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Neuroinflammation plays an important role in amyotrophic lateral sclerosis (ALS)
pathogenesis. However, it is difficult to evaluate inflammation of the central nervous
system (CNS) or the relationship between neuroinflammation and disease progression
in ALS patients. Recent advances in the field of exosomes and CNS-derived exosomes
extraction technology provide the possibility of measuring the inflammatory status in the
CNS without brain biopsy. In this pilot study, we extracted astrocyte-derived exosomes
from the plasma of sporadic ALS patients and age-, sex-matched healthy controls
and determined Interleukin-6 (IL-6) levels by an enzyme-linked immunosorbent assay
(ELISA). The IL-6 levels in astrocyte-derived exosomes were increased in SALS patients
and positively associated with the rate of disease progression. However, the association
between IL-6 levels and disease progression rate was limited to patients whose disease
duration were less than 12 months. These data suggest an increased inflammatory
cascade in the CNS of sALS patients. Our pilot study demonstrates that CNS-derived
exosomes could be useful to reveal neuroinflammation of the CNS in ALS patients.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a rare, progressive neurodegenerative disease that affects
upper and lower motor neurons and leads to fatal paralysis (Brown and Al-Chalabi, 2017).
Ultimately, most ALS patients die within 3-5 years after disease onset due to respiratory failure.
Approximately 90-95% of ALS cases are the sporadic type (sALS), and the remaining cases are the
familial type (fALS). To date, more than 20 genes that cause fALS and sALS have been identified
(Brown and Al-Chalabi, 2017). Scientific advances in genetic studies in the ALS field have improved
our understanding of ALS pathogenesis. However, the exact etiology and pathogenesis of ALS are
still unknown. As a result, there is no effective treatment for the disease. Riluzole and edaravone are
the only two approved drugs for the treatment of ALS, and they solely delay disease progression for
several months (Kumar et al., 2016; Rothstein, 2017).

Numerous intrinsic and extrinsic factors are involved in ALS motor neuron degeneration. One
possible factor involved in motor neuron degeneration in ALS is neuroinflammation. Accumulating
evidence indicates that ALS patients have chronic inflammation, as demonstrated by activated
microglia and astrocytes, as well as infiltration of peripheral monocytes and lymphocytes into
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the CNS (Zhao et al., 2013; Liu and Wang, 2017). Increased
serum/plasma and CSF levels of some cytokines, such as tumor
necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), IL-8, and
interferon-beta (IFN-B), have been detected in ALS patients
when compared to controls (Ono et al., 2001; Mitchell et al.,
2009; Fiala et al., 2010; Mitchell et al, 2010; Italiani et al,
2014; Ehrhart et al.,, 2015; Liu et al.,, 2015; Hu et al., 2017).
Beyond demonstrating ongoing inflammatory processes in ALS
patients, these inflammatory biomarkers could also be used as
diagnostic and prognostic biomarkers for clinical use because
they have been reported to distinguish ALS from healthy or
disease controls (Vu and Bowser, 2017; Gonzalez-Garza et al.,
2018) and to predict the disease prognosis (Su et al., 2013; Liu
et al,, 2015). Activated microglia and astrocytes in the CNS play
a vital role in the neuroinflammation process in ALS patients;
however, the determination of the inflammatory biomarkers in
serum/plasma and CSF only indirectly reflects the status of the
CNS. Recently, scientific advances in the field of exosomes and
CNS-derived exosome extraction technology have provided the
possibility of measuring the inflammatory status in the CNS
without brain biopsy.

Exosomes are approximately 30-100 nm extracellular vesicles
with lipid bilayer membranes that are secreted by almost all types
of cells, including neurons, microglia and astrocytes (Raposo
and Stoorvogel, 2013; Yanez-Mo et al., 2015). Exosomes contain
proteins, lipids and RNA and transfer them between cells.
Therefore, exosomes play an important role in intercellular
communication. Moreover, different cell types can secrete
exosomes with different biomarkers, which could help to identify
the exosome source (Beninson and Fleshner, 2014). Due to their
specific characteristics, exosomes have attracted large amounts of
attention in various studies ranging from mechanistic analyses
to clinical research (Jarmalaviciute and Pivoriunas, 2016; Goh
et al., 2017). In addition, exosomes can cross the blood-brain
barrier (BBB) from both directions. As a result, CNS-derived
exosomes can be detected in the blood and may help to reveal the
pathophysiology of brain diseases without the use of brain biopsy
and CSF analysis (Mustapic et al., 2017). In recent studies, several
strategies to extract CNS-derived exosomes from peripheral
blood have been reported (Mustapic et al., 2017; Kuwano et al.,
2018). However, CNS-derived exosome-based studies focusing
on ALS have not been previously reported.

Based on the above information, we hypothesized that
inflammatory biomarkers in astrocyte-derived exosomes (ADEs)
may increase and may be associated with clinical features in
ALS patients. In this pilot study, we extracted ADEs from the
plasma of sporadic ALS patients and age-, sex-matched healthy
controls to determine the IL-6 levels in ADEs and, ultimately, we
detected increased IL-6 levels in ADEs of sALS patients, which
were positively associated with the rate of disease progression.

PARTICIPANTS AND METHODS

Participants
This study was approved by the Ethics Committee of the Perking
University Third Hospital, Beijing, China. All ALS patients

and age-, sex-matched healthy control individuals signed the
informed consent before peripheral blood samples were drawn.
Patients and controls were recruited from the Department
of Neurology of Perking University Third Hospital. Clinically
definite and probable sALS patients were diagnosed based on
the EI Escorial revised criteria (Brooks et al., 2000) and further
evaluated by the revised ALS functional rating scale (ALSFRS-R)
(Cedarbaum et al., 1999). The rate of disease progression
(AFS) was calculated as follows: AFS = (48 -ALSFRS-R at
“time of diagnosis”)/duration from onset to diagnosis (month)
(Kimura et al., 2006).

Plasma Sampling in ALS Patients and

Controls

Samples containing two milliliters of peripheral blood from
ALS patients and healthy control individuals were collected into
EDTA tubes. To extract plasma, blood samples were centrifuged
at 1500 g for 10 min to remove blood cells. Then, the supernatant
was subjected to another centrifugation at 2500 g for 20 min to
remove the platelets and cell debris. Finally, the plasma was stored
at —80°C until use.

Extraction of ADEs From Plasma

The method to extract the ADEs from plasma was modified
from a previously published article (Mustapic et al., 2017).
Briefly, 0.25 ml plasma was incubated with 0.2 pl thromboplastin
(System Biosciences, Mountain View, CA, United States)
for 5 min. Then, 298 pl calcium- and magnesium-free
Dulbecco’s Balanced Salt Solution (DBS™2) was added with
protease inhibitor cocktail (Roche, Indianapolis, IN) and
phosphatase inhibitor cocktail (Thermo Fisher Scientific),
followed by centrifugation at 10,000 rpm for 5 min at 4°C.
The supernatants were harvested, followed by addition of
126 pl per tube of ExoQuick (System Biosciences, Mountain
View, CA, United States). After a second centrifugation at
1500 g for 30 min at 4°C, total exosomes were harvested by
removing the supernatant. To enrich ADEs, total exosomes were
resuspended in 250 pl of ddH,O with protease inhibitor cocktail
and phosphatase inhibitor cocktail and incubated for at least
120 min at 4°C. Then, 1.5 pg biotinylated mouse anti-human
glutamine aspartate transporter (ACSA-1) antibody (Miltenyi
Biotec, Auburn, CA, United States) in 50 ml of 3% bovine serum
albumin (BSA; 1:3.33 dilution of Blocker BSA 10% solution in
DBS~2; Thermo Fisher Scientific) was added per tube and mixed
for 60 min at room temperature, followed by the addition of 10 .1
streptavidin-agarose Ultralink resin (Thermo Fisher Scientific) in
40 ml 3% BSA and incubation with mixing for another 20 min
at room temperature. After centrifugation at 400 g for 10 min at
4°C, the supernatant was removed, and each pellet was suspended
in 200 pl cold 0.1 M glycine-HCI (pH = 3.0) by gentle mixing for
10 s and centrifugation at 4,500 g for 5 min. The supernatants
were then harvested, and 25 il of 3% BSA and 15 pl of 1 M Tris—
HCI (pH = 8.0) were added. Finally, 260 pl mammalian protein
extraction reagent (M-PER, Thermo Fisher Scientific) was added,
and the solution was mixed. The resultant 0.5 ml lysates of ADEs
were stored at —80°C. Evidence for enrichment of exosomes
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from neural sources in plasma has been demonstrated previously
(Mustapic et al., 2017).

Measurement of IL-6 Levels in ADEs and
Plasma

Astrocyte-derived exosome proteins were quantified using a
single-plex high-sensitivity and high-dynamic-range ELISA for
IL-6 (Rockville, MD, United States Cat# K151AKC) (Chaturvedi
et al,, 2015) and by using enzyme-linked immunosorbent assay
(ELISA) kits for the tetra-spanning exosome marker CD8I
(Cusabio Technology, Wuhan, China), according to the suppliers’
directions. The mean value for all determinations of CD81 in
each assay group was set at 1.00, and the relative values for each
sample were used to normalize their recovery. The plasma IL-6
levels in both groups were also measured. The protein levels were
measured by board-certified laboratory technicians who were
blinded to the clinical information.

To ensure the specificity of the tests, negative control groups
were set up in this study. In the negative control group one, the
biotinylated anti-ACSA-1 antibody was replaced with 3% BSA.
In the negative control group two, the total exosomes solution
resuspended from ExoQuick pellet was replaced by ddH20.

Statistical Analyses

Data are presented as numbers, means and standard deviations,
or medians (interquartile range, IQR) as appropriate. Normal
distributions of datasets were assessed by the Shapiro-Wilks test.
Unpaired Student ¢-tests, x 2 test or one-way ANOVA, followed
by Tukey analysis, were used to examine differences between
groups. Pearson’s correlation was used for statistical correlation
analysis. The differences between groups were considered
significant if the p-value was less than 0.05 (two-tailed). All
statistical analyses and graphs were performed using GraphPad
Prism 6 (GraphPad Software Inc., San Diego, United States).

RESULTS

In this pilot study, 40 ALS patients and 39 healthy controls
were recruited. The detailed clinical information for these two
groups are summarized in Table 1. The ALS patients and controls
were comparable, as there was no difference in age or sex ratio
between the two groups. Of the 40 ALS patients, 12 were bulbar
onset and 28 were limber onset; 10 ALS cases were diagnosed as
definite, and the remainder were probable. The median delay of
diagnosis for all patients was 9.23 months. The mean ALSFRS-R
score for the patients was 39.83 £ 1.08, and the median disease
progression rate was 0.56. The extracted ADEs were validated
by western blot. The result showed that the ADEs were positive
for CD63, but negative for calnexin (Supplementary Figure S1).
The ADEs were also verified by transmission electron microscope
(Supplementary Figure S2). In the CD81 and IL-6 test, the
negative control group one and two were all at background levels.
The CD81-normalized levels of IL-6 in ADEs were significantly
higher in ALS patients (40.40 & 2.11 pg/ml) than in controls
(22.45 £ 1.90 pg/ml) (Figure 1A). However, among 40 ALS
patients and 39 healthy controls, the IL-6 was detectable only

in 12 controls and 15 ALS patients. There was no difference
in detection rate between the two groups. The plasma IL-6
levels ranged from 0.13 to 4.58 pg/mL in controls and 0.39
to 15.69 pg/ml in ALS patients (Supplementary Figure S3A).
There was no difference in plasma IL-6 levels between controls
and ALS patients (p = 0.3614) and there was no correlation
between IL-6 levels in plasma and ADEs (r = 0.3384, p = 0.2173
for ALS group; r = —0.2657, p = 0.4038 for control group;
Supplementary Figures S3B,C).

The ALS patients were further divided into subgroups
according to the following: onset site: bulbar onset (ALS-B)
or limber onset (ALS-L); diagnosis level: definite (ALS-D) or
probable (ALS-P); and disease duration: less than 12 months
(ALS < 12) or greater than or equal to 12 months (ALS > 12).
As shown in Figures 1B-D, compared with the control group,
the levels of IL-6 in ADEs were increased in all ALS subgroups.
However, there was no difference between the ALS subgroups.

The correlations of the levels of IL-6 in ADEs with clinical
parameters are shown in Figure 2. The IL-6 levels correlated
positively with the disease progression rate (r = 0.4696, p = 0.002).
However, IL-6 levels in the ADEs of ALS patients did not correlate
with total ALSFRS-R scores (r = —0.2021, p = 0.2110), diagnosis
delay (r = —0.1735, p = 0.2845) or patient age (r = —0.1087,
p = 0.5560). In controls, IL-6 levels also did not correlate with
age (data not shown). When the patients were separated into two
groups according disease duration (ALS < 12 m or ALS > 12 m),
a positive correlation between IL-6 levels and disease progression
was only verified in the ALS < 12 m group (r = 0.6605, p = 0.015)
(Figure 3A) but not in the ALS > 12 m group (r = 0.3510,
p =0.1291) (Figure 3B).

DISCUSSION

The present study demonstrated that the levels of IL-6 in ADEs
of sALS patients were increased and positively associated with
the rate of disease progression, especially in patients at an earlier
disease stage. These data suggest that the inflammatory cascade
is augmented in the CNS of sALS patients. Analysis of CNS-
derived exosomes in peripheral blood has recently attracted
immense attention. Numerous studies have demonstrated that
CNS-derived exosomes could be helpful to understand the

TABLE 1 | Characteristics of ALS patients and healthy controls.

Control ALS P
Cases (male/female) 39 (25/14) 40 (26/14) 1
Age (mean + SE) 55.74 +1.32 54.35 +2.02 0.57
Onset site: bulbar/limb NA 12/28 NA
Diagnosis delay (months) NA 9.23 (9.68) NA
Definite/probable NA 10/30 NA
ALSFRS-R NA 39.83+1.08 NA
AFS NA 0.56 (0.71) NA
IL-6 (pg/ml) 22.45 + 1.90 40.40 + 2.1 <0.001

Diagnosis delay, interval from the initial symptoms to diagnosis; ALSFRS-R, revised
amyotrophic lateral sclerosis functional rating scale; AFS, disease progression rate.
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FIGURE 1 | Comparison IL-6 levels in ADEs from plasma of ALS and healthy subjects. Panels (A-D) show the levels of IL-6 in ADEs of (A) ALS patients and
controls; (B) ALS patients with bulbar (ALS-B) or imb onset (ALS-L) and controls; (C) definite ALS (ALS-D) or probable ALS (ALS-P) and controls; (D) ALS
duration > 12 months (ALS > 12) or <12 months (ALS < 12) and controls. **, *** indicate p < 0.01 and p < 0.001, respectively, compared with controls.

pathophysiology of brain disease and the identification of
biomarkers (Abner et al., 2016; Winston et al., 2016; Goetzl et al.,
2018; Ohmichi et al, 2018). However, to our knowledge, no
studies have been reported on CNS-derived exosomes in ALS
patients. Therefore, our pilot study is the first to demonstrate
that CNS-derived exosomes could be useful to reveal the
pathophysiology of CNS in ALS patients.

Several inflammatory biomarkers have been found to be linked
to ALS. As a well-known cytokine, IL-6 has been extensively
investigated in neurodegenerative disorders and associated with
ALS in numerous studies (Sekizawa et al., 1998; Ehrhart et al,,
2015; Lu et al., 2016; Blasco et al., 2017; Hu et al., 2017). However,
the results are not consistent across all studies (Moreau et al.,
2005; Tanaka et al., 2006). In addition, one study reported an
increase in IL-6 levels at the late stage of disease (Lu et al.,
2016), whereas another study reported that the levels of IL-
6 were high at disease onset followed by a subsequent decline
(Ehrhart et al.,, 2015). The plasma IL-6 levels were also measured
in this study. However, the IL-6 was detectable in only 12 controls
and 15 ALS patients and undetectable in most of the samples.
Among the 12 controls and 15 ALS patients, the IL-6 levels were
highly variable and no difference has been found between the
two groups. The highly variable plasma IL-6 levels in our study
and the contradictory results from previous studies indicate that
the peripheral IL-6 levels may be influenced by complex factors.
A recent study showed that the levels of IL-6 in blood could be

influenced by aging and respiratory dysfunction in ALS (Pronto-
Laborinho etal., 2019). Thus, determining the IL-6 levels in blood
may not be a good way. CNS-derived exosomes could directly
reflect the situation in the CNS, and peripheral factors might have
little effect on cytokines in CNS-derived exosomes. Therefore, the
measurement of IL-6 levels in CNS-derived exosomes, compared
with blood or CSF, may be better to illuminate the actual role
of IL-6 in ALS. Astrocytes have been reported play an important
role in the pathogenesis of ALS, and the predominant CNS source
of IL-6 is the activated astrocyte (Van Wagoner and Benveniste,
1999). Hence, in this pilot study, we chose to measure IL-6 levels
in ADEs. Compared with the plasma IL-6 levels, the IL-6 levels
in ADEs were relatively high and stable and the IL-6 levels in the
ADE:s didn’t correlate with age. Moreover, it was supposed that
there may be connection between IL-6 levels in plasma and ADEs.
However, no correlation had been found between two groups.
All these results indicate that CNS-derived exosomes may be a
promising object to help find biomarkers for ALS.

The important findings of our study were that IL-6 levels in
ADE:s increased in sALS patients and were positively associated
with the rate of disease progression. These data suggest that the
IL-6 in ADEs may be a candidate biomarker for ALS. However,
neuroinflammation is a common phenomenon in almost all
neurological disease. Therefore, it is believed that the IL-6 levels
in ADEs probably increase in other neurological conditions.
Actually, it has been reported that the IL-6 levels in ADEs
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increased in AD patients (Goetzl et al., 2018). Thus, the IL-6 levels
in ADEs may not be suitable to help discriminate ALS from other
neurological diseases. According to our study, measuring the IL-
6 levels in ADEs may be helpful to reflect the neuroinflammation
status and predict disease progression.

We could not determine the precise role of IL-6 in ALS
patients because of its complex physiological functions. Increased
IL-6 secretion could be a neuroprotective reaction against CNS
damage or a pro-inflammatory agent (Spooren et al, 2011).

However, most views consider IL-6 as a pro-inflammatory
cytokine in ALS patients. The anti-IL-6 antibody, tocilizumab,
has been proposed as a therapeutic drug for ALS (Fiala et al,
2013). Therefore, we speculate that the increase in IL-6 observed
in this study was harmful to ALS patients. Our further analyses
revealed that the levels of IL-6 did not differ between ALS
subgroups, and the correlation between IL-6 and the rate
of disease progression was only observed during the initial
12 months. These results indicated that IL-6 produced by
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astrocytes might be more important during the early stage of
disease. However, our sample size was limited, and the results
should therefore be confirmed in further studies.

CONCLUSION

The present study demonstrated that the levels of IL-6 in ADEs
of ALS patients were increased and positively associated with the
rate of disease progression, especially in patients at an earlier
disease stage. Our pilot study is the first to demonstrate that CNS-
derived exosomes could be useful to reveal the pathophysiology
of CNS in ALS patients.
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