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Human endogenous retroviruses (HERVs), which are normally silenced by methylation or mutation, can be
reactivated by a variety of environmental factors, including infection with exogenous viruses. In this work, we
investigated the transcriptional activity of HERVs following infection of human liver cells (HepaRG) with human
adenovirus C serotype 5 (HAdV-C5). HAdV-C5 infection results in reactivation of several HERV groups as well as
differentially expressed genes. Interestingly, in HAdV-C5 infection, upregulated genes that were in close chro-
mosomal proximity to upregulated HERV loci were associated with influencing viral carcinogenesis and in-
flammatory signaling. We also identified an FBXO17 transcript encoding an intronic ERVK9-11 sense sequence
upon HAdV-C5 infection. FBXO17 has previously been described as an important factor in the regulation of the
interferon response. This suggests that specific HERV groups may have the potential to trigger gene networks and
influence viral immune responses.

1. Introduction

A large proportion of the mammalian genome (46 %) is made up of
mobile genetic elements called DNA transposons and retroelements,
including human endogenous retroviral elements (HERVs) [1-5].
Approximately 8 % of the human genome consists of HERVs. In addition
to complete, partially truncated and partially deleted HERV genomes,
there are up to 500,000 copies of single long terminal repeats (LTRs) in
the human genome [6]. Most HERVs have been silenced during evolu-
tion by mutation and/or epigenetic control. However, several HERV
groups can be reactivated by environmental insults such as viral in-
fections with exogenous viruses such as HIV-1 [7], HCV [8] or IAV [9].

Upon reactivation, HERVs can influence host gene expression through at
least five mechanisms: (1) their LTRs can act as enhancer or repressor
sites, (2) they can serve as promoter sites, (3) they provide poly-
adenylation signals to terminate transcripts, (4) they can provide splice
sites, and (5) they can contribute to RNA interference [1,10,11]. HERV
reactivation has also been shown to impact the immune response in
various ways. For example, HERV-derived nucleic acids can activate
pattern recognition receptors like RIG-I or toll-like receptors (TLRs)
[12]. The HERV-W envelope protein has been reported to stimulate
cytokine production via TLR signaling [13,14]. Additionally,
HERV-derived proteins can trigger T or B cell responses, activating the
adaptive immune system [15,16]. Finally, HERV-derived promoters or
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enhancers can modulate the expression of inflammatory genes, poten-
tially influencing antiviral immunity [17].

Human Adenoviruses (HAdV) are non-enveloped, double-stranded
DNA viruses with 116 types classified into seven species (A-G) (htt
p://hadvwg.gmu.edu). HAAV infections primarily affect the gastroin-
testinal and respiratory tract, often with mild or self-limiting symptoms
[18]. While the global incidence is unclear, infections are common in
young children [19] and immunocompromised individuals. HAdV can
be lethal in patients with weakened immune systems, particularly in
those undergoing allogeneic stem cell transplantation (HSCT) [20],
where reactivation of latent virus is associated with increased morbidity
and mortality [21,22]. Innate immune responses to HAdV involve in-
terferons (IFNs), which are secreted in response to viral recognition.
There are three types of IFNs, each with distinct receptors: IFN-I is found
on epithelial cells and responds strongly in the intestine, IFN-III acts on
mucosal surfaces [23,24], and IFN-y (IFN-II) primarily targets immune
cells like B lymphocytes and macrophages, with more immunomodu-
latory than antiviral effects [25]. IFNs can repress HAdV replication in
epithelial cells and fibroblasts by targeting the E2F binding site in the
E1A enhancer region, inhibiting viral transcription [26]. However, the
adenoviral protein E1B-55 K antagonizes IFN-induced genes, illus-
trating a complex interplay between the virus and host immune re-
sponses. In epithelial cells that do not secrete IFNs, the viral proteins
may suppress immune defenses, while the presence of IFNs before
infection can reduce replication. Type I and II IFNs are mainly produced
by lymphocytes in response to pathogens, but HAdV replication is more
prominent in epithelial cells [27] than in lymphocytes [24,28]. Persis-
tent HAAV infections [24,29,30] often occur in adenoids and tonsils,
with the virus found in T lymphocytes in up to 80 % of pediatric cases.
Reactivation in immunosuppressed individuals, particularly those un-
dergoing HSCT, is a major cause of morbidity and mortality. Under-
standing how cytokine production and interferon pathways regulate
HAAV replication is crucial to prevent severe infections and improve
patient outcomes in immunocompromised settings.

Here, we investigated the extent to which HAdV-C5 infection can
influence the expression of HERVs and thereby regulate key host genes
that in turn influence the host immune response. To this end, we infected
HepaRG cells with HAdV-C5 and analyzed changes in the expression of
HERVs and cellular genes in the RNAseq datasets. Our bioinformatic
analysis shows that several HERV elements as well as HERV LTRs are
activated or downregulated after HAdV-C5 infection. The regulated
HERV elements included MER elements and HERVL18, which are
already known to influence immunological processes. We also identified
DEHERV-G pairs, which represent differentially expressed genes within
250 kb of a differentially expressed HERV LTR [9]. Functional enrich-
ment analysis revealed that a significant proportion of these DEHERV-G
pairs contain genes associated with immune response pathways and
viral carcinogenesis. In addition, we identified an FBXO17 transcript
encoding an intronic ERVK9-11 sense sequence in HAdV-C5 infection.
Interestingly, FBXO17 has already been described as an important factor
in the regulation of the interferon response. Thus, our data show that
HAdV-C5 infection causes changes in HERV expression as well as in
nearby genes, which are associated with influencing immune regulatory
pathways.

2. Methods and materials
2.1. Cell culture

HepaRG and HEK-293 (Sigma-Aldrich Inc) cells were grown in
DMEM medium supplemented with 10 % FCS or 5 % FCS, 100 U of
penicillin and 100 pg of streptomycin per ml at 37 °C in atmosphere with
5 % CO,. HepaRG cells were propagated in media additionally supple-
mented with 5 pg/ml of bovine insulin and 0.5 pM of hydrocortisone. All
cell lines were consistently tested for mycoplasma contamination.
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2.2. Viruses

In this work, H5pg4100, containing an 1863 bp deletion (nt
28,602-30465) in the E3 region, was used as the HAdV-C5 virus, kindly
provided by Prof. Thomas Dobner (LIV, Hamburg) [31]. Viruses were
propagated in H1299 and HEK 293 cells and titrated in HEK 293 cells as
previously described [32].

2.3. Illumina RNA sequencing

Total RNA was isolated from whole-cell lysates with TRIzol reagent
(Invitrogen) as described by the manufacturer. Strand specific, polyA-
enriched RNA sequencing was performed as previously reported [33].
RNA integrity number (RIN) was determined with the Agilent 2100
BioAnalyzer (RNA 6000 Nano Kit, Agilent). For library preparation, 1 pg
of RNA was poly(A) selected, fragmented, and reverse transcribed using
the Elute, Prime, Fragment Mix (Illumina). A-tailing, adaptor ligation, and
library enrichment were performed according to the TruSeq Stranded
mRNA Sample Prep Guide (Illumina). Quality and quantity of RNA li-
braries were evaluated using the Agilent 2100 BioAnalyzer and the
Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies). RNA libraries
were sequenced as 150 bp paired end runs on an Illumina HiSeq4000
platform at Helmholtz Zentrum Miinchen RNAseq Core Facility. Kallisto
(version 0.46.1) was used to quantify transcript abundancies from
paired-end RNA-seq reads [34]. The index for Kallisto-pseudoalignment
was built using the Genome Reference Consortium Human Build 38
patch release 13 (GRCh38. p13), (91). Differential gene expression was
analyzed using the R package sleuth (version 0.30.0) [35].

2.4. HERV annotation

Repetitive sequences were identified in the human genome (version
hg38) by RepeatMasker [36] and downloaded from the UCSC
Table Browser [37]. In this work we only considered LTR (long terminal
repeat) transposons of two types - HERV LTRs and Gypsy LTRs —
including their internal portions (HERV-int and Gypsy-int) and LTR se-
quences, as well as solo LTRs (622,700 elements in total). Association
between LTRs and internal portions of transposons was established
based on the transposon nomenclature by Kojima [38]. Additionally, we
also obtained annotations of transposable elements from the HERVd
[39] database. Using the Reannotate [40] software, we identified LTRs
located in close proximity (up to 40 kb) of HERV and Gypsy elements as
HERV-LTR and Gypsy-LTR elements, respectively, while all other LTRs
were considered to be solo LTRs. Reannotate was also employed to
conduct defragmentation of internal portions and LTR elements
rendered noncontiguous as a consequence of insertions and chromo-
somal rearrangements.

2.5. RNA-seq data processing

Reads in FASTQ files were aligned to the Ensembl human reference
genome (genome assembly: GRCh38) using the STAR (Spliced Tran-
scripts Alignment to a Reference) aligner [41]. A maximum of 20
alignments and no more than two mismatches were allowed for each
read. After mapping, the BAM files were used with SQUIRE to quantify
the expression of HERVs at the locus level. The SQUIRE output was in-
tegrated with the previously established HERVs annotation to generate
the read counts of the HERV loci.

2.6. Differential expression analysis

Differential expression analysis was performed using DEseq2 [42]
with count metrics combining both HERVs and genes. DESeq2 uses the
Wald test for hypothesis testing between infected and uninfected cells.
p-value was corrected for multiple testing using the Benjamini and
Hochberg method. The HERVs and genes with an adjusted p-value less
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Fig. 1. HAdV-C5 infection of HepaRG cells promotes viral replication centers in the host cell nucleus. HepaRG cells were infected with HAdV-C5 at a multiplicity of
infection of 20 FFU/cell. The cells were fixed with 2 % PFA 24 h p. i. and labeled with mAb mouse (a-E2A). Primary Abs were detected with Alexa568 (a-E2A, red)
conjugated secondary Abs. Nuclear staining was performed using Dapi. Staining patterns representative of 50 analyzed cells are shown. Scalebar 10 pm. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

than 0.05 were considered to be significantly differentially expressed.

2.7. Identification of differentially expressed HERV and gene pairs
(DEHERV-G pairs)

The count metrics was normalized by DEseq2, using the median of
ratios of gene counts relative to the geometric mean per gene for
normalization. Correlation analysis was carried out with Differential
Gene Correlation Analysis (DGCA), using Pearson correlation coeffi-
cient. It identified the differential correlations between HERVs and
genes in human adenovirus C serotype 5 (HAdV-C5) infected cells
compared to uninfected cells. Following [9], for each differentially
expressed HERV locus, we identified the nearest DE gene within 250 kbp
on the same strand. The protein-coding genes occurring in the
DEHERV-G pairs were subjected to functional enrichment analysis.

2.8. Functional enrichment analysis

Enrichment analysis of GO (Gene Ontology) biological processes and
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways was per-
formed using DAVID (Database for Annotation, Visualisation and Inte-
grated Discovery). The GO biological processes and KEGG pathways
were used with a False Discovery Rate (FDR)-adjusted p-value of less
than 0.05, meaning that less than 5 % of significant tests lead to false
positive results.

2.9. Protein analysis and antibodies (Ab)

Cells were harvested according to the experimental setup and
resuspended in RIPA buffer freshly supplemented with 0.2 mM PMSF, 1
mg/ml Pepstatin A, 5 mg/ml aprotinin, 20 mg/ml leupeptin, 25 mM
iodacetamide and 25 mM N-ethylmaleimide as previously described
[43]. The cell lysates were incubated 30 min on ice, sonicated for 30 s,

and the insoluble debris was pelleted at 11,000 rpm/4 °C. Protein
concentration was measured and lysates were boiled for 5 min at 95 °C
in 2x Laemmli buffer and subsequently analyzed by Western blotting.
Primary Abs specific for HAdV proteins used in this study included E2A
mouse mAb B6-8 [44]. Primary Ab specific for cellular proteins included
monoclonal mouse Ab against p-actin AC-15 (A5441; Sigma-Aldrich) and
polyclonal rabbit antibody raised against FBXO17 (12,844-1AP;
Proteintech).

2.10. Indirect inmunofluorescence

Cells were cultivated on glass cover slips and infected. Immunoflu-
orescence studies were performed using previously defined protocols
[45]. Digital images were acquired using a Pearson’s correlation coeffi-
cient, determined with ZEISS software, to analyze colocalization of
FBOX17 and viral proteins. Images were cropped in Adobe Photoshop
CS6 and assembled with Adobe Illustrator CS6.

2.11. Quantitative real-time PCR analysis

Cells were infected with HAdV-C5 and harvested at 24 h p. i. Total
RNA was isolated with TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. 1 pg of RNA was reverse transcribed using
Promega reverse transcription kit, with an anchored oligo (dT)15 primer
specific for poly(A) + RNA. Quantitative real-time PCR (qQRT-PCR) was
performed with a first-strand method with a 1/10 dilution of the cDNA
template, 10 pmol/ml of each synthetic oligonucleotide primer, and
5 pl/sample of LunaScript RT SuperMix (New England Blolabs). The PCR
conditions were as follows: 10 min at 95 °C and 55 cycles of 30 sat 95 °C,
30 s at 55-62 °C, and 30 s at 72 °C. The average threshold cycle (CT)
value was determined from biological triplicates, and levels of mRNA
were calculated relative to cellular glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) mRNA. The identities of reaction products were
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Fig. 2. Gene and HERV expression are changed upon HAdV-C5 infection. (A-B) Principal component analysis (PCA) plots of HERVs (A) and genes (B) genes upon
HAdV-C5 infection of HepaRG cells. Three technical replicates are shown. (C-D) Volcano plot showing differential HERV expression (C) and gene expression (D) by
RNA-seq of infected cells compared to uninfected HepaRG cells. Genes and HERVs in red are significantly differentially upregulated and an adjusted P-value of <0.05.
(E-F) Percentage of significantly up (E) or down (F) regulated HERV groups in HAdV-C5 infected cells. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

Table 1

Differential expression status of DEHERV-G pairs. Symbols + indicate up/
down regulation of genes or HERVs. For example, G+H+ indicates pairs where
both a HERV locus and a gene are up-regulated.

Cells DEHERV-G Pairs
G + H+ G+ H- G-H+ G-H-
HAdV-C5 infection 174 24 90 150

validated by melting-curve analysis.
3. Results

3.1. HAdV-C5 infection changes HERV as well as gene expression in
HepaRG cells

To explore whether human adenovirus wild-type serotype C5
(HAdV-C5) infection causes changes in HERV expression as well as the
expression of host genes, we infected HepaRG cells. Virus infection in
these cells was verified by immunofluorescence analyses showing viral
replication centers stained by the viral DNA binding protein and infec-
tion marker E2A/DBP (Fig. 1).

24 h post-infection, we extracted total RNA, which was subjected to
paired-end RNA sequencing. After processing and mapping the raw
RNA-seq data the overall similarity between infected and uninfected
cells was assessed using principal-component analysis (PCA) of HERVs
as well as protein-coding genes. A significant expression shift upon
infection was detectable for HERVs (Fig. 2A) and protein-coding genes
(Fig. 2B), respectively. Next, we observed the differential expression of
HERVs (DEHERVs) and genes (DEGs) between infected and uninfected
cells performing differential expression analysis using the DESeq2 R
package. 33 HERV loci (Figs. 2C) and 416 genes (Fig. 2D) were signifi-
cantly up-regulated whereas 48 HERV loci (Figs. 2C) and 184 genes
(Fig. 2D) were significantly down-regulated by a fold change of at least 1
in infected cells compared to uninfected. All identified DEHERVSs as well
as DEGs are listed in Tables S1 and S2. In addition, we performed GO and
KEGG enrichment analysis of the protein-coding genes that were upre-
gulated (Figs. S2A and B) or downregulated (Figs. S3A and B) after
HAdV-CS5 infection. For the identified upregulated genes after HAdV-C5
infection, the analysis revealed that the most enriched BP terms were
associated with many biological processes, including several pathways
important for RNA processing (Fig. S2A). The same was true for the
KEGG analyses (Fig. S2B). For the identified downregulated genes after
HAdV-C5 infection, the analysis revealed that the most enriched BP
terms (Fig. S3A) and KEGG terms (Fig. S3B) were also associated with
many biological processes, including processes related to cellular im-
mune response or cancer development. In addition to the locus-specific
DE analysis of HERVSs, we used DESeq2 to analyze the general expression
trend of the identified HERV elements with non-zero expression levels.
Ilustrated is the percentage of significantly differentially upregulated
(Fig. 2E) as well as downregulated (Fig. 2F) HERV elements after HAdV-
C5 infection. DEHERVs from three groups, namely MER50like, HERV-S
and HERV-K(HML-8), were upregulated only in HAdV-C5 infected cells,
whereas loci belonging to four groups, namely Gypsy, HERV-K(HML-2),
HERV-K(HML-4) and HERV-K(HML-6), were downregulated upon
adenoviral infection. These findings show that adenoviral infection re-
sults in transcriptome changes of HERVs as well as protein-coding genes.

3.2. Pairs of differentially expressed HERVs and genes (DEGERV-G)

Furthermore, we investigated the association between DEGs and the
identified upregulated HERV LTRs, which may harbour regulatory ele-
ments such as enhancers and promoters [11] and thus may be able to
affect genes upstream as well as downstream at a distance of up to 250
kbp [9,16,46]. For each DE-HERV locus, we identified the closest DE
gene within 250 kbp on the same strand. Such HERV/gene pairs were
termed DEHERV-G pairs. In total, 438 DEHERV-G pairs were identified
in cells after HAdV-C5 infection (Table 1). Most DEHERV-G pairs con-
sisted of upregulated genes and HERVs (G + H+), followed by down-
regulated genes and HERVs (G-H-). In addition, there was a tendency for
the number of DEHERV-G pairs to decrease with increasing relative
distance between DEGs and DEHERVs under infected conditions
(Fig. 3A). Furthermore, we performed GO and KEGG enrichment anal-
ysis with the protein-coding genes in close proximity to the up-regulated
HERVs (G + H + DEHERV-G pairs) (Table S3). This analysis revealed
that several of the most enriched processes were related to the cellular
immune response (Fig. 3B). Moreover, one process enriched was viral
carcinogenesis also playing an important role for several HAdV onco-
proteins encoded in the viral genome (Fig. 3C).

3.3. HAdV-C5 infection results in the upregulation of FBXO17 encoding a
sense intronic ERVK9-11 sequence

HERV sequences can create alternative promoters for genes that
produce fusion transcripts. Several HERV fusion transcripts have been
reported to affect developmental processes [47-49] but also to
contribute to disease [48,50]. We therefore took a closer look at our
RNA-seq analyses. Interestingly, we found ERVK9-11 and the gene
FBXO017 differentially correlated in HAdV-C5 infected cells compared to
control cells (Fig. 4A). FBXO17 has already been reported to negatively
regulate IFN-I signaling triggered by double-strand DNA, RNA, or viral
infection. To better illustrate the relative expression of both isoforms, we
generated a Sashimi plot where each splice junction was plotted and
reads were conveniently enumerated. This allowed us to visualize the
structure of the FBXO17 isoforms (Fig. 4B). FBXO17 shows additional
cross-junction reads to the ERVK9-11 loci in HAdV-C5 infected cells
(Fig. 4B and Fig. S1), resulting in an FBXO17 transcript encoding a sense
intronic ERVK9-11 sequence. It is interesting to note that several
intergenic non-coding RNAs have been reported to directly regulate
genes in cis and trans [51,52]. However, further functional analysis will
be needed to elucidate gene regulation by ERV-encoded long non-coding
RNAs.

Moreover, we performed HAdV-C5 virus infections and after indi-
cated time points (24-72hpi) the cells were harvested, lysed, and sub-
jected to immunoblot analysis using an FBXO17 specific antibody. As
shown above, E2A was used to control virus infection. FBXO17 protein
levels showed several significant differences compared to mock cell ly-
sates without virus infection (Fig. 5A, lanes 1, 3 and 5). Interestingly, we
observed several proteins that only appear in the HAdV-C5 lysates
(Fig. 5A, lanes 2, 4 and 6; *) indicating different potential isoforms that
might appear due to an intronic HERV-sequence. To exclude that the
proteins detected were not HAAV capsid proteins, we also stained the
samples with an anti-capsid antibody (Fig. 5A). We also analyzed the
relative expression of FBXO17 and observed a significant increase upon
HAAdV-C5 infection in HepaRG cells (Fig. 5B).
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Fig. 3. (next page): Distribution and GO analysis of DEHERVG pairs. A) Shown is the distribution of distances between DEGs and DEHERVs within DEHERV-G pairs.
Overlapping DEGs and DEHERVS correspond to zero distances (B) Significantly enriched GO terms for biological processes associated with G + H + DEHERV-G pairs.
Terms are ordered by fold enrichment. (C) Significantly enriched KEGG pathways associated with G + H + DEHERV-G pairs. Terms are ordered by fold enrichment
zind their p-value of less than 0.05, with Benjamini-Hochberg-corrected p-values less than 0.05.

A
HAdV-C5 mock
N~
(@]
x
om
L 400 4
e
o
2
c
3
Q
o
el
©
Q‘_J [ ]
[ ]
T 3004 °
£ 4
E .\
E . °
o -
Z .
[ ]
[ ]
10 20 30 40 50 60 10 20 30 40 50 60
Normalised read counts of ERVK9
B
P-4 mock
13.
() 5
\ By p— 2 — =
A‘. wd. e g i Z . ]
16 147 - 2 e

L
38937310

L s
38961482 38973568

I + + + =
- ———————

Fig. 4. An FBXO17 encoding a sense intronic ERVK9-11 sequence is made upon HAdV-C5 infection. (A) Scatter plot of HERV locus expression versus gene expression.
The ERVK9-11 loci and FBXO17 show differential correlation in HAdV-C5 infected cells compared to uninfected cells according to the DGCA result. (B) A Sashimi plot
of FBX017 from HAdV-C5 infected and uninfected cells. Raw reads are visualized by bar height and splice junctions, and their respective read numbers are shown by

the connecting arcs.
4. Discussion

Hundreds of thousands of HERVs, ranging from full-length pro-
viruses to short gene fragments, influence the antiviral immune response
through various mechanisms. For instance, ERV-derived nucleic acids
can trigger antiviral recognition, while ERV-derived IncRNAs regulate
immune responses. Endogenous retroviral proteins can modulate im-
munity, and retroviral envelope proteins may block virus entry receptors
[12]. Reactivation of specific HERV groups by infections, such as HIV-1,
HCV, and IAV [7-9], can impact gene networks [11,46,53,54], partic-
ularly via LTRs acting as promoters or enhancers, influencing

inflammatory gene expression [12,15,17].

Viruses like HAdV, HCMV, EBV, HIV, and IAV antagonize host im-
mune defenses by blocking INF receptors or disrupting STAT signaling
[55]. For example, IFN-mediated repression of HAdV production in
epithelial cells and fibroblasts is time-dependent and influenced by IFN
levels prior to infection. This suggests that viral proteins may suppress
immune defenses in epithelial cells, while IFN presence could reduce
HAQV replication [56,57]. These findings are relevant for understanding
HAAV reactivation in immunosuppressed patients.

This study aimed to explore how HAdV-C5 infection affects HERV
expression and host gene networks. We observed differential activation
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Fig. 5. FBXO17 expression after HAdV infection. HepaRG cells were infected
with HAdV-C5. (A) Cells were harvested after 24, 48 and 72 h post infection.
Uninfected cells served as mock control. FBXO17 expression was detected using
an FBXO017 specific antibody. p-actin was used as a loading control and E2A to
proof virus infection. (B) Relative transcript levels of FBXO17 upon HAdV-C5
infection using qQRT-PCR, Two-tailed, unpaired T-test, p value 0.00503.

of HERV elements, with LTR48B, MER34-int, MER65C, and LTR67B
showing the strongest upregulation, while HERVL18-int, LTR3A, and
MLT2A1 were significantly downregulated, some of which are linked to
immune regulation.

LTR48 B is the element that shows the strongest activation after
HAdV-C5 infection. Not much is known about LTR48B, except that a
subset of LTR48B elements has acquired enhancer activity in pluripotent
cells [58]. It has also been described that a significant enrichment for the
ERV1 groups as a whole, in particular for the members of the LTR48,
HERV4, MER41D and HERVFH19 subgroups, occurs after INF-I stimu-
lation [59]. Thus, an indirect effect of activation of LTR48B via INF-I
may also be possible. Another upregulated element identified upon
HAdV-C5 infection MER-34-int as well as MER65B. Nothing is known
about MER34-int in relation to immunological processes. It has been
shown that autistic children and their mothers have high expression of
MER34 in association with the expression of cytokines such as tumor
necrosis factor alpha (TNF-a), interferon gamma (IFN-y) and IL-10 [60].
Moreover, the MER34 HERYV locus transcribes for a unique Env protein
called HEMO. HEMO has been detected in the placenta and various
cancers and has been shown to be released into the human circulation
[61,62]. HEMO has been shown to be regulated by the WNT/b-catenin
pathway, to be a “stemness marker” of the normal cell and to be a
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potential target for immunotherapeutic approaches in tumors [61,62].
Also, MER65B has not yet been implicated in immunological processes.
MER65B was previously shown to be dysregulated after SARS-CoV
infection [63] and was also detected in tumor tissue and immune cells
[64]. MER41 elements were found in the vicinity of immune genes such
as AIM2, APOL1, IFI6 and SECTM1, and CRISPR/Cas9-mediated dele-
tion of these elements abolished the responsiveness of the neighboring
immune gene IFN-y [15]. This is an example of how MER elements can
be involved in immunological processes and further studies will show
whether this is also true for MER34 and MER65 elements. Silencing of
SETDBI in acute myeloid leukaemia cells resulted in the upregulation of
numerous HERV groups, including HERVL18. HERV upregulation was
bidirectional and was accompanied by the induction of an antiviral
response, INF-I signaling and ISG expression. Knockout of either the
sSRNA receptor RIG-I or the dsRNA receptor MDA5 abolished this
response [65]. In our study we found that HERVL18 was downregulated
after HAdV-C5 infection, which would presumably have no effect on
interferon signaling. However, further studies would be needed to
investigate this in more detail.

Previous studies have shown that many HERV groups have the po-
tential to act as interferon enhancers and promote the development of
transcriptional networks associated with the interferon response [12].
Interestingly, several of the DEGs identified in our study, which are in
close proximity to the DEHERVs analyzed and were both upregulated
following HAdV-C5 infection, were also associated with immune re-
sponses. We identified ERVK9-11 and FBXO17 being differentially
correlated in HAdV-C5 infected HepaRG cells. Moreover, upon HAdV-C5
infection several unique reads could be mapped against an FBXO17
transcript encoding a sense intronic ERVK9-11 sequence. Interestingly,
the F-box protein FBXO17 is known to negatively regulate viral
infection-induced IFN-I signaling [66]. FBXO17 specifically interacts
with IFN regulatory factor 3 (IRF3) and reduces its dimerisation and
nuclear translocation. The decrease in IRF3 dimerisation and nuclear
translocation could be attributed to FBXO17-mediated recruitment of
protein phosphatase 2 (PP2A), leading to dephosphorylation of IRF3.
Thus, an ERVK9-11-FBXO17 transcript, which may arise following
HAAdV-C5 infection, might play a novel role in the HAdV-mediated INF-I
immune response. Interestingly, approximately 20 % of IncRNAs are
derived from HERV sequences [67]. Recent studies have emphasized the
functional importance of Transpsosable Element-derived sequences in
modulating the expression and function of IncRNAs involved in various
biological processes such as development and immune response
[68-71]. HERV-derived IncRNAs have been shown to regulate the im-
mune response to viral infection by modulating the expression of
immune-related genes [69]. The exact mechanisms remain to be fully
understood. Future studies investigating additional cell types and HAdV
members will provide valuable insights into common HERVs and gene
patterns that are reactivated. Moreover, ongoing advancements in
sequencing technologies and computational algorithms are expected to
further our understanding of the role of HERV-derived IncRNAs in key
biological processes.

Overall, our results suggest that individual HERV groups/elements
and neighboring genes are upregulated after HAdV-C5 infection and are
associated with the regulation of the antiviral immune response. This
could indicate that viruses have developed strategies to circumvent
HERV-mediated immunity. In the future, functional studies will be
necessary to elucidate the exact mechanisms that lead to the activation
of HERV immune networks after viral infection.
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