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Axonal degeneration is central to clinical disability and disease pro-
gression in multiple sclerosis (MS). Myeloid cells such as brain-
resident microglia and blood-borne monocytes are thought to be
critically involved in this degenerative process. However, the exact
underlying mechanisms have still not been clarified. We have pre-
viously demonstrated that human endogenous retrovirus type W
(HERV-W) negatively affects oligodendroglial precursor cell (OPC)
differentiation and remyelination via its envelope protein pathogenic
HERV-W (pHERV-W) ENV (formerly MS-associated retrovirus [MSRV]-
ENV). In this current study, we investigated whether pHERV-W ENV
also plays a role in axonal injury in MS. We found that in MS lesions,
pHERV-W ENV is present in myeloid cells associated with axons.
Focusing on progressive disease stages, we could then demonstrate
that pHERV-W ENV induces a degenerative phenotype in microglial
cells, driving them toward a close spatial association with myelinated
axons. Moreover, in pHERV-W ENV-stimulatedmyelinated cocultures,
microglia were found to structurally damage myelinated axons.
Taken together, our data suggest that pHERV-W ENV-mediated
microglial polarization contributes to neurodegeneration in MS. Thus,
this analysis provides a neurobiological rationale for a recently com-
pleted clinical study in MS patients showing that antibody-mediated
neutralization of pHERV-W ENV exerts neuroprotective effects.

multiple sclerosis | axonal degeneration | endogenous retrovirus |
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As early as 1868, Jean-Martin Charcot described axonal de-
generation in multiple sclerosis (MS). However, this histo-

pathological hallmark of the disease was only rediscovered in the
late 20th century (1). Even though neurodegeneration is already
present in relapsing-remitting (RR) MS, it predominates in later
progressive MS stages, leading to severe neurological disability
(1–6). Among myeloid cells, microglia that originate from the
yolk sac are part of the innate immune system of the central
nervous system (CNS) and survey its parenchyma responding to
various pathogens (7). However, they are not the only population
of myeloid cells that play a role in MS, as blood-borne monocytes
invading the brain through a leaky blood–brain barrier (BBB)
are present in MS lesions as well (8). In the inflamed MS brain, it
is therefore challenging to delineate microglia and invading
monocytes (9). In this regard, it remains to be shown whether the
recently identified transmembrane protein 119 (TMEM119)
might facilitate efforts in this direction (10), since there is evi-
dence that it is exclusively expressed in only a subset of microglial
cells (11). In addition, we here investigated predominantly pro-
gressive MS cases where the BBB is assumed to be mostly intact,
restricting peripheral cell infiltration (12). We therefore focused
on the brain-resident myeloid cell population of microglia for
our functional in vitro analyses. In MS, microglia participate in
both autoimmune inflammation and neurodegeneration by pro-
ducing proinflammatory cytokines and molecules (4, 13–15). This

crucial role is underlined by experiments which found that
blocking microglial activation represses the experimental MS
model experimental autoimmune encephalomyelitis (16). Micro-
glia also seem to be linked to disease progression in MS: Positron
emission tomography (PET) studies in relapsing and progressive
MS using the mitochondrial translocator protein TSPO, which is
up-regulated in activated microglia, demonstrated that microglial
activation is a significant predictor of disability in progressive MS
(15, 17). However, microglia can also contribute to neurorepair,
inter alia, via myelin debris clearance, which is key for remyelination
and neuroprotection (18). Therefore, over the years, a distinct
nomenclature was established to capture the complex role of this
cell population in disease: A phenotype classically categorized as
“M1” produces reactive oxygen and nitrogen species, as well as
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proinflammatory cytokines, leading to myelin destruction and
subsequent neurodegeneration. In contrast, the so-called “M2”
phenotype is associated with the production of antiinflammatory
molecules and the clearance of myelin debris (18, 19). However,
M1 and M2 states never occur as pure phenotypes in vivo. As a
result, while this nomenclature may serve as a tool to simplify
data interpretation, this concept remains artificial and is in-
creasingly viewed as insufficient in the field (20). Accordingly, we
refrained from using this nomenclature in the work presented
here. In this study, we set out to investigate if the envelope protein
(pathogenic human endogenous retrovirus type-W [pHERV-W]
ENV, formerly MS-associated retrovirus [MSRV]-ENV) of the
HERV-W can drive microglia to promote axonal degeneration
in MS. HERVs represent 8% of the human genome and origi-
nate from mammalian germ-line retroviral infections millions
of years ago (21, 22). Usually epigenetically silenced, trans-
activation by exogenous viral infection such as Epstein–Barr vi-
rus or other viruses epidemiologically associated with MS may
lead to their (re)expression (23–25). Accordingly, in both clini-
cally isolated syndrome (CIS) and clinically definite (CD) MS, el-
evated concentrations of pHERV-W ENV protein, RNA, and/or
DNA can be found in the serum, cerebrospinal fluid (CSF),
and brain (26–28). In addition, pHERV-W positivity is corre-
lated with a more rapid clinical disease progression and in-
creased conversion rate to secondary progressive (SP) MS (29).
In previous studies, we demonstrated that the pHERV-W ENV
protein interferes with myelin repair by inhibiting oligoden-
droglial precursor cell (OPC) differentiation via the induction
of nitrosative stress through activation of Toll-like receptor 4
(TLR4) (27). This process can be rescued by the humanized anti-
ENV IgG4 monoclonal antibody GNbAC1 (30). In a recently
completed phase IIb clinical study, GNbAC1 was shown to
exert neuroprotective effects in MS patients (Clinical Trial
Assessing the HERV-W pHERV-W ENV Antagonist GNbAC1
for Efficacy in MS [CHANGE-MS]; ClinicalTrials.gov identifier
NCT02782858). MRI data demonstrated that anti–pHERV-W
ENV treatment results in a significant 31% reduction of cortical
atrophy and a 72% reduction of thalamic atrophy. Moreover,
GNbAC1 reduced the number of T1 hypointense lesions (so-
called “black holes”) by 63% within 1 y of treatment. Black
holes are considered an MRI correlate of permanent tissue de-
struction in the brain.
In the study presented here, we found that pHERV-W ENV

protein is present on TLR4-positive microglia in MS lesions
tightly associated with myelinated axons. In primary microglia,
pHERV-W ENV induces ameboid cell morphologies, increases
cell proliferation, promotes the secretion of proinflammatory
agents, reduces the expression of neuroprotective factors, and
diminishes myelin clearance capacity. Furthermore, in ENV
protein-stimulated myelinated cocultures, microglia are driven to
associate themselves with axons, resulting in the leakage of

intraaxonal and myelin proteins. These observations suggest that
in the MS brain, pHERV-W ENV may induce myeloid cells to
cause damage of myelinated axons. Our work suggests that
pHERV-W ENV-mediated modulation of microglial cell polariza-
tion fuels and contributes to axonal damage and neurodegeneration
in MS. Thereby, this study provides a biomedical rationale for the
results of the above-mentioned CHANGE-MS study.

Results
In MS Lesions, pHERV-W ENV Is Present in Myeloid Cells and the
Extracellular Space. We studied pHERV-W ENV protein locali-
zation in brain tissue sections of 5 MS patients, 2 amyotrophic
lateral sclerosis (ALS) patients, and 2 healthy controls (HCs;
Table 1) using immunohistological analyses. In a first step, using
3,3′-diaminobenzidine (DAB) staining, we found that pHERV-
W ENV-positive cells were absent in HC brains (Fig. 1B), while
numerous pHERV-W ENV-immunoreactive cells could be detected
in chronic and acute active MS lesions (exemplarily shown for
primary progressive [PP] MS case MS 36 in Fig. 1 A, C, D, and
E). pHERV-W ENV-positive cells were found within the lesion
parenchyma (Fig. 1 A and E), but also as part of perivascular
cuffs (Fig. 1 C and D). Anti-major histocompatibility complex
class II (MHCII) DAB staining of serial sections confirmed that
the majority of pHERV-W ENV-positive cells featured a myeloid
phenotype (Fig. 1F). To confirm this morphology-based hypothesis,
we next performed fluorescent double immunostaining demon-
strating that pHERV-W ENV was present in a subpopulation of
ionized calcium binding adaptor molecule 1 (Iba1)/MHCII-positive
myeloid cells (Fig. 1 G–G′′ and H–H′′). Moreover, abundant
extracellular pHERV-W ENV, conceivably from demised im-
mune cells (27), could be found in the lesion parenchyma (Fig. 1
G, right lower corner). Furthermore, we found that pHERV-W
ENV-positive myeloid cells also expressed the pHERV-W
ENV receptor TLR4 (Fig. 1 I–I′′). In contrast, Iba1-positive
myeloid cells in ALS brains, which were used as an other neu-
rological disease (OND) control, were pHERV-W ENV-negative
(Fig. 1 J–K′).
In a second step, we studied how pHERV-W ENV-positive

myeloid cells associate themselves with proteolipid protein (PLP)-
positive myelinated axons, focusing on the edges of chronic and
acute active lesions (exemplarily shown for case MS 36 in Fig. 2),
where scarce PLP reactivity allows for closer analysis of cell/cell
interactions (Fig. 2 A and A′). Fluorescent double immunostaining
of serial sections of the same lesion demonstrated that pHERV-W
ENV-positive myeloid cells were in direct contact with PLP-positive
axons (Fig. 2 B–D) and even wrapped around them as revealed by
confocal microscopy (Fig. 2 B′, merged z-stack and C and D, single-
layer images). Furthermore, pHERV-W ENV-positive cells could
be found in direct vicinity to bulb-like axonal structures (Fig. 2B′′,
merged z-stack). Taken together, these data suggested that in the
MS brain, pHERV-W ENV modulates myeloid cell behavior,

Table 1. Clinical features of MS and ALS patients whose brain tissue was used for
immunohistochemistry

Case designation MS subtype Age, y Sex Disease duration, y EDSS Tissue (no. of lesions analyzed)

MS 25 SPMS 56 M 33 9.5 Chronic active (3)
MS 36 PPMS 63 F 9 7.5 Chronic active (4)
MS 141 SPMS 57 M 13 8 Chronic active (3)
MS 147 RRMS 50 F 31 1 Acute active (4)
MS 150 SPMS 51 F 23 7 Chronic active (3)
MS 100 HC 47 F n/a n/a n/a
MS 61 HC 90 F n/a n/a n/a
ALS 15 OND 61.6 M 3.0 n/a n/a
ALS 16 OND 63.7 F 2.1 n/a n/a

F, female; M, male; n/a, not applicable.
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driving the myeloid cells toward a physical interaction with axons.
Such axon-wrapping myeloid phenotypes were, however, significantly
less frequent in Iba1/PLP double-stained ALS tissue sections (Fig.
2 E–G).

pHERV-W ENV Induces a Proinflammatory Phenotype in Cultured
Microglia. Against the backdrop of the detection of myeloid
cell/axon interactions in chronic active lesions of progressive MS
cases where the BBB is mostly intact, we used primary rat and
human microglial cells for further functional analyses. Immu-
nofluorescent staining of purified CD11b-positive rat microglia
confirmed expression of the pHERV-W ENV receptor TLR4
(Fig. 3 A and A′). Based on previous studies, we stimulated
cultured microglia with 1,000 ng/mL recombinant full-length
pHERV-W ENV protein for various periods. Note that to con-
firm the observed effects were ENV- and TLR4-specific, several
control experiments have already been performed in previous
studies (27, 30, 31). Gene expression analysis revealed a strong
induction of proinflammatory markers such as tumor necrosis
factor-α (TNF-α), inducible nitric oxide synthase (iNOS), inter-
leukin (IL)-6, and IL-1β (Fig. 3 B, C, F, and G). We then corrob-
orated these results using a TNF-α enzyme-linked immunosorbent
assay (ELISA) and nitric oxide (NO) spectrometry, respectively,
which confirmed increased quantities of TNF-α protein (Fig. 3D)
and elevated NO levels (Fig. 3E) in pHERV-W ENV-stimulated
cell culture supernatants. NO and TNF-α are well-established
mediators of axonal injury and demyelination (32–35). Further
gene expression analysis showed that pHERV-W ENV also re-

duced the gene expression of triggering receptor expressed on
myeloid cells 2 (TREM2; Fig. 4A) and protooncogene tyrosine-
protein kinase MER (MerTK; Fig. 4B), which are key for
microglial phagocytosis (36–38). This translated to a functional
deficit in myelin uptake capacity in pHERV-W ENV-stimulated
microglia as evidenced by diminished in vitro phagocytosis of
phRodo-decorated bovine myelin (Fig. 4 D–F). As outlined
further above, it is known that myelin debris is a major obstacle
to neurorepair both as a physicospatial impediment via the ex-
pression of axon growth inhibitory molecules and also via an
inhibition of OPC differentiation (18, 37–39). In doing so, myelin
debris inhibits remyelination (18) so that this microglial core
ability has recently become a new target for potential therapeutic
approaches (40, 41). Moreover, we observed that pHERV-W
ENV stimulation led to a pronounced morphological shift to
ameboid microglial phenotypes typical of proinflammatory acti-
vation already apparent after 1 and 2 d of pHERV-W ENV
stimulation (Fig. 4 G–I). In addition, we found that pHERV-W
ENV strongly induced microglial proliferation as revealed by Ki-
67 expression (Fig. 4C).

pHERV-W ENV Treatment Decreases Microglial Expression of Neuroprotective
Molecules. In addition to its properties as a proinflammatory agent,
we found that stimulation of microglia with pHERV-W ENV
protein led to a significant reduction of neuroprotective features
as exemplified by gene expression analysis of insulin-like growth
factor 1 (IGF-1; Fig. 5A), colony stimulating factor 1 (CSF-1; Fig.
5C), and fibroblast growth factor 2 (FGF-2; Fig. 5D). This also

Fig. 1. pHERV-W ENV is present in myeloid cells in MS lesions. (A and C–E) Anti–pHERV-W ENV DAB staining of an MS lesion (case MS 36) showing pHERV-W
ENV-positive cells within the lesion parenchyma (A and E) and as part of perivascular cuffs (C and D). (B) Control tissue (case MS 100) negative for pHERV-W
ENV. A minority of cells feature astrocytic morphologies (E), but anti-MHCII DAB staining of a serial section reveals that the majority of pHERV-W ENV-positive
cells feature a myeloid phenotype (F). (Scale bars: D, 80 μm; A–C, E, and F, 50 μm.) (G–H′′) Double staining demonstrating that pHERV-W ENV (green) is present
in a subpopulation of Iba1/MHCII-positive (each in red) myeloid cells in MS lesions (case MS 36). (G) Note the extracellular pHERV-W deposits in the right lower
corner. Arrows in G indicate double-positive cells, and arrowheads point to pHERV-W ENV-negative cells. (Scale bars: G and H′′, 30 μm; G′′, 50 μm.) (I–I′′)
Double staining demonstrating the expression of pHERV-W ENV receptor TLR4 (red) in pHERV-W ENV-positive cells (green). (Scale bar: I′′, 30 μm.) (J–K′)
Double staining demonstrating that pHERV-W ENV (green) is absent in Iba1-positive (red) myeloid cells in ALS tissue (case ALS 15 in K and K′, case ALS 16 in J
and J′). (Scale bars: J′ and K′, 25 μm.)
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translated to decreased protein levels as exemplarily corroborated
by IGF-1 ELISA of cell culture supernatants (Fig. 5B). IGF-1 has
been described to protect OPCs from cell death (42) and to am-
plify the positive effects of FGF-2 on OPC proliferation (43).
Furthermore, it has been described as a stimulator of myelin
synthesis (44). CSF-1, on the other hand, decreases proinflammatory
cytokine expression, protects oligodendrocytes from apoptosis
(45), and exerts neuroprotective effects on neurons (46).

pHERV-W ENV Protein Induces a Proinflammatory Antiregenerative
Phenotype in Human Adult Microglia. To translate our findings to
the human paradigm, we investigated the key effects of pHERV-
W ENV on purified human adult microglia. As revealed by
phalloidin-fluorescein isothiocyanate (FITC) staining, stimula-
tion of these cells with pHERV-W ENV resulted in morpholog-
ical changes such as elongated and ameboid cell morphologies
(Fig. 6 A and B). This morphological shift was accompanied by
increased TNF-α and IL-6 transcript levels (Fig. 6 C andD), which
translated to significantly increased respective protein levels in the
culture supernatants (Fig. 6 G and H). In line with previous ob-
servations which have substantiated that iNOS/NO is not easily
induced in human myeloid cells (summarized in ref. 47), we found
no iNOS expression in human microglial cells following pHERV-
W ENV stimulation. In contrast, microglial expression of the
phagocytosis-associated genes TREM2 and MerTK was sig-
nificantly decreased in pHERV-W ENV-stimulated microglia
(Fig. 6 E and I). This was also the case for the neuroprotective
growth factors IGF-1 and CSF-1 as demonstrated by gene expres-
sion analysis (Fig. 6 F and J). Taken together, these observations

in human adult microglia confirmed the results generated in
rodent cells.

pHERV-W ENV Induces a Microglia/Axon Association Resulting in
Axonal Injury. Taking into account that no ideal animal model
for progressive MS exists, and given the fact that transgenic ex-
pression of this particular HERV element is currently not
established, we used a primary rat coculture system to study in-
teractions between microglia and myelinated axons. To this end,
primary rat microglia were added to myelinated neuron/oligo-
dendrocyte cocultures shortly after the peak of their myelination
(Fig. 7A). On the following day, pHERV-W ENV protein was
added to the medium. As revealed by anti-Iba1 immunostaining,
pHERV-W ENV stimulation of microglia-containing cocultures
led to a shift of microglial phenotypes (Fig. 7 B–D′′′′) similar to
the morphological changes observed in rodent and human
microglial monocultures (Figs. 4 and 6). Double labeling of myelin
basic protein (MBP)-positive myelinated axons and Iba1-positive
microglial cells demonstrated a significant increase in activated
microglia physically associated with myelinated axons following
pHERV-W ENV stimulation throughout the whole observation
period (Fig. 7 E–G′) providing an in vitro recapitulation of the
observations made in MS tissue (Fig. 2). Of note, pHERV-W
ENV stimulation did not lead to a reduction of the overall per-
centage of either Iba1-positive microglia or MBP-positive myelinated
axons in comparison to controls (Fig. 7 E′ and E′′). In addition,
pHERV-W ENV-stimulated microglia were found to induce neuro-
filament light chain (NFL), synaptophysin (SYP), and MBP
leakage from axons as revealed by ELISA of supernatants from

Fig. 2. pHERV-W ENV-positive myeloid cells interact with PLP-positive axons in MS lesions. (A and A′, Inset) Anti-PLP DAB staining of the edge of a chronic
active MS lesion (case MS 36). Arrows in A indicate the lesion border. (Scale bars: A, 200 μm; A′, Inset, 100 μm.) (B–B′′) Double immunostaining (merged z-
stack) of serial sections of the same lesion (PLP, red; pHERV-W ENV, green). (B′ and B′′, Insets) pHERV-W ENV-positive myeloid cells are in direct contact with
PLP-positive axons. Arrows in B′ point to an axon completely wrapped by pHERV-W ENV-positive myeloid cells. The arrow in B′′ points to a bulb-like axonal
structure indicating damage. (Scale bars: B, 30 μm; B′ and B′′, 10 μm.) (C and D) Single-layer confocal imaging showing that pHERV-W ENV-positive cells
completely wrap around PLP-positive axons (arrows). (Scale bars: 20 μm.) Representative photographs of axon-wrapping (F) and nonwrapping (E) myeloid
cells in ALS sections (case ALS 15) are revealed by double immunostaining (Iba1, green; PLP red). (Scale bar: 10 μm.) (G) Quantification of myeloid cells with
axon-wrapping morphologies in MS and ALS tissue sections. Student’s 2-tailed t test, unpaired: **P < 0.01 (n = 5 for MS, n = 2 for ALS).
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pHERV-W ENV-stimulated cocultures (Fig. 8 A, B, and D). Of
note, ENV alone did not lead to such effects, pointing to the key
role of microglia. This effect was likely mediated by increased
TNF-α concentrations (Fig. 8C).

Discussion
Based on histopathological studies, axonal injury is today widely
accepted as a core hallmark of MS (48). Mechanistically, re-
peated demyelination during the course of MS is thought to lead
to the degeneration of axon fibers (49). Accordingly, NFL levels
in the CSF of MS patients correlate directly with Expanded
Disability Status Scale (EDSS) scores (50), supporting histo-
pathological observations (3). MRI further corroborates the
importance of axonal degeneration in MS as gray matter atrophy
correlates with disability progression (51). Even though the exact
mechanisms underlying axonal degeneration in MS are currently
elusive, Wallerian degeneration initiated at lesion sites (52),
dysregulation of calcium homeostasis (53), cytotoxic CD8-
positive T cells (54), glutamate excitotoxicity (55), and direct
NO toxicity (56) are being discussed in this context. As both
histological studies and PET-computed tomography (CT) imag-
ing point to the relevance of myeloid cells such as microglia in
MS pathology, research has recently focused on their role in
axonal degeneration. As a continuation of our previous studies
in which we described how pHERV-W ENV inhibits oligoden-
droglial differentiation (27, 30), in this study, we propose a
mechanism by which axonal injury is driven by pHERV-W ENV-
activated microglia. While we found that pHERV-W ENV leads
to the loss of both myelin and axon integrity, it remains to be
demonstrated which of these structures constitutes the primary
target of this pathophysiological process. Despite this aspect, we
offer a biomedical rationale for the results of the clinical phase
IIb CHANGE-MS study (ClinicalTrials.gov identifier NCT02782858)
in which anti-pHERV-W ENV (GNbAC1, temelimab) treatment
of RRMS patients resulted in significant neuroprotective effects.
Among these effects, the 63% reduction in the number of “black

holes,” an MRI correlate of permanent tissue damage, is partic-
ularly striking as, according to PET-CT studies, these structures
contain large numbers of microglia. Of note, the primary endpoint
of the CHANGE-MS study was the cumulative number of
gadolinium-enhancing lesions seen on brain MRI scans after 6 mo
(24 wk) of temelimab treatment. This endpoint was not met, and
all 48-wk neurodegenerative MRI analyses, including the above-
mentioned reduction in the number of “black holes,” as well as
brain volume and magnetization transfer ratio measurements, were
secondary/exploratory. That is why additional studies in a more ap-
propriate population (i.e., nonactive progressive MS patients) at
higher doses are currently in a planning stage.
In previous studies, pHERV-W ENV-positive myeloid cells

have been reported to be present in MS lesions (27, 28). Going
beyond that, we found here that pHERV-W ENV/TLR4–
double-positive myeloid cells are abundantly present in MS le-
sions, where they are tightly associated with myelinated axons at
sites of axonal damage. Whether these cells in the MS brain

Fig. 3. pHERV-W ENV induces a proinflammatory phenotype in TLR4-
positive microglial cells. (A and A′) TLR4-positive primary rat microglial
cells stimulated with pHERV-W ENV protein over a total period of 3 d feature
a strong induction of the proinflammatory markers TNF-α (B), iNOS (C), IL-6
(F), and IL-1β (G) compared with controls (ctrl). (Scale bar: 20 μm.) Multiple
Student’s 2-tailed t test, unpaired: *P < 0.05, ***P < 0,001 (n = 6). (D and E)
ELISA-based quantification of TNF-α levels and spectrometry of NO in cell
culture supernatants of pHERV-W ENV-stimulated microglia confirms in-
creased levels of these proinflammatory agents after 24 h of pHERV-W ENV
stimulation. Student’s 2-tailed t test, unpaired: *P < 0.05, **P < 0.01 (n = 3).
Data are presented as mean ± SEM.

Fig. 4. pHERV-W ENV stimulation decreases the expression of phagocytosis-
associated microglial genes, results in diminished myelin phagocytosis ca-
pacity, promotes cell proliferation, and induces ameboid microglial mor-
phologies. (A and B) Gene expression analysis of microglia stimulated with
pHERV-W ENV protein shows a significant decrease of the phagocytosis-
associated genes TREM2 and MerTK in comparison to controls (ctrl) after
1 d of stimulation. Student’s 2-tailed t test, unpaired: ***P < 0.001 (n = 6).
(D–F) Phagocytosis assays with rhodamine-labeled bovine myelin confirm a
decreased phagocytosis capacity of microglia stimulated with pHERV-W ENV
protein in comparison to ctrl. Arrows indicate rhodamine/myelin-positive
cells. Student’s 2-tailed t test, unpaired: ***P < 0.001 (n = 3). (Scale bar:
40 μm.) (G–I) Phalloidin-FITC–based analysis demonstrating that pHERV-W
ENV induces an ameboid microglial phenotype already after 1 d of stimu-
lation. Multiple Student’s 2-tailed t test, unpaired: **P < 0.01, ***P < 0.001
(n = 3). (Scale bar: 30 μm.) (C) Ki-67–based analysis following 3 d of stimulation
reveals that pHERV-W ENV increases microglial proliferation. Student’s 2-
tailed t test, unpaired: **P < 0.01 (n = 3). Data are presented as mean ± SEM.
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express pHERV-W ENV themselves or if they phagocytose ex-
tracellular pHERV-W ENV, possibly previously imported into
the CNS by other cells, is currently unclear. Mechanistically
however, this aspect is probably less important, given the fact
that the pHERV-W ENV receptor TLR4 has been described as
both a surface and intracellular receptor (57, 58). Of note,
TLR4 is also involved in the innate immune response to re-
spiratory syncytial virus through an interaction with the viral
envelope fusion protein (59, 60). The decisive finding of this
study is that pHERV-W ENV-activated microglia cause a
breakdown of both axonal and myelin sheath integrity leading to
leakage of intraaxonal and myelin proteins. Mechanistically, this
can be explained by our in vitro experiments in both rodent and
human microglia demonstrating that pHERV-W ENV induces a
cellular phenotype secreting noxious molecules such as TNF-α
and NO that are harmful to axons. Furthermore, we could
demonstrate that pHERV-W ENV drives microglia to associate
themselves with axons in myelinated neuron/oligodendrocyte
cocultures in vitro. In this context, the question arises as to
whether, in MS, pHERV-W ENV-positive microglia/monocytes
are a primary mediator of axonal injury or if they are merely
secondarily chemoattracted to axons that are already injured or
(partially) demyelinated. However, even if pHERV-W ENV-
positive activated cells were only to associate themselves with
axons “at risk” secondarily or parallel to occurring damage, they
contribute to further axonal demise as we demonstrate here. It
therefore remains to be shown whether future MS model systems
mimicking pHERV-W reactivation and expression will be able to
shed further light on the exact underlying kinetics. Finally, it is
intriguing that the CHANGE-MS trial results were obtained in
an RRMS population where classically inflammation is assumed
to outweigh degeneration. The results of this study therefore
underline once more the relevance of neurodegeneration even in
early MS. Mirroring this, beyond PPMS and SPMS brains, we
also found pHERV-W ENV-positive myeloid cells adjacent to
axons in an RRMS brain. Therefore, while future clinical studies
will have to assess the effect of anti-ENV treatment in pro-
gressive MS, targeting ENV in relapsing subtypes seems to be a
worthwhile approach as well.

Materials and Methods
Experimental Design. The primary objective of this study was to establish
pHERV-W ENV as a mediator of axonal degeneration in MS. In this regard,
we could confirm its presence in myeloid cells in SPMS, PPMS, and RRMS
brains by immunohistochemical methods. Functional experiments demon-
strating that pHERV-W ENV induces a proinflammatory and antiregenerative
microglial phenotype were performed on both rodent and human primary
microglia. To clarify the observations made in the MS brain, we used mye-
linated neuron/glia cocultures to study the interaction between microglia and
axons. The number of replicates (n) per experiment is noted in each figure
legend. The quantitative analyses were performed blinded. One of the limi-
tations of this study consists of the fact that, unfortunately, an animal model
featuring transgenic expression of human pHERV-W ENV in microglia is still
unavailable. Such a model would have been ideal to study the interaction
between pHERV-W ENV-positive microglia and axons in the brain, which, in-
stead, had to be performed in neuron/glia cocultures. In addition, and as a
general limitation of most studies in our field, there is no established animal
model for progressive MS. A further limitation of this study lies in the fact that
it is not a comprehensive retrospective analysis systematically investigating
pHERV-W ENV positivity in different MS disease variants and lesion subtypes.
For instance, we did not study chronic inactive lesions where the in-
flammatory process has virtually died out. However, neurodegeneration in
these regions has previously been reported to be comparable to levels seen in
non-MS control patients (61). Of note, this study was designed as a first
neurobiological proof-of-principle approach to establish the basic mecha-
nisms of pHERV-W ENV-induced axonal degeneration. Moreover, a definite
distinction between genuine microglia and infiltrating monocytes based on
cell surface markers is still challenging despite the recent description of TMEM119,
as there is evidence that it is expressed in only a subset of microglial cells.

Immunohistochemistry of Human Tissue Sections. Tissue sections from the
brains of 5 MS patients (3 SPMS, 1 PPMS, and 1 RRMS), 2 ALS patients, and 2
HCs were studied (Table 1). All brains were collected as part of the tissue
procurement program approved by the Cleveland Clinic Institutional Review
Board. All donors or their surrogates gave informed consent for their brains

Fig. 5. pHERV-W ENV decreases microglial expression of regenerative fac-
tors. Stimulation of microglia with pHERV-W ENV protein results in a sig-
nificant decrease of the transcription of the regenerative genes IGF-1 (A),
CSF-1 (C), and FGF-2 (D) exemplarily confirmed by IGF-1 ELISA showing de-
creased levels of this protein in cell culture supernatants (B). Student’s 2-
tailed t test, unpaired: *P < 0.05, **P < 0.01, ***P < 0.001 (A, C, and D, n = 6;
B, n = 3). Data are presented as mean ± SEM. ctrl, controls.

Fig. 6. pHERV-W ENV leads to a proinflammatory antiregenerative phe-
notype in human adult microglia. (A and B) Phalloidin-FITC–based analysis of
human adult microglia stimulated with pHERV-W ENV protein demonstrat-
ing an induction of ameboid phenotypes. (Scale bar: 100 μm.) pHERV-W ENV
induces the transcription of proinflammatory genes TNF-α and IL-6 (C and D),
which is mirrored by increased supernatant levels of the respective proteins
(G and H). Student’s 2-tailed t test, unpaired: *P < 0.05, **P < 0.01, ***P <
0.001 (n = 3 controls [ctrl], n = 4 ENV). (E and I) pHERV-W ENV stimulation
decreases the expression of phagocytosis-associated microglial genes
TREM2 and MerTK. (F and J) pHERV-W ENV also reduces the expres-
sion of the regenerative genes IGF-1 and CSF-1. Student’s 2-tailed t test,
unpaired: **P < 0.01, ***P < 0.001 (n = 3 ctrl, n = 4 ENV). Data are presented
as mean ± SEM.
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to be used for research studies. All human immunohistochemistry experi-
ments were carried out in accordance with the Cleveland Clinic Institutional
regulations and guidelines.

Briefly, MS tissue was fixed in 4% paraformaldehyde (PFA), protected in
70% sucrose, placed on the stage of a sliding microtome, and frozen. Free-
floating sections (16–30 μm thick) were cut without exposure to solvents or
other embedding mediums. Sections were rinsed in phosphate-buffered
saline (PBS) 4 times for 5 min each time, microwaved once for 5 min
in 10 mM citrate buffer (pH 6.0), incubated in 3% hydrogen peroxide and
10% Triton X-100 for 30 min, and immunostained by the avidin–biotin
complex procedure and with DAB (Sigma–Aldrich) as described previously
(62). Sections for confocal fluorescence microscopy were pretreated as
described above, incubated with 2 primary antibodies, and then incubated
with secondary antibodies (Abcam) conjugated to either Alexa Fluor 594 or
Alexa Fluor 488 (Thermo Fisher Scientific). The following primary anti-
bodies were used: mouse anti-MHCII (1/250; Research Resource Identifier

[RRID]:AB_2313661; Dako, Agilent Technologies), rat anti-PLP (1/250, hy-
bridoma; a gift from W. Macklin, Department of Cell and Developmental
Biology, University of Colorado School of Medicine, Aurora, CO), mouse
anti–pHERV-W ENV (GN-mAB_03 [3B2H4], 1/1,000; provided by GeNeuro
SA), rabbit anti-TLR4 (1/1,000; RRID:AB_300457; Abcam), and rabbit anti-
Iba1 (1/500; RRID:AB_839504; WAKO Pure Chemical Corporation). Anti-
ENV/MHCII double staining was carried out sequentially with intermediate
blocking and washing steps. Sections were analyzed on a Leica Aristoplan
laser scanning microscope (Leitz) and on a Zeiss confocal CLSM 510 mi-
croscope. Analysis was performed using ImageJ and Zen 2012 software
(Zeiss), respectively. Individual confocal optical sections represented an
axial resolution of 0.5 μm. The entire thickness of the section was scanned.
Images consisted either of single layers or merged z-stacks combining
16–32 single layers. Fluorescence was collected individually in the green
(Alexa 488) and red (Alexa 594) channels to eliminate “bleed-through”
from either channel.

Fig. 7. pHERV-W ENV stimulation induces microglia to associate themselves with myelinated axons. (A) Rat primary microglia (MG) were added to neuron/
oligodendrocyte cocultures shortly after the peak of myelination, and cultures were stimulated with pHERV-W ENV. (B–D′′′′) Anti-Iba1 immunostaining shows
that, mirroring monoculture experiments, pHERV-W ENV leads to a persistent induction of tubular and ameboid microglial phenotypes after as early as 3 d of
stimulation in comparison to controls (ctrl). Multiple Student’s 2-tailed t test, unpaired: *P < 0.05, **P < 0.01, ***P < 0.001 (n = 3). (D–D′′′′) This effect is
sustained over a total period of 14 d. (Scale bars: 50 μm.) (E–G′) Double immunostaining of MBP-positive myelinated axons (red) and Iba1-positive microglia
(green) in cocultures following 14 d of pHERV-W ENV stimulation demonstrating that pHERV-W ENV leads to a significant increase in microglia associating
themselves with axonal structures (arrowheads in G and G′), mirroring the findings in MS tissue. Student’s 2-tailed t test, unpaired: **P < 0.01 (n = 3). n.s., not
significant. (Scale bar: 25 μm.) Data are presented as mean ± SEM.
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Primary Rat Microglial Cell Culture. All animal procedures were performed
in compliance with the experimental guidelines approved by the regional
authorities (state agency for Nature, Environment and Consumer Protection
of North Rhine Westphalia) and conform to the NIH Guide for the Care
and Use of Laboratory Animals (63). The Institutional Review Board (IRB)
of the ZETT (Zentrale Einrichtung für Tierforschung und wissenschaftliche
Tierschutzaufgaben) at the Heinrich Heine University Düsseldorf has approved
all animal procedures under licences O69/11 and O82/12. Briefly, dissociated
postnatal day 1 (P1) Wistar rat cortices were cultured on poly-D-lysine–
coated cell culture flasks in Dulbecco’s modified Eagle’s medium (DMEM;
Thermo Fisher Scientific) substituted with 10% fetal calf serum (FCS; Lonza),
4 mM L-glutamine (Invitrogen), and 50 U/mL penicillin/streptomycin (Invi-
trogen) as previously described (30, 64–67). After 10 d, flasks were shaken at
180 rpm for 2 h. Microglia-containing supernatants were transferred to bac-
terial dishes and kept in the incubator, allowing for cell attachment to the
surface. Culture flasks were again loaded with fresh DMEM and shaken for
another 24 h to increase the final cell yield. Afterward, supernatants were
again transferred to bacterial dishes to allow for attachment. Microglia-
containing bacterial dishes from the first and second shaking steps were
checked for viability via bright-field microscopy, medium was discarded, and
cells were rinsed with PBS. Microglia were dislodged by accutase (Thermo
Fisher Scientific), which was stopped by FCS-containing DMEM. Microglial cell
suspensions were then centrifuged for 5 min at 1,500 rpm at 4 °C. Cell-free
supernatants were discarded. Cell pellets were then resuspended in 80 μL of
magnetic activated cell sorting (MACS) buffer containing 0.5% bovine serum
albumin (BSA) in PBS, and 20 μL of CD11b/c microbeads (Miltenyi Biotec) was
added for 15 min at 2–8 °C to allow for binding. Cells were then washed
adding 2 mL of MACS buffer and spun down for 5 min at 1,500 rpm at 4 °C.
Supernatants were again discarded, and pellets were resuspended in 500 μL of
MACS buffer and subjected to MACS sorting according to the manufacturer’s
protocol (Miltenyi Biotec). The resulting cell suspension was again spun down
for 5 min at 1,500 rpm at 4 °C, pellets were resuspended in 1 mL of DMEM,
and cell viability and numbers were quantified using trypan blue staining.
Average cell purities as assessed by Iba1 positivity were consistently ca. 98%.
Microglia were seeded on cell culture dishes at different concentrations in
DMEM containing 10% FCS and 2 mM L-glutamine.

Microglial Culture Experiments. pHERV-W ENV stimulation of both human and
rat primary cells was carried out at a concentration of 1,000 ng/mL
recombinant full-length ENV protein with respective buffer volumes as
controls as previously described (27, 30). Recombinant ENV protein was
produced by Protein’eXpert according to quality control specifications of
GeNeuro SA. Endotoxin levels were below the detection limit (<5 endotoxin
units [EU]/ml) as measured by the limulus amebocyte lysate test. Control

experiments to confirm ENV- and TLR4-specific effects were previously
published (27, 30, 31). NO spectrometry and TNF-α and IGF-1 ELISAs of rat
microglial cell culture supernatants were performed after 24 h of pHERV-W
ENV stimulation using a Nitric Oxide Assay Kit (Merck), a rat TNF alpha ELISA
Kit (Abcam), and a Quantikine ELISA Kit (R&D Systems), respectively,
according to the manufacturers’ protocols. ELISAs of human microglial cell
culture supernatants were performed after 24 h of pHERV-W ENV stimula-
tion using a TNF-α ELISA (catalog no. 555212; BD Biosciences), an IL-6 ELISA
(catalog no. 555220; BD Biosciences), and an IGF-1 ELISA (catalog no. DY291;
R&D Systems) according to the manufacturers’ protocols. Immunocyto-
chemistry was performed using previously described protocols (27, 30).
Briefly, microglia were fixed with 4% PFA, washed with PBS, blocked for
45 min using 2% normal goat serum (Sigma–Aldrich) and 0.5% Triton X-100
(Sigma–Aldrich) in PBS, and subjected to incubation at 4 °C overnight in 2%
normal goat serum (Sigma–Aldrich) and 0.1% Triton X-100 (Sigma–Aldrich) in
PBS with mouse anti-CD11b (1/500; RRID:AB_395560; BD Biosciences), mouse
anti-TLR4 (1/1,000; RRID:AB_300457; Abcam), and rabbit anti-Ki67 (1/250;
RRID:AB_302459; Abcam). Following PBS washes, secondary anti-mouse and
anti-rabbit antibodies conjugated with Alexa Fluor 594 (1/500; Thermo Fisher
Scientific) were added for 2 h at room temperature. Nuclei were stained with
4′, 6-diamidino-2-phenylindole (DAPI; Roche). Cells were mounted using Citi-
fluor (Citifluor) and analyzed with an Axio Cam HRc microscope (Zeiss). For
morphology experiments, microglial F-actin was visualized with FITC-
conjugated phalloidin (Sigma–Aldrich) according to the manufacturer’s pro-
tocol. Myelin phagocytosis experiments were carried out using purified bo-
vine myelin (68) and phRodo (Thermo Fisher Scientific). Briefly, 1 mg of myelin
was resuspended in 1 mL of PBS at pH 8. Afterward, 10 μL of phRodo was
added and the mix was incubated on a shaker for 1 h at room temperature.
The phRodo/myelin was then centrifuged at 1,500 rpm for 10 min. The pellet
was resuspended in 1 mL of fresh PBS (pH 8) and diluted to a final concen-
tration of 20 μg/mL. Twenty microliters of phRodo/myelin/PBS was then added
to pHERV-W ENV-stimulated and control cells, respectively. Upon a 3-h in-
cubation step at 37 °C, cells were rinsed 3 times with PBS and fixed with 4%
PFA. After staining with DAPI, phRodo/myelin-positive microglia were quan-
tified. Images (20× magnification; Zeiss Axionplan 2 microscope) were cap-
tured using the same light intensity and filters for all images to be compared
and were processed with Axiovision 4.2 software (Zeiss; RRID: SciRes_000111).
The analysis was done using Java software (ImageJ, RRID: nif-0000-30,467/
Wright Cell Imaging Facility, RRID:nif-0000-30,471). Immunopositive cells
were counted in 9 randomly chosen fields per coverslip. Two coverslips were
used per condition. The total number of cells per field was determined via
DAPI staining. For quantification, the number of immunopositive cells was
compared with the total cell number and expressed as a percentage (mean ±
SEM) as previously described (67).

Primary Human Microglial Cell Culture. Adult microglia were derived from
surgical resection of brain tissue from pharmacologically intractable non-
malignant temporal lobe epilepsy cases, and secondary use of deidentified
tissues was approved and carried out in accordance with the guidelines set
by the McGill University Institutional Review Board in conjunction with the
McGill University Health Centre Ethics Board under protocol ANTJ1989. Tissue
provided was outside of the suspected focal site of epilepsy pathology,
histopathological changes were excluded by an experienced neuropathol-
ogist, and histologically healthy specimens were included. Human microglia
were isolated from this adult brain tissue using previously described proto-
cols (69, 70). Briefly, tissue was obtained in pieces <1 mm3 and treated with
DNase (Roche) and trypsin (Thermo Fisher Scientific) for 30 min at 37 °C.
Following dissociation through a nylon mesh (37 μm), the cell suspension
was separated on a 30% Percoll gradient (GE Healthcare) at 31,000 × g for
30 min. Glial cells (oligodendroglia and microglia) were collected from un-
derneath the myelin layer, washed, and plated at a density of 2 × 106 cells
per milliliter in tissue-culture flasks. After 24 h in culture, microglia were
separated by the differential adhesion properties of the cells. Microglia
were grown for 4 d in flasks before gentle collection using 2 mM ethyl-
enediaminetetraacetic acid (Sigma–Aldrich), and were then plated in minimum
essential medium (MEM; Sigma–Aldrich) supplemented with 5% FBS (Wisent),
0.1% penicillin/streptomycin (Thermo Fisher Scientific), and 0.1% L-glutamine
(Thermo Fisher Scientific) at a density of 1 × 106 cells per milliliter in a 6-well
plate. pHERV-W ENV protein stimulation was carried out as specified for rat
microglial cells. For morphology experiments, microglial F-actin was visualized
with FITC-conjugated phalloidin (Sigma–Aldrich) according to the manufac-
turer’s protocol. ELISAs of human microglial cell culture supernatants were
performed after 24 h of pHERV-W ENV stimulation using TNF-α ELISA (catalog
no. 555212; BD Biosciences), IL-6 ELISA (catalog no. 555220; BD Biosciences)

Fig. 8. pHERV-W ENV stimulation induces microglial-dependent injury of
myelinated axons. pHERV-W ENV protein-stimulated microglia (MG) induce
axonal NFL (A), SYP (B), and MBP (D) leakage as revealed by ELISA of co-
culture supernatants. Note that pHERV-W ENV protein and nonstimulated
MG alone were unable to exert such effects. (C) This was most likely medi-
ated by increased TNF-α levels as revealed by ELISA. Two-way ANOVA, fol-
lowed by Bonferroni’s post hoc test: *P < 0.05, **P < 0.01, ***P < 0.001 (n =
3–4). ctrl, controls.
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and IGF-1 ELISA (catalog no. DY291; R&D Systems) according to the
manufacturers’ protocols.

Myelinated Neuron/Glia Cocultures. Dissociated neuron/oligodendrocyte co-
cultures were obtained from embryonic day 16 Wistar rat cerebral cortices
(Wistar rats of either sex) as previously published (67, 71). Cells were plated
on 15-mm poly-D-lysine (0.1 mg/mL)–coated coverslips (65,000 cells per cov-
erslip) and kept in myelination medium consisting of N2 and neurobasal
medium (Thermo Fisher Scientific) and containing nerve growth factor (NGF)
(50 ng/mL) and NT-3 (10 ng/mL) (both from R&D Systems). After 10 d in vitro
(DIV10), insulin was removed and the ratio of the insulin-free N2 to neuro-
basal medium including B27 supplement (Thermo Fisher Scientific) was ad-
justed to 4:1. This myelination mediumwas further supplemented with 60 ng/mL
tri-iodo-thyronine (Sigma–Aldrich). Final concentrations of individual N2 me-
dium components (DMEM-F12–based, high glucose; Thermo Fisher Scientific)
were as follows: insulin (10 μg/mL), transferrin (50 μg/mL), sodium selenite
(5.2 ng/mL), hydrocortisone (18 ng/mL), putrescine (16 μg/mL), progesterone
(6.3 ng/mL), biotin (10 ng/mL), and N-acetyl-L-cysteine (5 μg/mL) (all from
Sigma–Aldrich); BSA (0.1%; Roth); and penicillin/streptomycin (50 units/mL;
Thermo Fisher Scientific). At DIV30, cultures were supplemented with primary
rat microglial cells in the presence or absence of 1,000 ng/mL recombinant
pHERV-W ENV protein for another 3, 6, or 14 d. Then, coverslips were washed
with PBS, fixed with 4% PFA, and processed for immunofluorescent staining.
Media were changed every 72 h. PFA-fixed cocultures were blocked with PBS
containing 0.5% Triton X-100 and 2% normal goat serum, and then incubated
overnight in 0.1% Triton X-100 and 2% normal goat serum containing the
following primary antibodies: rat anti-MBP (1/250; catalog no. MCA409S;
Bio-Rad; RRID:AB_325004), rabbit anti-Iba1 (1/500; WAKO Pure Chemical Corpo-
ration; RRID:AB_839504), and mouse antineurofilament (1/1,000; catalog no.
SMI-312R-500; BioLegend; RRID:AB_2314906). After 24 h, coverslips were
washed with PBS and then incubated in PBS for 2 h with secondary antibodies
conjugated to Alexa Fluor 488 (1/500; Thermo Fisher Scientific), Alexa Fluor
594 (1/500; Thermo Fisher Scientific), or Alexa Fluor 405 (1/500; Thermo Fisher
Scientific). NFL, SYP, MBP, and TNF-α ELISAs were performed on coculture
supernatants collected from DIV2 to DIV5 using rat neurofilament light
polypeptide (catalog no. EKC39470; Biomatic), rat SYP (catalog no. LS-F22650;
LifeSpan BioSciences, Inc.), rat MBP (catalog no. LS-F4093; LifeSpan BioSciences,
Inc.), and rat TNF-α (catalog no. ab100785; Abcam) ELISA kits according to the
manufacturers’ protocols. All images captured on either a Zeiss Axionplan
2 microscope or a Zeiss confocal CLSM 510 microscope (Zeiss) were captured
using the same light intensity and filters. Images were processed with Axio-
vision 4.2 software or Zen 2012 software (Zeiss). Analysis was performed using
Java software (ImageJ). Immunopositive cells were counted in 9 randomly
chosen fields per coverslip.

RNA Preparation, cDNA Synthesis, and Quantitative RT-PCR. Total RNA purifi-
cation from cells was performed using the RNeasy procedure (Qiagen). Iso-
lated RNA was reverse-transcribed using a high-capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). Quantitative determination of
gene expression levels was performed on a 7900HT sequence detection
system (Thermo Fisher Scientific) using Power SybrGreen and TaqMan uni-
versal master mixes (Thermo Fisher Scientific) as previously described (27, 30).
Primer sequences were as follows: rat iNOS (CTC AGC ACA GAG GGC TCA
AAG, TGC ACC CAA ACA CCA AGG T), rat TNF-α (AGC CCT GGT ATG AGC CCA
TGT A, CCG GAC TCC GTG ATG TCT AAG T), rat IL-6 (GTT GTG CAA TGG CAA
TTC TGA, TCT GAC AGT GCA TCA TCG CTG), rat IL-1β (GAA ACA GCA ATG
GTC GGG AC, AAG ACA CGG GTT CCA TGG TG), rat TREM2 (CCA AGG AGC
CAA TCA GGA AA, GGC CAG GAG GAG AAG AAT GG), rat MerTK (TCT GAC
AGA GAC CGC AGT CTT C, TGG ACA CCG TCA GTC CTT TG), rat IGF-1
(AGACGGGCATTGTGGATGA, ACATCTCCAGCCTCCTCAGATC), rat CSF-1(CGA
GGT GTC GGA GCA CTG TA, TCA ACT GCT GCA AAA TCT GTA GGT) and rat
FGF-2(TGG TAT GTG GCA CTG AAA CGA, CCA GGC CCC GTT TTG G). De-
tection of human TNF-α, human IL-6, human TREM2, human MerTK, human
IGF-1 and human CSF-1 was done using TaqMan probe sets (Thermo Fisher
Scientific) Hs00174128_m1, Hs00174131_m1, Hs00219132_m1, Hs01031979_m1,
Hs01547656_m1, and Hs00174164_m1, respectively. Relative gene expression
levels were determined according to the ΔΔcycle threshold (ΔΔCt) method
(Thermo Fisher Scientific). Each sample was measured in quadruplicate; data
are shown as mean values ± SEM, and the t test was applied to determine
statistical significance (Prism 5.0c; GraphPad Software).
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