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Background: In progressive multiple sclerosis (MS), glial activation is thought to be a
relevant mechanism of disability progression. Therefore, in vivo assessment of the glial
cell activity is, in the emerging treatment era of primary progressive MS (PPMS), more
important than ever.

Objectives: To test the association of cerebrospinal fluid (CSF) and serum markers
of glial activation in PPMS patients; including glial fibrilary acidic protein (GFAP),
chitinase-3-like protein 1 (CHI3L1), soluble variant of triggering receptor expressed on
myeloid cells 2 (STREMZ2), and marker of neuroaxonal damage (Neurofilament light chain,
NfL) as well as clinical severity.

Methods: CSF and serum samples from PPMS patients were collected in the
MS-centers at Universities of Freiburg (n = 49), Um (n = 27), Muenster (n = 11),
and Rostock (n = 6). sSTREM2 and CHI3BL1 levels were measured using the previously
reported ELISA assays, while NfL and GFAP were measured using SIMOA assays.
Clinical data included age, gender, disease duration, treatment status, and Expanded
Disability Status Scale (EDSS).

Results: 93 CSF samples and 71 matching serum samples were analyzed. The median
age of patients was 49 years and disease duration 4.5 years. GFAPger m correlated with
EDSS after correction for age (3 = 0.3, p = 0.001). Furthermore, EDSS was higher in
patients with a GFAPgerum level > 151.7 pg/ml compared to patients with GFAPsgrum
below this cut-off (5.5 vs. 4.0, p = 0.009). Other markers did not correlate with the clinical
severity. Moreover, we found a correlation between NflLcsg and GFAPgsr, STREM2 and
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CHIBL1 (p = 0.4 for GFAPcsr and sSTREMZ2, p = 0.3 for CHI3L1, p < 0.01 for sSTREM2
and CHIBL1 and <0.001 for GFAPcgE). CHI3L1 did not correlate with GFAPgge but with

STREM2 (p = 0.4, p < 0.01).

Discussion:

The correlation between the glial activation markers in CSF with the

markers of neuroaxonal demise supports the notion of the glial involvement in PPMS.
The positive correlation between GFAPcgr with disease duration and GFAPsgrum with the
clinical severity of the disease may highlight a particular role of the astrocytes in PPMS
and mark the potential of GFAPserum as a disease severity marker.

Keywords: SiMoA, GFAP, PPMS, glial activation, progressive multiple sclerosis, neurofilaments, CHI3L1, sTREM2

INTRODUCTION

The pathophysiology of primary progressive multiple sclerosis
(PPMS) is complex and involves various mechanisms including
inflammatory triggered demyelination, activation of B and T
lymphocytes, mitochondrial dysfunction, and iron accumulation
(1). However, the glial activation is considered to play a
decisive role in the progression of neuroaxonal demise (2-4).
While clinical and many radiological parameters can detect the
final pathway of those different pathophysiological processes
(progression of clinical disability, new MRI-lesions etc.), several
other aspects such as role, extent and contribution of the various
pathophysiological mechanisms remain widely unexplored. A
biomarker-based approach may offer a unique window to assess
such disease processes in vivo (5, 6). Over the last years, the
level and clinical meaning of different biomarkers in CSF like
glial fibrillary acidic protein (GFAP) as a marker for astrocytic
activation (7-16), chitinase 3 like 1 protein (CHI3L1) (13, 14, 17—
19) and soluble triggering receptor expressed on myeloid cells 2
(STREM2) for microglial activation (20-23) and neurofilaments
light chain (NfL) for neuroaxonal damage were reported. The
single molecular assay (SIMOA) enables the detection of the
ultra-low concentration of some of those biomarkers in serum
(16,24, 25). We previously showed that GFAP in serum correlates
with the Expanded Disability Status Scale (EDSS) specifically
in PPMS but not in patients with a relapsing-remitting disease
course (16). Similar results were reported later from other groups
(26). In this study, we aim to reproduce these findings in a large
cohort of PPMS patients and to explore the clinical meaning of
the other glial activation markers in PPMS.

METHODS

Patient Selection

CSF and serum samples from patients with PPMS were collected
from the University Hospitals of Freiburg, Ulm, Muenster,
and Rostock. The patients were admitted or seen within the
Outpatient Departments between 2010 and 2018. In all patients,
the diagnosis has been revised according to the McDonald criteria
from 2017 (27) after careful exclusion of relevant differential
diagnoses. The lumbar puncture was performed as a part of
the diagnostic workup. The clinical severity was measured
by assessing the Expanded Disability Status Scale (EDSS),

Multiple Sclerosis Severity Score (MSSS) as well as the Age-
related Multiple Sclerosis Severity Score (ARMSS) as reported
recently (28).

CSF and Serum Sample Processing

A standardized protocol for CSF and serum collection was
applied as previously recommended (29). Biosamples from
patients were stored according to the predefined standard
operating procedure (SOPs) at a local biobank at minus 80°C.
Later they were transferred for measurement on dry ice to
the biobank of the coordinating center in Ulm for further
analysis. Hemolytic CSF specimens were excluded. From some
patients, only CSF samples were available, with no matching
serum samples.

Assessments of the Biomarkers

GFAP and NfL in CSF and serum were measured using
Simoa assays (GFAP Discovery kits and NfL Early Access
assays, Quanterix Corporation). CHI3L1 was measured using the
commercial ELISA-Kits (Human Chitinase 3-like 1 Quantikine
ELISA Kit DC3L10, R&D Systems). sSTREM2 was measured using
the previously reported ELISA using the MSD Platform (21).
Samples were diluted, as recommended by the manufacturer,
and concentrations were calculated using the corresponding
standard curve. The intra-assay coefficient of variation (CV)
was assessed by measuring a QC of serum and CSF sample
in 5 replicates with a CV below 10% was obtained, whereas a
CV of lower than 10% had to be achieved for a valid analysis.
We did not find an influence of up to 5 freeze-thaw cycles
on the investigated biomarkers, except for GFAP in CSF. Here,
the concentration decreased by over 50% after within 2 freeze-
thaw cycles. Therefore, GFAP CSF levels between centers were
compared, and exceedingly low values were excluded from
the analysis.

To compare potentially pathological serum biomarker levels,
we determined a cut-off in a group of 20 patients with other
non-inflammatory neurological diseases we previously published
(16). As the concentration of serum GFAP in a normal or healthy
population is not described, we used the 90th percentile to
determine a cut-off value for further analysis. This yielded a cut-
off value of 151.7 pg/ml for serum GFAP. A cut-off value for
serum NfL of 16 pg/ml was suggested recently (30).
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TABLE 1 | Clinical characteristics of the included subjects.

TABLE 2 | Concentrations of the assessed biomarkers in CSF and serum.

Median (25-75 percentile), n = 93

Median (25-75 percentile)

Age 49 years (44-57)
Gender 9: 1.1

Disease duration in years 4.5(2-12)
Expanded disability status scale 4.5 (3.5-6.5)
(EDSS) at the time of lumbar puncture

(LP)

Multiple sclerosis severity score 8.1 (6.4-9.1)
(MSSS)

Age-related multiple sclerosis severity 6.2 (4.6-7.9)
score (ARMSS)

Statistical Analysis

All statistical tests were performed using SPSS® Statistics version
25 (IBM Corporation). The Shapiro-Wilk test was used to
examine the distribution of the data. Mann-Whitney U test and
Kruskal-Wallis test were used to compare medians in skewed
distributed parameters. A multiple linear regression model and
univariant general linear model was applied to account for
a possible confounding bias caused by the strong correlation
between GFAP levels and age. The Spearman’s rho test was used
to test for correlations. A p-value < 0.05 was considered as
statistically significant. Figures were made using GraphPad Prism
6 software (GraphPad Software Inc., La Jolla, CA, USA).

RESULTS

Clinical Characteristics

A Total of 93 CSF and 71 matching serum samples were collected.
The summary of the clinical characteristics is mentioned in
Table 1, and the concentration of the different CSF and serum
biomarkers are shown in Table 2. Fifty-five patients did not
receive any disease modifying treatment at and before the time
of sample collection. Thirty-eight patients were on a treatment:
Mitoxantrone (n = 19), three monthly pulse-steroid (n = 11),
Rituximab (n = 5), cyclosporine (n = 2), and Interferon beta la
(n=1).

Comparison Between Centers

Despite having similar patients characteristics (age, gender
distribution, disease duration, and disease severity as assessed
by EDSS), GFAPcsk levels differ between the centers; values
form Muenster and Rostock were significantly lower than
those from Ulm and Freiburg, whereas sTREM2 levels were
lower only in the samples form Rostock compared to all
other centers (Figure1). Thus, in the following analysis,
we excluded the GFAPcsr from Muenster and Rostock
(n = 17), and sTREM2 measurements form Rostock (n = 6).
Concentrations of CHI3L1, NfLcsg, NfLgerum, and GFAPgerum
in the samples of Muenster and Rostock were included in the
statistical analysis.

Cerebrospinal fluid glial fibrillary acidic protein
(GFAPGsE) in pg/ml (n = 76)

Serum dlial fibrillary acidic protein (GFAPsegrum) in
pg/ml(n = 71)

7,820 (5,050-1,1165)
126.0 (104.5-174.0)

Cerebrospinal fluid neurofilaments light chain
(NfLcsp) in pg/ml (n = 93)

Serum neurofilaments light chain (NfLserum) in
pg/ml(n =71)

1230.8 (840-2,125)

18.5 (12.3-25.9)

Cerebrospinal fluid chitinase 3 like 1 protein
(CHI3L1) in ng/ml (n = 93)

Cerebrospinal fluid soluble triggering receptor
expressed on myeloid cells 2 (STREM2) in ng/ml
(h=87)

210.8 (138.5-291.0)

3.1 (2.3-4.4)

Clinical Aspects

None of the biomarkers correlated with the age except GFAPgerum
and NfLgerym (p = 0.4 and 0.3, p = 0.005 and 0.014, respectively)
(Figure 2). Gender and treatment status did not influence the
levels any of the tested markers neither in CSF nor in serum (data
not shown).

Of all the assessed markers (in CSF and in serum), only
GFAPcsr correlated with disease duration (p = 0.3, p = 0.014).
None of the CSF markers correlated with disease severity.

Regarding the serum markers, we found a moderate
correlation between GFAPgeryy and EDSS (p = 0.4, p = 0.004),
which remained significant after adjusting by the effect of age
(B = 0.3, p = 0.001) (Figure 3). NfLserym did not correlate
with any of the disease severity parameters (Figure3). No
significant correlations were found between GFAPserym and
MSSS or ARMSS (data not shown).

To further confirm the association of GFAPgeym with the
EDSS, we compared the EDSS values with GFAPgeym and
NfLgerum levels higher or lower than the cut-off that was
determined as described beforehand. Here, 63% of our PPMS
patients had GFAPgerym above this cut-off of 151.7 pg/ml
(n = 45). Moreover, they had a significantly higher median
EDSS than patients below this cut-off (5.5 vs. 4.0, p = 0.009,
Figure 4). No differences were found for this comparison for
NfLgerum (cut-off 16 pg/ml, 4.5 vs. 4.5, p = 0.16, Figure 4). There
was a significant age difference for the grouping by NfLgerum
but not for GFAPserym (p = 0.01 and 0.47, respectively, data
not shown).

Considering NfLserym > 16 pg/ml as a cut-off value for active
diseases, PPMS patients with NfLgerym > 16 pg/ml (n = 44)
have higher median concentration of GFAPepyp than those with
NfLserym < 16 pg/ml (n = 27) (131.0 vs. 114.5 pg/ml, p = 0.037
after correction for age, Figure 5).

Correlation Between CSF and Serum
Parameters

We found a moderate correlation between GFAP levels in CSF
and serum (p = 0.4, p = 0.001), and strong correlation between
levels of NfL in CSF and serum (p = 0.6, p < 0.001).
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FIGURE 1 | Comparison between the levels of (A) glial fibrillary acidic protein (GFAP) and (B) soluble triggering receptor expressed on myeloid cells 2 (STREM2) in
cerebrospinal fluid (CSF) between the four participating centers (Kruskal-Wallis test).
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FIGURE 2 | Spearman correlation of various cerebrospinal fluid (CSF) (A) and serum (B) biomarkers with the age of the patients. Glial fibrillary acidic protein (GFAP),
neurofilaments light chain (NfL), chitinase 3 like 1 (CHI3L1), soluble triggering receptor expressed on myeloid cells 2 (STREM2), p (Spearman rho).
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FIGURE 3 | Spearman correlation of cerebrospinal fluid (CSF) (A) and serum (B) biomarkers with the clinical severity as measured by the expanded disability status
scale (EDSS). Glial fibrillary acidic protein (GFAP), neurofilaments light chain (NfL), chitinase 3 like 1 (CHISL1), soluble triggering receptor expressed on myeloid cells 2
(STREM2), p (Spearman rho), p (standardized coefficient) of multiple linear regression, age as a covariant.

In CSE NfL correlated with sSTREM2 (p = 0.4, p < 0.01,) with sTREM2 (p = 04, p < 0.01, Figure7) but not
CHI3L1 (p = 0.3, p < 0.01) and GFAP (p = 0.4, p < 0.001, with GFAP. On the other hand, GFAP did not correlate
Table3 and Figure6). Moreover, CHI3L1 correlated  with sSTREM2.
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FIGURE 4 | Comparison of expanded disability status scale (EDSS) values for primary progressive multiple sclerosis (PPMS) patients below and above cut-offs of
151.7 pg/ml for glial fibrillary acidic protein (GFAP) (A) and 16 pg/ml for neurofilaments light chain (NfL) (B) in serum (Mann-Whitney U test), respectively. There was a
significant age difference for the grouping by NfL but not for GFAP (Mann-Whitney U test, p = 0.01 and 0.47, respectively). LP, lumbar puncture.
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FIGURE 5 | Level of serum glial fibrillary acidic protein (GFAPserum) in PPMS
patients with serum neurofilaments light chain levels equal to or higher than 16
pg/ml (NfLserum > 16) or lower the 16 pg/ml (NfLserum < 16), *Univariant
general linear model corrected for age.

DISCUSSION

Assessment of various biomarkers reflecting different
pathophysiological processes involved in the disease progression
and the downstream-treatment effect is becoming increasingly
important due to the emerging treatment options for progressive
MS. Our study evaluates the levels of astroglial activation
(GFAP), microglial activation (CHI3L1 and sTREM2) and
neuroaxonal damage (NfL) in CSF and serum of a multicentric
cohort of PPMS-Patients.

The glial activation is a putative cornerstone in the
progression of neurodegeneration in PPMS (1). The astrocytes
involvement in MS generally is a double-edged sword; while
the glial scar formation may protect the tissue from further
damage, it might prevent the remyelination in MS (31). The

TABLE 3 | Correlations between various CSF biomarkers.

Marker NfLcsr GFAPcsr CHI3L1
STREM2 0.4 ns. 0.4
CHI3L1 0.3 n.s.

GFAPGgr 0.4+

GFAR, glial fibrillary acidic protein; NfL, neurofilaments light chain; CHISL1, chitinase 3
like 1; STREMZ2, soluble triggering receptor expressed on myeloid cells 2. **p < 0.01,
***p < 0.001.

activation of astrocytes is an early event in the development of
MS lesions with the release of cytokines like CCL-2, CXCL-12,
MMPs, TGF, IL-1, IL-6, IL-10, IL-12, IL-15, IL-23, and IL-
27 leading to dysfunction of the blood-brain barrier (BBB) as
well as recruitment of innate and adaptive immune cells (32).
Furthermore, the Al subtype of astrocytes is a potent killer of
neurons and oligodendrocytes in EAE models and was reported
in acute and chronic MS lesions (33).

Nevertheless, the astrocytes in progressive MS play a more
specific role in the maintenance of the local inflammation; in
models of chronic EAE, levels of lactosylceramide (LacCer)
synthesized by (-1,4-galactosyltransferase 6 (B4GALT6)
from the activated astrocytes were elevated in the EAE-
lesions. Suppression of B4GALT6-activity reduces local
inflammation, microglial activation and monocytes recruitment
and subsequently the resulting neurodegeneration (34).

Correlation between GFAPcsp and clinical severity were
inconsistent among previous studies using the standard ELISA
assay (9, 12-15). In a previous study from one of our
centers, we reported a moderate correlation between levels of
GFAP in serum, but not in CSE with disease severity scores
(16). Our current multicentric cohort validated our results
showing a consistent correlation between GFAPserym with EDSS
score, even after correction for the age of the patients. In
accordance with those results, patients with GFAPgerym above the
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FIGURE 6 | Spearman correlation between neurofilaments light chain (NfL),
glial fibrillary acidic protein (GFAP), chitinase 3 like 1 (CHI3L1), and soluble
triggering receptor expressed on myeloid cells 2 (STREM2), p (Spearman rho).
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FIGURE 7 | Spearman correlation between chitinase 3 like 1 (CHI3L1) and
soluble triggering receptor expressed on myeloid cells 2 (STREM2),
p (Spearman rho).

proposed cut-off of 151.7 pg/ml based on our previous results,
had more severe disease. Furthermore, levels with GFAPgerum
were higher in patients having NfLgerym > 16, a recently
proposed cut-off value for higher activity and worse disease
prognosis (30). Nevertheless, this NfL cut-off value was proposed
according to pooled results from various studies with relapsing-
remitting MS patients. Thus, its value in PPMS has yet to
be validated.

Why GFAPgeym might reflect the disease activity better than
GFAP sk is still not entirely explained. As previously suggested
from our group, the enhanced expression of GFAP in the
activated astrocytes end feet in the predominantly perivascular
MS lesions might be directly drained into the blood compartment
and not into the CSF space (16). Supporting data were reported
in mouse models of EAE (35). Moreover, the GFAP, as well
as other markers, might be transported to blood directly via
the glymphatic system as shown recently in murine models of
traumatic brain injury (36).

While a recent study suggested lower levels of GFAPgerym in
relapsing MS patients under treatment (26), the concentration
of GFAPgerym did not differ according to treatment status in
our cohort. This can be explained by the fact, that none of

the above-mentioned treatments were proven effective in PPMS.
This observation regarding levels of GFAPgum, as well as
other markers including the NfLgerym, might underscore the
ineffectiveness of those treatments in PPMS.

The validation of those results in our larger multicentric
cohort might highlight the clinical meaning of levels of GFAP in
serum as a possible serum marker in PPMS patients.

Like the astrocytes, the activated microglial release different
cytokines (IL-1, Il-6, and TNF-a) as well as NO and ROS
leading to exacerbation of inflammatory cascade, to attraction
of inflammatory cells from blood and also to mitochondrial
dysfunction, a significant mechanism in the disease progression
in PMS (2, 3, 37, 38). Moreover, microglial activation in PMS
appears to be diffusely prevalent not only in MS lesions but
also in normal-appearing white matter (NAWM) forming the
so-called microglial nodules. In the less inflammatory cortical
lesions, active demyelination can be found in close proximity
with the microglia (3).

Data regarding sTREM2 in PPMS are scarce with two studies
reported concentration in CSF in twenty-one and in three
PPMS patients, respectively (20, 22). In accordance with previous
reports, no correlation was found between sTREM2 and EDSS
or MSSS. Yet, sSTREM2 correlated with NfL in CSF, which
might highlight the role of microglia in the neuroaxonal demise
in PPMS.

The meaning of CHI3L1 appears to be controversial;
some reports consider it as a marker of astrocytic activation
(18, 39), whereas other studies count it a marker of active
microglial cells (40). The correlation between CHI3L1
and sTREM2 found in our patients is equivocal; it may
underscore the microglial origin of CHI3L1 or might reflect
the crosstalk between the microglia and astrocytes in PPMS
(33) leaving the question regarding the origin of CHI3L1 in MS
brains unanswered.

The prognostic value of CHI3L1 is prominent in CIS
and RRMS patients (13, 17, 41-44) and to a lesser extent
in SPMS (19). CHI3L1 in CSF did not correlate with the
clinical parameters in PPMS patients in the above-mentioned
studies. Consistent with the various histopathological studies,
all measured glial activation markers in CSF correlated with
the neuroaxonal demise as assessed by the NfL, but not with
the clinical severity scores. This paradox might be due to some
methodological limitations of the assays, the need of more
specific markers or due to the limited ability of the applied
clinical scores to reflect the extent of the neurodegeneration in
PPMS. Indeed, the shortness of EDSS to reflect all aspects of
the disease progression in PPMS is a lesson learned from the
various negative clinical trials in PPMS (45). The upper arm
function and the subtle cognitive deficits are underrepresented
in the EDSS (46). Furthermore, the EDSS scores were mostly
based on the walking distance reported by the patients,
which might lead to an incorrect evaluation of the EDSS
score (47).

Another limitation of our study is the missing detailed
magnetic resonance imaging data (MRI). However, the main aim
of our study was to explore the clinical meaning of the glial
activation markers.
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Although the concentration of most of the measured
biomarkers did not vary between centers, GFAP and sTREM2
were notably lower in two of the four centers. As this
is a retrospective study, we were not able to completely
capture all pre-analytical procedures. To avoid potential bias
of pre-analytical procedures, we did the comparison of
analyte levels per center and excluded statistically low values.
The excluded samples represent a minority in our cohort
(17/93 for GFAP and 6/93 for sSTREM2), and their exclusion
had no statistical impact on the above-mentioned results
(data not shown).

A point to be considered while interpreting our results
is the protective role of glial cells following neuronal
injury. Microglial and astrocytic activation were reported
upon axonal degeneration and contributes to tissue repair
and limitation of the inflammatory activity (48-50).
Our markers reflect the glial activation generally, but
not necessarily their pathological role. Complementary
data from more specific markers of subsets of microglia
or astrocytes could be helpful to wunderstand their
pathogenetic role.

In summary, we analyzed in this study various markers of
glial activation in CSF and serum and evaluated their correlation
with neuroaxonal damage markers and disease severity measures.
The correlation between the microglial and astrocytic activation
markers in CSF with the markers of neuroaxonal demise (NfL)
may underscore the glial involvement in the neurodegeneration
in PPMS. The positive correlation between GFAP in serum
with the clinical severity of the disease may highlight the
potential of GFAPgerym as a disease progression marker. It
his highly desirable to confirm this finding in a prospectively
collected study cohort and compare it to standardized acquired
MRI data. Additionally, the determination of GFAP serum
levels in a large group of healthy controls might help to
further differentiate between age related normal and abnormal
GFAP levels.
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