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a b s t r a c t

The endogenous retrovirus type W (HERV-W) is a human-specific entity, which was initially discovered
in multiple sclerosis (MS) patient derived cells. We initially found that the HERV-W envelope (ENV)
protein negatively affects oligodendrogenesis and controls microglial cell polarization towards a
myelinated axon associated and damaging phenotype. Such first functional assessments were conducted
ex vivo, given the human-specific origin of HERV-W. Recent experimental evidence gathered on a novel
transgenic mouse model, mimicking activation and expression of the HERV-W ENV protein, revealed that
all glial cell types are impacted and that cellular fates, differentiation, and functions were changed. In
order to identify HERV-W-specific signatures in glial cells, the current study analyzed the transcriptome
of ENV protein stimulated microglial- and astroglial cells and compared the transcriptomic signatures to
lipopolysaccharide (LPS) stimulated cells, owing to the fact that both ligands can activate toll-like re-
ceptor-4 (TLR-4). Additionally, a comparison between published disease associated glial signatures and
the transcriptome of HERV-W ENV stimulated glial cells was conducted. We, therefore, provide here for
the first time a detailed molecular description of specific HERV-W ENV evoked effects on those glial cell
populations that are involved in smoldering neuroinflammatory processes relevant for progression of
neurodegenerative diseases.
© 2024 The Author(s). Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Multiple sclerosis (MS) is a demyelinating disease of the central
nervous system (CNS) leading to progressive neurodegeneration
and irreversible cognitive and motor deficits. Despite extensive
research, cause and pathomechanism of MS remain poorly under-
stood. The classical concept of MS, described by early autoimmune
mechanisms followedbyaneurodegenerative phase, has repeatedly
been challenged over the last years [1]. Meanwhile novel concepts
predict the occurrence of smoldering neuroinflammation that leads
to neurodegeneration already during early disease stages [2]. In this
context and besides the influence of peripheral immune cells, this
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smoldering neuroinflammation was proposed to be primarily
associated with reactive and neuroinflammatory microglia and as-
trocytes [3]. Advances in transcriptome analysis largely improved
our understanding of expression pattern diversity and dynamics of
these reactive- and disease-associated glial cells and multiomic
approaches are currently used as state-of-the-art technology to
further characterize these heterogeneous cell populations [4,5].

Human endogenous retroviruses (HERVs) are evolutionary ac-
quired DNA sequences and make up to 8% of the human genome,
with most of them being epigenetically silenced or functionally
irrelevant due to accumulation of mutations and/or truncations
(summarized by Ref. [6]). Related to disease-initiating or -pro-
moting pathological entities, Perron and colleagues reported in
1989 a viral entity isolated from leptomeningeal cell cultures of MS
patients [7]. Later it was found that these viral particles belong to a
human endogenous retrovirus of type W (HERV-W). Although
anticipated as mainly inactive elements, it was proposed that
certain environmental factors are able to activate these viral
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entities, leading to the expression of viral proteins. In this context,
Herpesviridae, such as the Epstein Barr virus (EBV), have been
identified to activate dormant HERVs [8,9]. As EBV was recently
revealed to be a leading cause of MS [10], this further corroborates a
functional implication of HERV-W in the disease process. In MS, the
envelope protein (ENV) of HERV-W was primarily found to be
expressed and ENV protein levels, detected in patient blood and
cerebrospinal fluid (CSF), were found to correlate with onset, pro-
gression, and severity of the disease [11e13]. Within the CNS,
HERV-W ENV protein can be found as acellular deposits and to be
expressed by myeloid cells whereas HERV-W ENV-positive astro-
glial- and lymphoid cells could also be detected [14,15]. Function-
ally, it was proposed that HERV-W ENV exacerbates autoimmune
responses [16], by activating peripheral immune- as well as endo-
thelial cells [17e19] mediated via toll-like receptor-4 (TLR4)/Cluster
of differentiation 14 (CD14)-signaling [19]. In 2013, a negative
impact of the ENV protein on myelin repair activities by restricting
the differentiation and maturation capacity of resident oligoden-
droglial precursor cells was described [20]. Moreover, we were
recently able to show that HERV-W ENV activates microglial- and
astroglial cells contributing to a neurotoxic environment featuring
sustained demyelination, neurodegeneration and impaired
remyelination [14,21].

The strong impact of HERV-W on different CNS glial cell pop-
ulations, particularly related to long-term damage processes rele-
vant for MS progression, prompted us to investigate HERV-W-
specific gene signatures of microglia and astroglia. These HERV-W
ENV evoked responses were then compared to the transcriptomic
patterns induced by lipopolysaccharide (LPS) stimulation, owing to
the fact that both ligands can activate TLR-4.

2. Material and methods

2.1. Primary rat glial cell culture

Isolation of primary rat microglial- and astroglial cells was
performed conferring to the ARRIVE guidelines and in accordance
with the National Institutes of Health guide for the care and use of
Laboratory animals (NIH Publications No. 8023, revised 1978). The
IRB (Institutional Review Board) of the ZETT (Zentrale Einrichtung
für Tierforschung undwissenschaftliche Tierschutzaufgaben) at the
Heinrich-Heine-University Düsseldorf approved all animal pro-
cedures under license O69/11. Both, microglial- and astroglial cells
were isolated using magnetic activated cell sorting (MACS) from
primary mixed glia cell cultures (as previously described in
Refs. [14,21]. Briefly, for the generation of mixed glial cell cultures,
P0/P1 Wistar rat cortices were isolated, dispersed and cells were
cultured on T-75 cell culture flasks in Dulbecco's Modified Eagle's
Medium (DMEM; Thermo Fisher Scientific, Waltham, UK)
substitutedwith 10% fetal calf serum (FCS; Capricorn Scientific, Palo
Alto, CA, USA) and 2 mM L-glutamine (Invitrogen, Carlsbad, USA),
50 U/ml penicillin/streptomycin (Invitrogen, Carlsbad, USA). Me-
dium change was performed every second day until cultures were
grown confluently. After 10 days, flasks were transferred to an
orbital shaker and shaken at 180 rpm/min at 37 �C for 2 h and then
for another 22 h. Microglia containing supernatants were collected
at both time points, plated onto bacterial dishes and kept in the
incubator (37 �C, 5% CO2 and 90% humidity) allowing cells to attach.
Remaining cells were dislodged using trypsineEDTA (Gibco), spun
down for 5 min at 300�g and 4 �C, supernatants were discarded
and cell pellets were processed according to the manufacturers
protocol for MACS of astroglial cells using the ACSA2 isolation kit
(Miltenyi Biotec). Afterwards, 30.000 isolated astroglial cells per
well were seeded in astrocytemedium (10% FCS, 2mM L-glutamine,
50 U/ml penicillin/streptomycin in DMEM) onto 24-well plates.
2

Three days post isolation, cells were stimulatedwith 1 mg/ml HERV-
W ENV protein (Protein'eXpert, Grenoble, France) or 100 ng/ml
lipopolysaccharide (LPS; SigmaeAldrich, St. Louis, MO, USA) and
respective buffer solutions (ENV buffer: TriseHCL 20 mM, pH 7.5,
150mMNaCl, 1.5% SDS, 10 mMDTT; LPS buffer: sterile H2O) serving
as suitable controls for 24 h.

Formicroglial purification a similar approachwas used, inwhich
microglial cells were detached from bacterial dishes using L-accu-
tase (Gibco). The resulting cell suspensionwas spun down for 5min
at 300�g and 4 �C and processed for MACS using the CD11b/c
microbeads according to the manufacturers protocol (Miltenyi
Biotec). Subsequently, 300.000 microglia per well were seeded in
microglia medium (10% FCS, 2 mM L-glutamine, 50 U/ml penicillin/
streptomycin in DMEM) onto 24-well plates and stimulation ex-
periments were performed 24 h after seeding using the same
concentrations of HERV-W ENV protein and LPS, as used for as-
trocytes. Cell purities of microglial and astroglial cell cultures were
analyzed regularly by Iba1/GFAP staining and were consistently at
98% for astrocytes and 99% for microglia. To avoid side effects
through the recombinant production of HERV-W ENV protein,
endotoxin levels were measured using the limulus amebocyte
lysate-test and found to be below the detection limit (<5EU/ml) (as
previously described in detail [14,20,21].

2.2. RNA preparation and bulk RNA sequencing

For bulk RNA sequencing, stimulated microglial- and astroglial
cells were lysed using b-mercaptoethanol supplied RLT buffer ac-
cording to the manufacturer's protocol (Qiagen, Hilden, Germany).
Afterwards, total RNA was purified from cells using the RNeasy
procedure (Qiagen, Hilden, Germany). Preparation of RNA library
and transcriptome sequencing was conducted by Novogene Co. LTD
(Bejing, China). Briefly, to generate RNAseq libraries, DNase diges-
ted total RNA samples were analyzed for quantity, integrity and
purity using Agilent 5400 fragment analyser (Agilent Technologies,
Inc. Santa Clara, USA). All samples in this study showed high quality
RNA Quality Numbers (RQN; >9.3). Library preparation and bulk
mRNA sequencing was performed with a read setup of paired end
with a depth of 150 bp. Afterwards, raw data in FASTQ format were
adapter- and quality trimmed. Mapping was performed against the
Rattus norvegicus (mRatBN7.2.1110; January 05, 2024) genome
sequence using Hisat2 alignment method. The mapped reads of
each sample were assembled by StringTie (v1.3.3b) in a reference-
based approach [22]. Differential expression analysis of two con-
ditions/groups (three/four biological replicates per condition) was
performed using the DESeq2 R package (1.42.0, [23]). Resulting p-
values were corrected for multiple testing by false discovery rate
(FDR) method and differentially expressed genes (DEGs) were
filtered setting a threshold at the FDR adjusted p-value of 0.05 and a
fold-change of ±1.5. The gene ontology (GO) analysis of differen-
tially up- and downregulated genes was performed using Meta-
scape platform using default parameters (R. norvegicus; February 2,
2024) or DAVID (R. norvegicus, February 2, 2024). Venn diagrams
were generated using ggVenn R package (0.1.10).

2.3. Gene set enrichment analysis

For Gene Set Enrichment Analysis (GSEA), the following pub-
lished datasets were used. From Ref. [24], additional file 6 was
downloaded and genes with an abs(logFC) > 0.15 and p_val_adj �
0.05 of Mm3 (activated phagocytic microglia), Mm4 (Interferon
response microglia), and Mm6 (Proliferative microglia) were
extracted. From Ref. [25], Supplementary Table S1 was downloaded
and cluster 4 (Axon-tract associated microglia), cluster 7b (ho-
meostatic microglia), cluster 8 (Aged microglia) and cluster 9
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(Damage associated microglia) were extracted and used. From
Ref. [3], supplementary Tables were downloaded and the first 100
genes for the immune cell cluster 0 (homeostatic microglia in MS),
cluster 1 (microglial inflamed in MS e phagocytic) and cluster 8
(microglia inflamed in MS e immune response) were used. From
Ref. [26], Supplementary Table 6 was downloaded and used (Hu-
man: COVID19 associatedmicroglia). FromRef. [27], supplementary
Tables were downloaded and Microglial/Macrophages1 cluster
from DGE brainstem (control vs acute; Human: Acute COVID19
associated microglia) and DGE brainstem (control vs late; Human:
Post-COVID19 associated microglia) were used. Related to astro-
cytes from Ref. [3], supplementary Tables were used and the first
100 genes for the astrocyte cluster 3 (non-reactive astroglia in MS),
cluster 1 (reactive astroglia in MS) and cluster 6 (inflamed astroglia
in MS) were isolated. From Ref. [28], Supplementary Table 3 was
downloaded and genes with an abs(logFC) > 0.15 and p_val_adj
�0.05 of cluster 5 (Astroglial signature upon EAE) were used for
GSEA analysis. From Ref. [29], Supplementary Table S6 was
downloaded and genes with an abs(logFC) > 0.15 and p_val_adj
�0.05 of cluster 8 (neuroinflammatory astrocytes) were isolated.
From Ref. [26], Supplementary Table 3 was downloaded and
astrocyte cluster with an avg(logFC) > 0.25 was used (Human:
COVID19 associated astrocytes). After datasets were collected, gene
lists were imported into the R environment and human and mouse
gene names were translated to rodent gene nomenclature using
Babelgene R package (22.9). Afterwards GSEAwas performed using
cluster profiler R package (4.10.0).

2.4. Statistics

Data are presented as mean values out of 3 (microglia) and 4
(astrocytes) biological replicates (n). Significance was accessed
using the false discovery rate (FDR) method according to Benjamin
and Hochberg and p-values/adjusted p-values are presented in this
study as stated in the Figure legends. Graphical illustration with
exception of Venn diagrams was performed using GraphPad Prism
(9.3.0).

3. Results

3.1. HERV-W ENV drives microglial transcriptome to an
immunologically activated state

In our previous studies, HERV-W ENV protein was shown to
affect different glial cell types, driving them towards inflammatory
and neurodegenerative phenotypes [14,21]. To gain insights into the
transcriptional signature of microglial cells upon HERV-W ENV
exposure, primary microglia cells were stimulated with recombi-
nant HERV-WENVprotein for 24h. BulkmRNA sequencing revealed
a total of 3397 significantly differentially expressed genes (DEGs) of
which 1741 were downregulated and 1656 were upregulated
(Fig. 1B). Interestingly, among the most significantly upregulated
genes we detected lipocalin2 (Lcn2), a marker that was previously
shown to be highly expressed by astroglial cells in the transgenic
HERV-WENVmousemodel [21], aswell asNos2, the inducible nitric
oxide-synthase thatwepreviously reported tobe amainmediator of
neural toxicity (Fig. 1A) [14]. While upregulated DEGs where highly
associated with proteins localized in membranes (Fig. 1C), down-
regulated genes were more related to the nucleus (Fig. 1D). Gene
ontology (GO) biological process analyses supported this notion, as
upregulated genes were mainly associated with immune response
processes (Fig. 1E) whereas downregulated genes clustered pri-
marily with decreased proliferation and DNA replication (Fig. 1F).
Interestingly, upon HERV-W ENV stimulation downregulated genes
were associated with gliogenesis (Fig. 1F). As this is defined as
3

process that results in the generation of glial cells including the
production of glial progenitors and their differentiation intomature
glia, this observation indicates that ENV triggered microglial cells
reduce their potential role in supporting glial cell development.
KEGG pathway analysis of upregulated DEGs revealed that micro-
glial geneswere associatedwith threemajor pathways: Epstein-Bar
virus infection, NOD-like receptor pathway, and Influenza A
(Fig. 1G). All of these annotations involve different mechanisms and
receptors with the potential of also being involved in HERV-W
mediated activation processes. When it comes to the KEGG path-
ways that clusterwith the downregulatedgenes, an associationwith
cell cycle and replication pathways was observed (Fig. 1H), under-
lining the results of the biological pathway (GO) analysis.

3.2. Gene expression differences between HERV-W ENV- and LPS
stimulated microglial cells

HERV-W ENV was proposed to exert its effects mainly via TLR-4
signaling e shown at least for oligodendroglia, endothelia and
immune cells [17,20,30]. Besides ENV, lipopolysaccharide (LPS) is
known as one of the classical TLR4 activators. To reveal how specific
and unique HERV-W ENV protein-evoked transcriptomic changes
are, microglial cells were stimulated with 100 ng/ml LPS in parallel
and equally subjected to bulk RNA sequencing.

The analysis revealed a total number of 3760 differentially
regulated genes (Fig. 2B), with Lcn2 and Nos2 still within the top
upregulated genes (Fig. 2A). However, when comparing the LPS to
HERV-W ENV evoked DEGs using a Venn diagram, substantial dif-
ferences could be detected (Fig. 2Cesupplementary Tables S1, S2).
While 1261 upregulated genes and 1179 downregulated geneswere
detected in both groups, 395 genes were specifically upregulated in
response to HERV-W ENV and 581 genes upon LPS treatment. Vice
versa, we were able to identify 560 genes that were downregulated
only upon HERV-W ENV exposure and 737 downregulated genes
were detected exclusively when cells were stimulated with LPS.
Interestingly, two genes (Bcar3, Sgk1) appeared to be upregulated
upon LPS stimulation and downregulated upon HERV-W ENV
exposure (Fig. 2C). To characterize the differences that are associ-
ated with these transcriptional disparities, gene ontology analysis
for biological processes was performed using either the HERV-W-
specific or the LPS-specific up- and downregulated genes as dis-
played by the Venn diagram. This disclosed that upregulated HERV-
W-specific signatures were highly associated with adaptive im-
mune system activation and lymphocyte recruiting (Fig. 2D), as
opposed to LPS driven signatures - an interesting notion, indeed, as
MS relapses are classically seen as lymphocyte driven. Among
downregulated processes, again the term gliogenesis was also
associated with the HERV-W ENV-specific response (Fig. 2E,
compared to Fig. 1F). Furthermore, neurogenesis associated pro-
cesses (regulation of neuron projection development; neuron
projection development; regulation of synapse structure or activ-
ity) also clustered within the downregulated genes of the HERV-W
ENV signature. After performing KEGG pathway analysis, additional
differences between LPS- and ENV- stimulated cells were observed.
This is exemplified by the Herpes simplex virus (HSV)-1 infection
pathway emerging within HERV-W ENV upregulated genes and
with LPS downregulated genes, indicating that additional receptors
and their activation are involved in HERV-W ENV mediated
signaling (Fig. 2F and G).

3.3. Transcriptome analysis of astroglial cells upon HERV-W ENV
stimulation

Besides previously presented reactions of microglia, oligoden-
droglial precursor cells, monocytes, lymphocytes and endothelial



Fig. 1. Transcriptome analysis of microglial cells stimulated with HERV-W ENV protein. (A) Vulcano plot showing log2(fold change) against -log10(false discovery rate) for the
comparison of HERV-W ENV protein stimulated versus control-stimulated microglia. (B) Identification of 3397 DEGs (fold change of ±1.5 and an FDR adjusted p-value of �0.05), of
which 1741 were up- and 1656 were downregulated. (C, D) Cellular component analysis identifying the spatial association of up- (C) and downregulated genes (D). (E, F) Gene
ontology analysis of Biological Processes identifying clusters of up- (E) and downregulated (F) genes. (G, H) KEGG pathway analysis revealing clusters of up- (G) and downregulated
genes (H).
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cells [14,17,19,20] our recent in vivo analysis clearly revealed that
also astrocytes directly react to HERV-W ENV exposure [21] indi-
cated by the induction of neurotoxic marker expression and
morphological transitions. To gain deeper insights into underlying
transcriptional alterations of astroglia, bulk mRNA sequencing was
performed after 24 h of HERV-W ENV stimulation. Transcriptome
analysis revealed a total of 2242 DEGs of which 1275 genes were
downregulated and 967 genes were upregulated (Fig. 3B).
Compared to the transcriptome response of microglial cells, it is
4

therefore tempting to speculate that the astroglial response is
milder since the total DEG number was lower (3397 in microglia,
n¼ 3 versus 2242 in astrocytes, n¼ 4), while sequencing depth was
similar. Again, Nos2 and Lcn2 were among the most significantly
upregulated genes but also certain metalloproteases (Mmp9,
Mmp3; Fig. 3A) were robustly induced. While upregulated genes of
the microglial transcriptome were primarily associated with
membranes, astrocytic upregulated genes were mostly associated
with the cytoplasm (Fig. 3C). Interestingly, in contrast to microglia,



Fig. 2. Transcriptional comparison of HERV-W ENV protein versus LPS stimulated microglia. (A) Vulcano plot showing log2(fold change) against -log10(false discovery rate) for
the comparison of LPS protein stimulated versus control-stimulated microglia. (B) Identification of 3760 DEGs (fold change of ±1.5 and an FDR adjusted p-value of �0.05), of which
1916 were up- and 1844 were downregulated. (C) Venn diagram of the identified DEGs from HERV-W ENV and LPS stimulated microglial cells. (D, E) Gene ontology analysis of
Biological Processes identifying clusters of up- (D) and downregulated (E) genes upon exposure to HERV-W ENV versus LPS. (F, G) KEGG pathway analysis revealing clusters of up-
(F) and downregulated genes (G) upon exposure to HERV-W ENV versus LPS. Dot sizes define elog10(p-values).
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upregulated genes of the astroglial transcriptome revealed an as-
sociation with secreted proteins, indicating that astrocytes might
play a key role in secreting trophic and/or inflammatory molecules
e hence contributing to the generation of a neurotoxic environ-
ment as suggested recently [21]. On the other side, downregulated
genes were mainly associated with cell membrane processes
5

(Fig. 3D). After performing gene ontology clustering, upregulated
astrocytic genes showed associations with innate immune re-
sponses (Fig. 3E) whereas, downregulated genes were associated
with glial cell differentiation, neuron projection development and
nervous system development (Fig. 3F), reflecting a decrease in their
regenerative function while being polarized towards inflammation



Fig. 3. Transcriptome analysis of astroglial cells exposed to HERV-W ENV protein. (A) Vulcano plot showing log2(fold change) against -log10(false discovery rate) for the
comparison of HERV-W ENV protein stimulated versus control-stimulated astrocytes. (B) Identification of 2242 DEGs (fold change of ±1.5 and an FDR adjusted p-value of �0.05), of
which 1275 were up- and 967 were downregulated. (C, D) Cellular component analysis identifying the spatial association of up- (C) and downregulated genes (D). (E, F) Gene
ontology analysis of Biological Processes identifying clusters of up- (E) and downregulated (F) genes. (G, H) KEGG pathway analysis revealing clusters of up- (G) and downregulated
genes (H).
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and neurodegeneration. Interestingly, both up- and downregulated
genes showed associations with cellecell adhesion. While down-
regulated genes were additionally highly associated with cell
junction organization and extracellular matrix organization, it is
tempting to speculate that certain cellecell interactions might be
decreased, whereas other cellular interactions might be increased.
KEGG pathway analysis of upregulated DEGs revealed an associa-
tion with cytokineecytokine receptor interaction, primarily TNF
signaling, as well as TLR signaling and viral infections such as EBV
and Influenza A (Fig. 3G). When focusing on downregulated genes,
6

KEGG pathway clustering revealed an association with cell adhe-
sion molecules, axon guidance, calcium signaling and Wnt
signaling.

3.4. Gene expression differences between HERV-W ENV- and LPS
triggered astroglial cells

Similar to the determination of specific microglial transcriptome
responses, we were also interested to identify differences between
classical TLR4 activation by LPS and the activation mediated by
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HERV-W ENV. To this end, astroglial cells were stimulated with LPS
and subsequent bulk mRNA sequencing was performed. The tran-
scriptome analysis revealed a total number of 1349 differentially
regulated genes of which 762 genes were downregulated and 587
genes were upregulated (Fig. 4B). Once more, Nos2 and Mmp9
could be detected among the most upregulated genes along with
certain proinflammatory cytokines/chemokines such as (Il1b, Il1a,
Ccl5, Cxcl11; Fig. 4A). As a next step, a Venn diagramwas generated
to identify similarities and differences between both astroglial
expression patterns. Here, 535 genes were upregulated and 666
genes were downregulated in both groups, while 432 genes were
specifically upregulated in response to HERV-W ENV as opposed to
only 52 genes in the LPS paradigm (Fig. 4C; Supplementary
Tables S3, S4). Likewise, 609 genes were identified that were spe-
cifically downregulated upon HERV-W ENV exposure and only 96
Fig. 4. Comparison of HERV-W ENV- versus LPS mediated transcriptome changes of ast
rate) for the comparison of LPS stimulated versus control-stimulated astrocytes. (B) Identifica
762 were up- and 587 were downregulated. (C) Venn diagram of the identified DEGs from
Biological Processes identifying clusters of up- (D) and downregulated (E) genes upon expos
(F) and downregulated genes (G) upon exposure to HERV-W ENV versus LPS. Dot sizes defi
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genes were downregulated when cells were stimulated with LPS.
Gene ontology analysis then disclosed that HERV-W ENV-specific
gene inductions clustered primarily with pathways associated with
the adaptive immune response and the attraction, recruiting and
differentiation of lymphocytes (Fig. 4D). Upregulated genes of the
LPS stimulated group showed no significant association within the
top 20 biological processes. When analyzing both LPS- and HERV-
W ENV downregulated genes, they clustered with cellecell adhe-
sion and cell junction behavior, indicating that these were not
HERV-W-specific process (Fig. 4E). However, HERV-W ENV-specific
downregulated genes were again associated with gliogenesis.
KEGG pathway analysis revealed that upregulated astroglial genes
specific to the exposure to HERV-W ENV protein were associated
with complement and coagulation cascades (confirming our data
on C3d induction in vivo [21]) as well as with cytokineecytokine
roglial cells. (A) Vulcano plot showing log2(fold change) against -log10(false discovery
tion of 1349 DEGs (fold change of ±1.5 and an FDR adjusted p-value of �0.05), of which
HERV-W ENV- and LPS stimulated microglial cells. (D, E) Gene ontology analysis of

ure to HERV-W ENV versus LPS. (F, G) KEGG pathway analysis revealing clusters of up-
ne elog10(p-values).
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receptor interaction. HERV-W ENV-specific downregulated genes
reflected axon guidance and motor protein involving process
(Fig. 4F), indicating a reduced contribution to successful axonal
regeneration.
3.5. HERV-W dependent microglial signatures are enriched in MS

We next performed gene set enrichment analysis (GSEA) to
compare the above presented genetic signatures with previously
published gene patterns of disease associated microglia and as-
trocytes. In general, the comparison of HERV-W ENV dependent
versus LPS mediated microglial transcriptomes with published
datasets revealed that both groups showed an increased enrich-
ment with disease and/or reactive signatures and a decreased
enrichment with homeostatic microglial signatures (Fig. 5A). Here
especially the “interferon responsive microglial” signature [24]
evident by an HERV-W ENV related increased expression of Irf7,
Usp18, Isg15 and Mx1 genes is currently of particular interest for
the scientific community [31,32]. On the other hand, homeostasis-
associated genes such as P2RY12, Cx3cr1, Tmem119 and Tgfbr1
were downregulated [3,24]. However, certain signatures also
showed interesting differences when comparing HERV-W ENV vs.
LPS stimulated microglia. This includes “axon-tract associated
microglia” published by Hammond and colleagues [25] as well as
“microglia inflamed in MS e immune responsive”, published by
Absinta and colleagues [3], both of which were shown to be
enriched in ENV stimulated microglia but decreased upon LPS
exposure. While differences in “axon tract associatedmicroglia” are
mainly characterized by a change in Acr5, Adora3 and Csf1r
expression levels, “immune responsive microglia inflamed in MS”
were characterized by the induction of Cd74, Cd14 as well as C1qa,
C1qb and C1qc genes. Interestingly, some of these markers have
also been previously identified upon HERV-W ENV-signaling
ex vivo and in vivo [6,14]. Since HERV-W was recently shown to be
induced in response to SARS-CoV2 infection and moreover is sus-
pected to play a role in severely diseased COVID19 patients [33], it
was of interest to see whether HERV-W evoked glial signatures are
also enriched in published COVID19 datasets. To this end we
compared HERV-W ENV- as well as LPS stimulated microglial
transcriptomes with COVID19 signatures that were recently pub-
lished [26,27] and found a significant enrichment upon HERV-W
Fig. 5. Gene set enrichment analysis of HERV-W ENV- vs. LPS stimulated microglial- and
upon HERV-W ENV or LPS stimulation. (B) Gene set enrichment analysis (GSEA) of astroglia
genes within the corresponding gene set and the colors relate to normalized enrichment s
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exposure. Interestingly, COVID19 associated microglia [26]
revealed a negative normalized enrichment score (NES) when
compared to LPS stimulated microglia but a positive NES when
compared to ENV protein triggered microglia thus confirming a
highly specific HERV-W mediated effect.

Although fewer and less detailed publicly available astrocyte
signatures currently exist, a similar approach was used to compare
the here disclosed astroglial transcriptomes to published datasets.
The corresponding analysis disclosed that HERV-W ENV exposed
astroglial cells are strongly associated with reactive [3,28] and
neuroinflammatory [29] signatures (related to induced Lcn2 Gbp2,
C4b and Serping1 transcripts) whereas homeostatic signatures [3]
were reduced (exemplified by Slc1a3, Aldh1a1, MerTK and Ptn gene
downregulation). Of note, in contrast to the microglial tran-
scriptomes, LPS stimulated astroglia revealed highly similar
enrichment scores, indicating that astroglia react to HERV-W ENV
in a less specific way and manner. A fact that might be related to a
reduced receptor repertoire in astroglial cells as compared to
microglia. In order to identify whether astroglial HERV-Wmediated
signatures also show a specific enrichment in COVID19 datasets we
used the same approach using the published dataset by Ref. [26]. Of
note, this analysis revealed no significant enrichment across these
signatures.
4. Discussion

The activation and expression of the HERV-W ENV protein has
so far only been described in a few pathologies such as in MS,
chronic inflammatory demyelinating polyradiculoneuropathy
(CIDP), type-1 diabetes (T1D) as well as in some neuro-
developmental disorders [6,34,35]. Interestingly, recent evidence
also strongly suggests its implication in COVID19 patients, further
underlining the possible importance and impact of this endoge-
nous viral entity [33]. It is therefore imperative to understand
cellular responses towards HERV-W ENV in greater detail to
advance the development of future therapeutic approaches limiting
its pathological impact.

While we were recently able to characterize important tissue
de- and regeneration effects of HERV-W ENV in a novel in vivo
model [21], thereby recapitulating and confirming functions that
were previously suggested from primary cell culture models or by
astroglial cells. (A) Gene set enrichment analysis (GSEA) of microglial transcriptomes
l transcriptomes upon HERV-W ENV or LPS stimulation. Dot sizes define the number of
core (NES). Numbers in brackets correspond to cited references.
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clinical observations on patients treated with a HERV-W ENV
directed neutralizing antibody termed Temelimab [36], a different
approach was conducted here to understand its mode of action and
to determine how specific and unique this pathological entity's
signaling is. We were able to describe for the first-time complete
transcriptomes of HERV-W ENV-exposed microglial- and astroglial
cells, identifying many inflammation-associated genes that are
strongly upregulated (Figs. 1 and 3). Furthermore, by comparing
these HERV-W ENV-dependent signatures with classical LPS-
mediated TLR4 signaling activation, important differences were
recognized that underline a specific mode of action (Figs. 2 and 4).
In this regard, it was found that HERV-W ENV leads to an induction
of adaptive immune responses and to a decrease in gliogenesis-as
well as neuroregeneration-associated genes in both cell pop-
ulations - notably in contrast to the LPSmediated activation (Fig. 2D
and E and Fig. 4D and E). This is an important notion since all of
these pathways play important roles in the pathology of MS. In
addition, astrocytes revealed to respond by impaired cell-adhesion-
, cell/cell-junction- as well as Wnt signaling parameters (Fig. 3). In
this regard the observed upregulation of cell-adhesion molecule
encoding genes such as Icam1, Vcam1 as well as of integrins Itgal,
Itgb8, Itgax, Itgb2 and cadherins Cdh4, Cdh13 along down-
regulation of Ncam1, Cdh20, Cdh8, Itga11, Itga1, Itga4, Itgb4 and
Itgb5 transcripts is of particular interest. Since members of these
genes families are involved in maintaining the bloodebrain-barrier
(BBB) integrity [37], it is tempting to speculate that its function is
disturbed. Such a functional impact is corroborated by the observed
negative influence of HERV-W ENV towards Wnt signaling
(Fig. 3H). Wnt factor release from astrocytes was repeatedly shown
to be crucial for BBBmaintenance [38,39] andWnt7a, which is seen
as the main driver for BBB integrity [40], was significantly down-
regulated in response to HERV-W ENV. As an activating and in-
flammatory effect of the ENV protein exerted onto endothelial cells
has previously been described [17], this suggests on overall nega-
tive effect on BBB integrity and function.

Of note, a detailed comparison of microglial- and astroglial
transcriptomes confirms that the two cell types take over similar
functions upon HERV-W ENV stimulation (Supplementary
Figure 1). While they both show induction of neuroinflammatory
pathways, microglia are characterized by a strong downregulation
of proliferative pathways whereas astrocytes downregulate genes
related to cell adhesion- and morphology.

Besides the observed differences between microglial- and
astroglial responses, we also noticed that HERV-W and LPS
transcriptomes were also different, however, in a cell-specific
way. Microglia appear to react more extensively towards ENV
protein exposure as compared to astroglia and this reaction also
differed significantly more from LPS mediated signatures (Fig. 2C
compared to Fig. 4C), indicating that microglial signaling might
involve multiple pathways and receptors. Apart from TLR4,
retroviral envelope protein interactions were shown for TLR2
[41], MFSD2 [42], ASCT1/Slc1a4 [43], ASCT2/Slc1a5 [44] and MCT-
1/Slc16a1 [45]. Our data so far only confirm the expression of
TLR4 on microglial cells [14] but to what degree such other re-
ceptors additionally contribute to the observed neurodegenera-
tive phenotype acquisition needs to be addressed in future
experiments. Nevertheless, a preliminary assessment of gene
expression according to Ref. [46] confirmed microglial CD14,
TLR2 and TLR4 expression but also revealed strong FPKM values
for ASCT2/Slc1a5 and trace FPKM values of ASCT1/Slc1a4 and
MCT-1/Slc16a1 (data not shown). Future studies will therefore
show, whether TLR4 antagonists and/or ENV/TLR4 interaction
blockers, as already used in preclinical as well as clinical trials
[36,47], are sufficient to rescue HERV-W's effects on microglial-
and astroglial cells.
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Recent transcriptome studies accurately described the diversity
of microglial- and astroglial sub-phenotypes in different diseases
and mouse models [3,24,25]. We therefore compared the here
generated transcriptomes to existing microglial- and astroglial
signatures (Fig. 5) aiming at a description of HERV-W's specific
mode of action in health and disease. Compared to LPS-mediated
effects, HERV-W ENV stimulated microglial signatures were char-
acterized by an enrichment in “axon tract associated microglia”
[25]. This molecular assignment fits well to our previous docu-
mentation that in chronic active MS lesions as well as in a func-
tional ex vivomodel, HERV-W ENV triggered microglia were closely
associated with myelinated axons. Interestingly, while Spp1 was
detected as one of the main pro-remyelination factors that has
recently been described [25,48], Spp1-transcripts were down-
regulated in microglia and upregulated in astroglia upon HERV-W
ENV stimulation. This indicates, that although axon-tract associa-
tion of microglial cells can have beneficial effects, HERV-W expo-
sure rather pushes the cells towards anti-regenerative effects.
Moreover, secreted protein analysis in the applied ex vivo model
then confirmed axon damage- andmyelin proteins to be released in
response to these activated microglial cells [14]. Also, a HERV-W
ENV-specific association with the “immune responsive microglial
inflamed in MS” [3] gene cluster was identified. As this dataset
directly derives from MS patients, it demonstrates an important
difference between these two pathological triggers and strongly
supports the notion that HERV-W is an MS-specific pathological
entity. Interestingly, within this cluster the main differentially
expressed genes were Cd74, Cd14 as well as C1qa, C1qb and C1qc,
most of them had recently been reported to be induced in the
transgenic mouse model [21], thus cross-validating these effects. In
addition, the fact that the HERV-W mediated microglial tran-
scriptome is enriched in COVID19 signatures underlines the
involvement of HERV-W ENV in severe-as well as post-COVID19
cases. Finally, the fact that both, LPS and HERV-W ENV mediated
transcriptomes, correlated with the “interferon responsive micro-
glial” [24] signature is also of interest, since this particular cellular
phenotype is currently discussed as one of the main mediators of
neurodegeneration [31,32] along with its already accepted associ-
ation with viral infections and recruitment of adaptive immune
cells (summarized by Ref. [49]).

While one limitation of this study relates to the fact that the
experiments had to be performed ex vivo in order to decipher
HERV-W from LPS mediated effects, the here outlined comparisons
to datasets derived from patients and/or in vivo models identified
large overlaps hence supporting the validity of the chosen
approach. Upcoming studies using differentially addressed gene
clusters on human (MS) tissue samples and/or the recently devel-
oped transgenic mouse model will be used to further corroborate
our new findings. Likewise, it is worth mentioning that all so far
published astroglial signatures do not decipher a possible influence
or modulation by microglia and lymphocytes although such cell/
cell interactions have already been described [3,50]. However, it has
to be taken into account that the here presented study primarily
focusses on direct HERV-W mediated effects on target cells and
does not integrate potential indirect effects by other cell types as
well as by debris and/or toxins. To this end, even though the here
presented evidence suggests that HERV-W ENV's functionality in
astrocytes is restricted to TLR4 activation only, more specific con-
sequences mediated via microglial- or lymphocyte crosstalk could
be expected.

Overall, the here presented data strongly supports the notion
that the concomitant activation of both glial cell types by the ENV
protein leads to the generation of a neurotoxic environment. Such a
milieu is characterized by inhibited regenerative processes and by
enhanced neurodegeneration as recently observed in the
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transgenic HERV-W ENV expressing mouse model [6] and as
deduced from analysis of Temelimab treated patients [36]. While
we here provide further evidence that HERV-W ENV is involved in
the development of multiple sclerosis as well as in severe/post-
COVID19, future experiments will show to what degree the thera-
peutic ENV neutralizing antibody Temelimab can rescuemicroglial-
and astroglial cells from these effects.

5. Conclusion

We can conclude that cellular reactions in response to the
HERV-W ENV protein are indeed specific and unique, supporting its
characterization as an important pathological factor that deserves
more attention. Taking this ENV protein's presence in several
neurodegenerative and developmental diseases into account, it is
tempting to speculate that it even constitutes a common factor
related to chronic inflammation and neurodegeneration e

including the smoldering neuroinflammation process as it is
currently in focus of MS research [51].
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