes/ENSG00000197124
https://agora.adknowledgeportal.org/genes/ENSG00000188171
https://agora.adknowledgeportal.org/genes/ENSG00000197360
https://agora.adknowledgeportal.org/genes/ENSG00000131400
https://agora.adknowledgeportal.org/genes/ENSG00000198346
https://agora.adknowledgeportal.org/genes/ENSG00000182150
https://agora.adknowledgeportal.org/genes/ENSG00000281649
https://agora.adknowledgeportal.org/genes/ENSG00000198853
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Fig. S6. UCSC genome track of chr7:5,021,640-5,022,178

Fig. S7. gProfiler table output, for nearby genes of enriched herpesvirus regions on chromosome 7
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Fig. S8. gProfiler plot output, for nearby genes of enriched herpesvirus regions on chromosome 7

Fig. S9. UCSC genome track of chr17:50,413,398-50,413,999

Fig. S10. gProfiler table output, for nearby genes of enriched herpesvirus regions on chromosome 17
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Fig. S11. gProfiler plot output, for nearby genes of enriched herpesvirus regions on chromosome 17

Fig. S12. gProfiler table output, for nearby genes of enriched herpesvirus regions on chromosome 19
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Fig. S13. gProfiler plot output, for nearby genes of enriched herpesvirus regions on chromosome 19

Fig. S14. UCSC’s genome broswer track of chr9:37086819-37087689
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Fig. S15. UCSC’s genome broswer track of chr9:96008246-96009126

Fig. S16. UCSC’s genome broswer track of chr10:22208886-22209950
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Fig. S17. UCSC’s genome broswer track of chr19:18578415-18578915

Fig. S18. UCSC’s genome broswer track of chr19:20865623-20866179
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Fig. S19. UCSC’s genome broswer track of chr6:32560043-32566098

Fig. S20. UCSC’s genome broswer track of chr7:12292625-12295056
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Fig. S21. UCSC’s genome broswer track of chr17:49172477-49175501

Fig. S22. gprofiler graph of Retroviridae enriched genes

Fig. S23. gprofiler table of Retroviridae enriched genes
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Fig. S24. KEGG pathway analysis of the "Herpes Simplex Virus 1 Infection" pathway (KEGG:05168). The ZNF genes mentioned were linked
to the antiviral protein ZAP which is highlighted in pink.
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