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extracellular vesicles: a new biomarker of motor neuron disease
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Abstract

Objective: Human endogenous retroviruses (HERVs) have been gradually confirmed to be involved in the onset and pro-
gression of motor neuron disease(MND). However, noninvasive detection of HERVs in the central nervous system is
lacking. The aim of this study is to verify the relationship between the level of HERV-K env in neuronal extracellular
vesicles in plasma and the onset and severity of MND. Methods: We extracted neuronal extracellular vesicles from
plasma of 39 MND patients and 30 age- and sex-matched controls, and detected HERV-K env in extracellular vesicles
by an enzyme-linked immunosorbent assay (ELISA). Results: Levels of HERV-K env in neuronal extracellular vesicles
positively associated with range of lower motor neurons (LMNs) involved (1.66+0.37 vs. 1.35+0.34, p=0.041), ALS
phenotype (1.52+0.31 vs. 1.24+0.37, p=0.013) and course of disease (1.83+0.35 vs. 1.42+0.22, p=0.003), and
increased in advanced-phase MND (definite and probable according to revised EI Escorial criteria) compared with
early-phase MND (possible and lab-supported probable), albeit without very profound significance (1.52%0.34 vs.
1.29+£0.36, p=0.048). Conclusions: In conclusion, levels of HERV-K env in neuronal extracellular vesicles extracted
from plasma can be used as a noninvasive biomarker of severity of MND.

Keywords: Human endogenous retroviruses, motor neuron disease, neuronal extracellular vesicles, biomarker

Introduction virus (HIV), have similar genetic structures, with
long terminal repeats (LTRs) and gag, pro, pol,
and env regions, which encodes envelope proteins
(4). The env protein is structurally divided into
surface unit (SU) and transmembrane (TM) moi-
eties. Whether HERV-K Env protein is functional
is a matter of debate, but some evidence suggests
SU may serve as a receptor and participate in
membrane fusion and immune regulation, TM
may relate to intracellular signal transduction (5).
HERVs participate in a number of patho-

Human endogenous retroviruses (HERVs) are
remnants of provirus genome that integrated into
the human genome through infection over several
million years (1,2), accounting for approximately
8% of the human genome (3). As humans evolved,
most HERVs lost transcriptional activity due to
deletions or stop codons in the reading frames, but
some HERVs have complete open reading frames
(ORFs) that can express viral protein particles or

proviruses. Currently, HERV-K has been con-
firmed as the most active, and it can express com-
plete functional proteins. HERVs and exogenous

physiological processes. In the nervous system,
researches on HERVs and multiple sclerosis (6),
schizophrenia, and motor neuron disease(MND)

retroviruses, such as human immunodeficiency have gradually increased (7). As early as 1973,
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Gardner et al. found that mice infected with type
C RNA virus developed progressive motor neuron
damage after several months (8). In addition
patients infected with type 1 human T cell leuke-
mia virus (HTLV-1) and HIV could manifest as
amyotrophic lateral sclerosis (ALS) syndrome
(9-11). Subsequent studies confirmed that the
level of reverse transcriptase (RT) in the serum of
HTLV-1 and HIV-negative ALS patients was sig-
nificantly higher than that of controls, and similar
trends were observed in the immediate relatives of
ALS patients, suggesting that RT was endogenous
and not related to exogenous virus infec-
tion (12-14).

Douville et al. reported that HERV-K tran-
scripts were increased in patients with ALS, espe-
cially in the prefrontal lobe (15). Li et al. (16)
suggested that the expression of HERV-K was
increased in autopsy brain tissue of patients with
ALS compared to healthy controls and patients
with Alzheimer's disease (AD). And env was
increased selectively in the cytoplasm of pyramidal
cells and spinal anterior horn cells but not in glial
cells, white matter, hippocampal neurons and pos-
terior cord. Cells transfected with HERV-K or the
env gene all resulted in atrophy and shortened
processes, which were concentration-dependent.
Transgenic mice expressing the full-length or TM
of env exhibited atrophy of the motor cortex and
decreased protrusions of pyramidal cells.
Therefore, HERVs, especially HERV-K env, may
be used as a marker for the diagnosis and monitor-
ing of disease progression in MND. There is an
urgent need for a noninvasive technique to detect
the expression level of HERVs derived from the
central nervous system.

Extracellular vesicles are extracellular particles
with a diameter of approximately 30-100 nm and a
double-layered lipid membrane. Extracellular
vesicles can derive from almost all type of cells,
including neurons (17),and can be detected in a
variety of body fluids, such as blood, cerebrospinal
fluid, and urine (18). Tolosa et al. (19) reported
that the env protein syncytin-1 of HERV-W was
positive in placental extracellular vesicles. Vargas
et al. (20) confirmed that syncytin-1/syncytin-2 in
placental extracellular vesicles was associated with
placental formation. Therefore, it is speculated
that HERVs can be excreted through the form of
extracellular vesicles, but there is no research to
use extracellular vesicles for the detection of
HERVs derived from the central nervous system in
patients with neurodegenerative diseases.

The aim of this study is to extract neuronal
extracellular vesicles from the blood of patients
with MND and age-and sex-matched controls and
then detect the level of HERV-K env in extracellu-
lar vesicles. By analyzing clinical data, we plan to
verify the relationship between the presence of

HERV-K env in extracellular vesicles and the
onset and severity of MND.

Materials and methods
Study subjects

According to the revised EI Escorial diagnostic cri-
teria (21), MND patients were classified as early
phase (possible and laboratory-supported prob-
able) and advanced phase (probable and definite)
(22), without acute or chronic history of the cen-
tral nervous system, such as acute cerebrovascular
disease, brain trauma, brain tumors, encephalitis,
or myelopathy; and other neurodegenerative dis-
eases, such as AD, Parkinson’s disease (PD),
dementia with Lewy bodies (DLB), or multiple
system atrophy; and history of tumor. Essential
clinical data included sex, age, onset site, diagnos-
tic delay time, previous medical history, neuro-
logical signs, results of -electromyography,
treatment, and ALSFRS-R scores (23), and AFS
was used to assess the rate of disease progres-
sion (24).

Sex-and age-matched controls were individuals
without MND history or family history of MND,
without acute or chronic history of the central ner-
vous system, such as acute cerebrovascular disease,
brain trauma, brain tumors, encephalitis, or myel-
opathy; and other neurodegenerative diseases, such
as AD, PD, DLB, or multiple system atrophy; and
history of tumor. This study was approved by the
institutional ethics committee and all subjects
signed informed consent forms.

Plasma extraction

EDTA anticoagulation tubes were used to collect
4ml of peripheral venous blood. To extract
plasma, blood samples were centrifuged at 1500g
at 4°C for 10min to remove blood cells. The
supernatant was then centrifuged at 12000g at
4°C for 5min to remove the platelets and cell deb-
ris. The plasma was collected and stored
at —80°C.

Extraction of neuronal extracellular vesicles

The way to extract neuronal extracellular vesicles
based on previous studies (25-27). About 0.5 ml
plasma was incubated with 5 pl thrombin (System
Biosciences, CA, USA) for 30min. Then, 500 pul
of calcium- and magnesium-free Dulbecco's
Balanced Salt (DBS) solution with protease inhibi-
tor cocktail (Roche, Mannheim, Germany) and
phosphatase inhibitor cocktail (Thermo Fisher
Scientific, Rockford, USA) was added, followed by
centrifugation at 6000g at 4°C for 20min. The
supernatant was collected, followed by the addition
of 1 ml polyethylene glycol and incubation at 4°C
for 1hour. After centrifugation at 10,000g at 4°C



for 20min and the removal of the supernatant,
total extracellular vesicles were resuspended in
2501l ddH,O containing protease inhibitor cock-
tail and phosphatase inhibitor cocktail and incu-
bated at 4°C for at least 2hours. Then, after
centrifugation at 1500¢g at 4°C for 10 min, 4 pul (2
1g) biotinylated anti-LICAM (L1 cell adhesion
molecule, also known as CDI171) antibody
(Thermo Fisher Scientific, CA, USA) in 46 ul of
3% bovine serum albumin (BSA, Thermo Fisher
Scientific, Rockford, USA) was added to the
supernatant and incubated at 4°C for 4 hours.
After the addition of 15l streptavidin-agarose
resin (Thermo Fisher Scientific, Rockford, USA)
and 25 pl of 3% BSA, the mixture was incubated
at 4°C for 4hours. Subsequently, the supernatant
was centrifuged at 200g for 10min at 4°C, sus-
pended in 500 pl of 3% BSA, and centrifuged
again. Then, 200 ul of 0.1 M glycine-HCl (pH =
3.0) was added, and the mixture was centrifuged
at 4500g at 4°C for 10 min; the supernatant was
removed. Then, 15ul of IM Tris-HCl (pH =
8.0), 25l of 3% BSA and 360 pl of mammalian
protein extraction reagent (M-PER, Thermo
Fisher Scientific, Rockford, USA) were added, and
the final preparation was frozen and thawed twice
and stored at —80 °C. HERV-K env was quantified
using the Human HERV K_7p22.1 Provirus
Ancestral Env Polyprotein (ERVK6) ELISA kit
(Cusabio Technology, Wuhan, China) and follow-
ing the instructions. To ensure the specificity of
the tests, negative control group was set up in this
study. In the negative control group, the biotiny-
lated anti-L1CAM antibody was replaced with 3%
BSA. The concentration of CD81 was quantified
as an internal reference using the Human CD81
Antigen ELISA kit (Cusabio Technology, Wuhan,
China). The mean value for all determinations of
CD81 in each assay group was set at 1.00, and the
relative value for each sample were used to nor-
malize their recovery.

Statistical methods

Statistical analysis was performed using IBM SPSS
20.0 software. In terms of descriptive statistics,
continuous variables that were consistent with a
normal distribution are represented by means and
standard deviations (SDs), and those that did not
meet the normal distribution are represented by
medians and interquartile ranges (IQRs).
Categorical variables were calculated as percen-
tages. Parametric tests were performed with inde-
pendent-sample T tests or ¢ tests, and
nonparametric tests were performed with the chi-
squared, Fisher's exact test, or the Mann-Whitney
U test. Pearson’s or Spearman’s correlation was
used to analyze the correlation between the two
variables. p < 0.05 was considered statistically sig-
nificant. GraphPad Prism 5 software (GraphPad

HERV-K in extracellular vesicles and MND 3

software Inc., San Diego, CA, USA) was used
for plotting.

Results
Basic characteristics of the study subjects

A total of 39 MND patients were included in this
study, with 25 males (64.1%). Thirty sex- and
age-matched controls were also included, with 17
males (56.7%). The average age of the two groups
was 50.9 (SD = 9.4) years and 50.8 (SD = 8.9)
years, respectively. The median diagnostic delay
time of MND patients was 13 (IQR = 17.0)
months, 32 (82.1%) patients had limb onset, and
7 (18.0%) patients had bulbar onset. There were
19 (48.7%) patients in the early phase, of whom 9
were diagnosed as possible and 10 as laboratory-
supported probable. Twenty patients (51.3%) were
in an advanced phase, of whom 14 were diagnosed
as probable and 6 as definite. Twenty-three
patients (59.0%) met the diagnosis of ALS, and
16 patients (41.0%) had other phenotypes, includ-
ing 5 with flail leg syndrome (FLS), 6 with flail
arm syndrome (FAS), and 5 with isolated bulbar
ALS (IBALS). At the initial diagnosis, the average
ALSFRS-R score was 42.5 (SD = 3.7), and the
median AFS was 0.3 (IQR = 0.4) (Table 1).

HERV-K env in neuronal extracellular vesicles

Following ISEV guidelines, we used western blot
to demonstrate enrichment of exosomes by our
protocol. The extracellular vesicles were positive
for CD63 and Alix (27) (Supplementary Figure
S1). The average diameter of vesicles verified by
nanoparticle tracking analysis was about 100nm
(Supplementary Figure S2). Based on these data,
we confirmed that exosomes were successfully col-
lected. In the CD81 and HERV-K env test, the
negative control group was at background level.
The mean HERV-K env level in the neuronal
extracellular vesicles of 39 MND patients was 1.41
(SD = 0.36) ng/ml, and that of the control group
(n=30) was 1.45 (SD = 0.50) ng/ml. There was
no significant difference between the groups
(»p=0.701) (Figure 1).

The mean HERV-K env level in neuronal
extracellular vesicles in early-phase MND patients
(n=19) was 1.29 (SD = 0.36) ng/ml, and that in
advanced-phase MND patients (#=20) was 1.52
(SD = 0.34) ng/ml. The level of HERV-K env in
advanced-phase patients was higher than that in
early-phase patients but no profound significance
was found (p=0.048). Grouped by involved seg-
ments (bulbar, cervical, thoracic, lumbosacral),
patients with affected motor neurons in no more
than 2 segments were assigned to the LMN-1/
UMN-1 groups, and those with 3 to 4 affected
segments were assigned to the LMN-2/UMN-2
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Table 1. Characteristics of MND patients and controls.

MND Control
(n=139) (n=130) p Value
Sex, male, n (%) 25 (64.1) 17 (56.7) 0.530
Age (year), mean (SD) 50.9 (9.4) 50.8 (8.9) 0.968
Diagnostic delay time (month), median (IQR) 13.0 (17.0)
Onset site
Limb, n (%) 32 (82.1)
Bulbar, n (%) 7 (18.0)
Phase
Early, n (%) 19 (48.7)
Advanced, n (%) 20 (51.3)
Phenotype
ALS, n (%) 23 (59.0)
Others*, n (%) 16 (41.0)
FRS-R score, mean (SD) 42.5 (3.7)
AFS, median(IQR) 0.3 (0.4)

*Including 5 with flail leg syndrome (FLS), 6 with flail arm syndrome (FAS), and 5 with isolated bulbar

ALS (IBALS).
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Figure 1. HERV-K env level in the neuronal extracellular
vesicles of MND patients and controls. The mean HERV-K env
level in the neuronal extracellular vesicles of 39 MND patients
was 1.41 (SD = 0.36) ng/ml, and that of the control group
(n=30) was 1.45 (SD =0.50) ng/ml. There was no significant
difference between the groups (P=0.701).

groups. The mean level of HERV-K env in LMN-
1 and LMN-2 was 1.35 (SD = 0.34) and 1.66
(SD = 0.37) ng/ml, respectively (p=0.041); and
that in UMN-1 and UMN-2 was 1.35 (SD =
0.33) and 1.47 (SD = 0.35) ng/ml, respectively
(p=0.288). There were 23 patients with MND
presenting with typical ALS and 16 with other
phenotypes, including 6 with FAS, 5 with FLS,
and 5 with IBALS. The mean HERV-K env level
in the ALS group was 1.52 (SD = 0.31) ng/ml,
and that in patients with other phenotypes was
1.24 (SD = 0.37) ng/ml. The HERV-K env level
in the ALS group was significantly higher than
that in the other phenotype group (p =0.013). The
mean level of HERV-K env in the patients with a
disease course less than 2 years (MND < 2) was
1.42 (SD = 0.22) ng/ml, and that in the patients
with a disease course more than 2 years (MND>
2) was 1.83 (SD = 0.35) ng/ml, indicating a sig-
nificant difference between the two groups
(»=0.003) (Figure 2).

There were no significant correlations between
HERV-K env and age (r=-0.134, 95% CI —0.420
to 0.156, p=0.415), diagnostic delay time
(r=0.055, 95% CI —0.294 to 0.442, p=0.741),
ALSFRS-R score (r=—0.032, 95% CI —0.391 to
0.320, p=0.847), AFS (r=-0.118, 95% CI
—0.418 to 0.191, p=0.475), and the onset site
(1.15, SD = 0.49; 1.46, SD = 0.31, p=0.152)
(Figure 3).

Discussion

HERVs have been found widely in different loca-
tions of the human genome, whereas, because of
the occurrence of missense and nonsense muta-
tions, most HERVs are in silence. HERV-K has
been confirmed as the most active and the most
common type studied in MND. Expression of
HERV-K specifically elevated in MND compared
with PD, AD, multiple sclerosis (MS). The env
protein, a transmembrane signaling protein, has
been proven to play a role in proliferation and
metastasis of carcinoma, and autoimmunity in
MS. A study published by Paquette et al. in 1989
suggested that retrovirus env caused MND in mice
(28). Li et al. (16) found that both HERV-K env
transgenic cells and mice showed ALS-like neuro-
logical symptoms and pathological manifestations.
Arru et al. (29) detected a significant increase in
anti-HERV-K env-su;¢.37; IgG antibodies in the
serum and cerebrospinal fluid of ALS patients,
suggesting that a humoral immune response to
HERV-K env occurred in ALS patients. It is
speculated that HERV-K env plays a role in the
pathogenesis and progression of MND. Therefore,
this study investigated the correlation between the
level of HERV-K env and the onset and severity of
motor neuron disease.

Previous studies have used autopsy brain tissue,
which is difficult to obtain, or detected HERV
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Figure 2. Analysis of HERV-K env level in the neuronal extracellular vesicles of MND patients. (A) The mean HERV-K env level in
early-phase MND patients (#=19) was lower than that in advanced-phase MND patients (n=20) (»p=0.048). (B) Grouped by
involved segments (bulbar, cervical, thoracic, lumbosacral), patients with affected motor neurons in no more than 2 segments were
assigned to the LMN-1/UMN-1 groups, and those with 3—4 affected segments were assigned to the LMN-2/UMN-2 groups. The mean
level of HERV-K env was positively associated with LMNs involved (p =0.041). (C)The mean HERV-K env level in the ALS group
was significantly higher than that in the other phenotype group (including 6 with FAS, 5 with FLS, and 5 with IBALS) (»p=0.013).
(D)The mean level of HERV-K env in the patients with a disease course less than 2 years (MND < 2) was significantly lower than that
in the patients with a disease course more than 2 years (MND> 2) (p=0.003).

mRNA or antibodies in the blood, the origination
of which cannot be confirmed. This study exam-
ined the level of HERV-K env in neuronal extra-
cellular  vesicles, suggesting that neuronal
extracellular vesicles in blood can be used for non-
invasive detection of HERV-K env expression in
the central nervous system. Many previous studies
have confirmed L1CAM is selective for extracellu-
lar vesicles derived from neurons. Fiandaca et al.
(25) have verified the mouse anti-human L1CAM
biotinylated antibody does not bind to NK and
NKT cells of the immune system and is differently
distributed in the nervous system. Winston et al.
(26) used mouse anti-human L1CAM biotinylated
antibody to extract neuron-derived exosomes in
serum of AD patients. Jiang et al. (30) also chose
anti-L1CAM antibodies to get extracellular vesicles
with characteristics of exosomes and used mass
spectrometry analysis and immunoblotting con-
firmed the presence of neural cell adhesion mol-
ecule and L1CAM. However, it cannot be ignored
that L1ICAM is reported in multiple studies to also
be expressed in other tissues than neurons. We
look forward to a more specific and precise
method to extract EVS derived from neurons in
the future.

Grad et al. (31) concluded that extracellular
vesicles are the pathway by which neurons secrete
SOD1 and that SODI1 diffuses between cells.
Yohei Iguchi et al. (32) used TDP43**"*T trans-
genic mice to find that extracellular vesicles are a

way for neurons to clear abnormal TDP43 depos-
ition. Therefore, extracellular vesicles play multiple
roles in neurodegenerative diseases, may be related
to the removal of abnormal proteins, may also par-
ticipate in the transmission of abnormal proteins
between cells, leading to disease progression.
Fiandaca et al. (25) confirmed that tau and Ap
positive neuronal extracellular vesicles in plasma
were with the sensitivity up to 96% to diagnose
AD, even in preclinical patients, suggesting that
neuronal extracellular vesicles in plasma can be a
sensitive biomarker of the state of neurons.

The results of this study suggested that the
level of HERV-K env in neuronal extracellular
vesicles was related to the range of motor neuron
involvement and course of disease. This is consist-
ent with previous studies. Li et al. (16) showed
that the degree of atrophy of neurons and the
shortening of nerve protrusion was dependent on
the concentration of HERV-K env; that is, the
higher the expression of HERV-K env, the more
severe the damage was. Arru et al. (29) showed
that the concentration of serum HERV-K env anti-
body was negatively correlated with the ALSFRS
score. Studies by Douville et al. (15) and Tam et
al. (33) have confirmed that HERV expression is
elevated in the brain tissue of autopsy patients
with ALS, suggesting that HERV expression in the
neurons of patients with end-stage ALS was sig-
nificantly higher than that of unaffected individu-
als. Therefore, the increased expression of HERV-
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Figure 3. Correlations between HERV-K env level in the neuronal extracellular vesicles and age, diagnostic delay time, ALSFRS-R
score, AFS and the onset site. There were no significant correlations between HERV-K env and age (r=—0.134, 95% CI —0.420 to
0.156, p=0.415) (A), diagnostic delay time (r=0.055, 95% CI -0.294 to 0.442, p=0.741) (B), ALSFRS-R score (r=—0.032, 95% CI
—0.391 to 0.320, p=0.847) (C), AFS (r=—0.118, 95% CI —0.418 to 0.191, p=0.475) (D), the onset site (1.15, SD = 0.49;1.46, SD

=0.31, p=0.152) (E).

K can be used as a marker to indicate the degree
of damage to motor neurons. The reason why
there was no significant correlation of HERV-K
and the range of upper motor neurons (UMNs)
involvement may be that there are limited ways to
evaluate UMNSs in clinical, and UMNSs signs may
be masked by muscular atrophy.

In this study, the level of HERV-K env in
extracellular vesicles was not significantly different
between the patients and the controls. Controls in
our study are sex-and age-matched individuals
without MND history or family history of MND,
without acute or chronic history of the central ner-
vous system and history of tumor. Therefore, we
can roughly rule out the influence of these factors
on the results. An important consideration is that
MND is a heterogeneous syndrome, and the clin-
ical phenotypes may also vary. A study by Tam et

al. (33) classified ALS into three categories based
on RNAseq analysis of the brain. One of these
groups had activation of transposable elements
including HERV-K that represented 20% of the
samples. Then, MND patients were classified as
early phase and advanced phase according to the
revised EI Escorial diagnostic criteria in our study.
Some patients with the phenotypes of IBALS,
FAS or FLS were in the advanced group, but
HERV-K env level of patients with these pheno-
types was significantly lower than that in the ALS
group. Manghera et al. (34) suggested that binding
of TDP43 to the HERV-K 5°LTR led to the dis-
ruption of autophagy pathways and the clearance
of env in motor neurons, but the total expression
level of HERV-K env did not increase. Therefore,
the accumulation of HERV-K env in neurons of
MND patients increased, especially in the



participating of inflammatory factors, such as
TNFa (35), but HERV-K env was negative in glial
cells and controls. This may be the reason why
HERV-K in plasma of controls appears to be
higher than the early-phase patients.

In previous studies, the results on the correl-
ation between HERVs and age have been incon-
clusive. Bhat et al. (36) believed that the
expression level of HERV was related to age, but
the results of research by Mayer et al. (37) con-
firmed that the expression of HERV-K was inde-
pendent of age. The result of this study was that
the expression level of HERV-K env is independ-
ent of age. This result needs more research
to confirm.

In addition, there were no significant correla-
tions between HERV-K env and diagnostic delay
time, ALSFRS-R score, AFS or the onset site. It is
considered that different onset sites do not affect
the level of HERV-K env in the blood. AFS is
affected by many factors, such as nutritional status,
medication, oxygen supply, and the correlation
may be masked by other factors. The results of
correlation between the diagnostic delay time,
ALSFRS-R score and HERV-K env may result
from the small number of study cases.

The innovation of our study is using neuronal
extracellular vesicles as a tool to noninvasively
detect the expression level of HERV-K in neurons.
However, whether the level of HERV-K env in
neuronal extracellular vesicles in plasma is consist-
ent with that in neurons has not been confirmed.
There are limitations of this study. First, the num-
ber of patients was small. Then, ERVK6 has been
proven to be the full-length HERV-K env. There
are different isomers of HERV-K env i vivo, so
nonspecific binding is inevitable. Though the
amount of CD81 protein was measured to normal-
ize the EVs content in our study, it would be help-
ful to use more precise tools, like nanoparticle
tracking counts, to provide more information on
the concentration of HERV-K env detected in per
EV or per ug of EVs.

In conclusion, this study used extracellular
vesicles as a tool to confirm that HERV-K env
may be used as a marker of disease progression in
patients with MND, suggesting that HERV-K env
may be related to the degree of damage to
motor neurons.
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