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IMPORTANCE Biomarkers distinguishing nonrelapsing progressive disease biology from
relapsing biology in multiple sclerosis (MS) are lacking. Cerebrospinal fluid (CSF) is an
accessible fluid that most closely reflects central nervous system biology.

OBJECTIVE To identify CSF biological measures associated with progressive MS pathobiology.

DESIGN, SETTING, AND PARTICIPANTS This cohort study assessed data from 2 prospective MS
cohorts: a test cohort provided serial CSF, clinical, and imaging assessments in a multicenter
study of patients with relapsing MS (RMS) or primary progressive MS (PPMS) who were
initiating anti-CD20 treatment (recruitment: 2016-2018; analysis: 2020-2023). A single-site
confirmation cohort was used to assess CSF at baseline and long-term (>10 year) clinical
follow-up (analysis: 2022-2023).

EXPOSURES Test-cohort participants initiated standard-of-care ocrelizumab treatment.
Confirmation-cohort participants were untreated or received standard-of-care
disease-modifying MS therapies.

MAIN OUTCOMES AND MEASURES Twenty-five CSF markers, including neurofilament light
chain, neurofilament heavy chain, and glial fibrillary acid protein (GFAP); 24-week confirmed
disability progression (CDP24); and brain magnetic resonance imaging measures reflecting
focal injury, tissue loss, and progressive biology (slowly expanding lesions [SELs]).

RESULTS The test cohort (n = 131) included 100 patients with RMS (mean [SD] age, 36.6 [10.4]
years; 68 [68%] female and 32 [32%] male; Expanded Disability Status Scale [EDSS] score,
0-5.5), and 31 patients with PPMS (mean [SD] age, 44.9 [7.4] years; 15 [48%] female and 16
[52%] male; EDSS score, 3.0-6.5). The confirmation cohort (n = 68) included 41 patients with
RMS and 27 with PPMS enrolled at diagnosis (age, 40 years [range, 20-61 years]; 47 [69%]
female and 21 [31%] male). In the test cohort, GFAP was correlated with SEL count (r = 0.33),
greater proportion of T2 lesion volume from SELs (r = 0.24), and lower T1-weighted intensity
within SELs (r = –0.33) but not with acute inflammatory measures. Neurofilament heavy
chain was correlated with SEL count (r = 0.25) and lower T1-weighted intensity within SELs
(r = –0.28). Immune markers correlated with measures of acute inflammation and, unlike
GFAP, were impacted by anti-CD20. In the confirmation cohort, higher baseline CSF GFAP
levels were associated with long-term CDP24 (hazard ratio, 2.1; 95% CI, 1.3-3.4; P = .002).

CONCLUSIONS AND RELEVANCE In this study, activated glial markers (in particular GFAP) and
neurofilament heavy chain were associated specifically with nonrelapsing progressive disease
outcomes (independent of acute inflammatory activity). Elevated CSF GFAP was associated
with long-term MS disease progression.
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I dentifying biological markers that reflect risk for disease
progression in multiple sclerosis (MS) remains an unmet
need. Relapsing MS biology is driven by the activation and

migration of peripheral immune cells into the central ner-
vous system (CNS), leading to perivascular inflammatory (ie,
T1-weighted, gadolinium-enhanced [T1w/Gd+]) lesions with
or without clinically evident relapses.1-3 In contrast, nonre-
lapsing progressive MS biology relates to insidious injury from
neurodegeneration and/or smoldering CNS compartmental-
ized inflammation.4 Progressive biology mechanisms appear
active throughout the disease continuum, including subclini-
cally in early MS.5-13 Slowly expanding lesions (SELs) may rep-
resent a subset of chronic active lesions that are thought to con-
tribute to nonrelapsing progressive biology.14,15 Molecular
phenotyping of chronic active lesions has implicated glial cells
interacting with activated immune cells in smoldering CNS
damage.3,16,17

Disentangling the contributions of acute focal inflamma-
tion from progressive biology in MS has been challenging. Here,
we aimed to identify and distinguish markers of nonrelaps-
ing progressive biology from markers of acute inflammatory
relapse biology in cerebrospinal fluid (CSF) from patients with
MS, which represents the closest accessible compartment to
CNS tissue. For a test cohort, we leveraged the anti-CD20 Ocreli-
zumab Biomarker Outcome Evaluation (OBOE) study18 in which
patients with MS underwent pretreatment and posttreat-
ment serial CSF and blood sampling in addition to structured
clinical and brain magnetic resonance imaging (MRI) out-
come assessments of relapsing and progressive disease. An at-
tractive feature of this test cohort is the a priori knowledge that
ocrelizumab robustly affects relapsing biology-related out-
comes while more modestly affecting progressive outcomes,
such that differential treatment effects on candidate biomark-
ers could provide a unique opportunity to distinguish mea-
sures that reflect nonrelapsing progressive biology. The test
dataset implicated activated glial markers and, in particular,
elevated levels of glial fibrillary acidic protein (GFAP) in non-
relapsing progressive disease, an observation that was rein-
forced in an independent real-world confirmation cohort.

Methods
The test dataset was derived from the multiarm, multicenter,
clinical OBOE study, which assessed serial CSF and blood fluid
phase and cellular measures in patients with relapsing MS (RMS)
or primary progressive MS (PPMS) who initiated open-label treat-
ment with the approved anti-CD20 B-cell–depleting therapy
ocrelizumab.18 Study sites received local institutional review
board approval, and written informed consent was obtained per
International Council for Harmonisation E6 Guidelines for Good
Clinical Practice and principles of the Declaration of Helsinki.

Patients with RMS or PPMS were diagnosed using 2010 re-
vised McDonald criteria (inclusion/exclusion criteria in the
eMethods in Supplement 1).19 Patients with RMS underwent
baseline lumbar puncture (LP) prior to ocrelizumab initiation
(eFigure 1 in Supplement 1) and were then randomized based on
history of disease-modifying therapy into 3 arms designating the

timing of their second LP (week 12, week 24, or week 52) to al-
low longitudinal collection while limiting the burden to 2 LPs per
participant. A separate comparator arm of patients with RMS re-
ceived 2 LPs 12 weeks before and immediately before ocreli-
zumab initiation to assess for biological regression to the mean
without treatment. After the pretreatment LPs, the comparator
arm received ocrelizumab as per the other RMS arms. Patients
with PPMS underwent LPs at baseline and week 52. Ocreli-
zumab was administered as described.20,21 Participants under-
went neurological examinations, blood sampling, and Ex-
panded Disability Status Scale (EDSS) assessment at screening,
baseline, and weeks 12, 24, 48, and 52. SEL determination was
performed using brain MRI from baseline compared with week
52 as described (eMethods in Supplement 1).15

In addition to the study’s formal primary end points
(changes from treatment baseline in CSF neurofilament light
chain [NfL] levels, CD19+ B-cell numbers, and CD3+ T-cell num-
bers), 25 CSF markers reflecting lymphocytes, microglia, as-
trocytes, cytokines, chemokines, and neuroaxonal injury were
measured (Table and eTable 1 in Supplement 1).22-31 Qualified
assays were used to assess levels of NfL (Quanterix Simoa), neu-
rofilament heavy chain (NfH; Protein Simple), GFAP (Protein
Simple), and other analytes (eMethods in Supplement 1). Lev-
els of NfL, NfH, and GFAP were subsequently also measured
in serum (eTable 1 in Supplement 1).

Correlations between baseline CSF protein levels with clini-
cal and MRI metrics were assessed. A public single-nucleus RNA
sequencing (snRNA-seq) dataset of MS brain tissue32 was ana-
lyzed to infer cell and regional specificities of the candidate
biomarkers implicated in the test cohort. Proteomic analysis
of the same CSF samples using a data-independent acquisi-
tion mass spectrometry (DIA-MS)–based approach (eMethods
in Supplement 1) was performed for internal validation of the
test-cohort observations. As a focused independent external
confirmation of the test-cohort finding relating to CSF GFAP,
we used a collection of cryopreserved paired serum-CSF
samples obtained from an external cohort of patients with RMS
and PPMS to assess the association between GFAP levels (Quan-
terix Simoa) and long-term prospectively ascertained 24-
week confirmed disability progression (CDP24).

Key Points
Question What cerebrospinal fluid (CSF) measures are associated
with relapsing vs nonrelapsing progressive multiple sclerosis (MS)
disease biology?

Findings This cohort study found that elevated glial fibrillary acid
protein (GFAP) and neurofilament heavy chain were associated
with nonrelapsing progression and lymphocyte measures were
associated with relapsing biology in patients with both relapsing
and primary progressive clinical phenotypes. Elevated
neurofilament light chain reflected both processes.

Meaning Activated glial measures, and GFAP in particular, may be
CSF biomarkers of nonrelapsing progressive MS biology and
demonstrate the commonalities of relapsing and nonrelapsing
progressive disease mechanisms across the MS clinical spectrum.
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Statistical Analysis
Within each arm of the test cohort, changes in levels of CSF
biomarkers between the first and second LP were summa-
rized using median values, and the associated P value was com-
puted using the Wilcoxon signed rank test. Correlations be-
tween baseline CSF biological measures and MRI or clinical
measures were calculated using Spearman rank correlation in
the separate RMS and PPMS subgroups and in the entire test
cohort. For key measures, linear-regression analysis adjust-
ing for age, sex, and body mass index (BMI) was performed to
confirm Spearman correlations. The Kruskal-Wallis analysis-
of-variance test was used to compare baseline distributions of
CSF measures between the RMS and PPMS subgroups. Ad-
justed P values were computed using Benjamini-Hochberg false
discovery rate (FDR) with a threshold of .05. All statistical tests
were 2-sided. Analyses were performed in R version 3.6.3
(R Foundation). Internal validation of the test-cohort base-
line CSF glial-measure associations was performed by assess-

ing Spearman rank correlation between DIA-MS protein lev-
els and SEL metrics (FDR threshold .05).

Confirmation of the test-cohort findings related to CSF
GFAP was performed with the confirmation cohort using a log-
rank test to examine subgroups defined by median GFAP lev-
els and using Cox proportional hazards regression to exam-
ine GFAP as a dichotomous (stratified by median) or continuous
(log-GFAP) variable adjusted for age, sex, and treatment for as-
sociation with CDP24.

Results
Association of CSF Biological Measures
With MRI and Clinical Parameters
The test cohort comprised all participants in the OBOE study
(Figure 1 and eFigure 1 in Supplement 1) who qualified for the
intention-to-treat analysis (individuals receiving ≥1 ocreli-

Table. Baseline Cerebrospinal Fluid Biological Measures in the Test Cohorta

Measure

All patients
Patients without Gd+ lesions at baseline
and without relapse in prior 3 mo

Model adjusted for age,
BMI, RMS, and PPMS
(n = 131)

Median (IQR)

P value

Median (IQR)

P value
Coefficient for
PPMS vs RMS P valueRMS (n = 100) PPMS (n = 31) RMS (n = 45) PPMS (n = 24)

Lymphocyte markers

CD19+ B-cell count,
cells/μL

0.056 (0.01-0.13) 0.077 (0.01-0.10) .90 0.04 (0.01-0.11) 0.09 (0.01-0.19) .51 −0.006 .93

CD3+ T-cell count,
cells/μL

2.19 (0.94-4.40) 3.46 (1.29-7.04) .18 1.81 (0.94-3.89) 3.45 (1.22-7.69) .22 1.37 .33

sTACI, pg/mL 39.2 (21.1-84.0) 92.8 (31.9-130.0) .008b 36.3 (14.9-72.3) 85.0 (30.0-119.0) .01b −22.1 .71

sCD27, pg/mL 891 (443-1755) 1723 (894-2064) .02b 668 (392-1562) 1676 (894-1966) .008b 10.7 .98

sBCMA, pg/mL 717 (492-1159) 1168 (809-1481) .01b 713 (438-1046) 1160 (809-1301) .02 28.2 .93

Cytokines and
chemokines, pg/mL

IL-6 1.70 (1.25-2.40) 1.70 (1.30-2.10) .77 1.7 (1.25-2.30) 1.55 (1.3-2.0) .73 −0.582 .79

CXCL10 187 (107-344) 288 (198-432) .02b 179 (100-282) 279 (173-389) .02b 103.9 .26

CXCL12 598 (465-832) 1045 (853-1297) <.001b 598 (499-819) 1025 (868-1246) <.001b 493.6 <.001

CXCL13 9.68 (3.91-27.4) 3.91 (3.91-9.66) .02b 3.91 (3.91-16.2) 3.91 (3.91-8.62) .11 −3.20 .70

CCL19 47.0 (31.7-67.5) 58.9 (36.4-68.2) .35 48.0 (32.3-64.0) 58.9 (36.4-68.2) .35 −0.498 .37

Neuroaxonal injury,
pg/mL

NfL 1244 (701.5-2564) 741.0
(606.9-1166)

.01b 994 (545-1364) 711 (581.6-983.9) .22 −600.7 .26

NfH 637 (430-896) 621 (489-913) .80 581 (411-805) 621 (508-885) .35 −16.2 .89

Microglial activity,
sTREM2, ng/mL

7.72 (6.54-9.19) 8.81 (7.78-10.92) .03b 7.23 (6.37-9.11) 8.84 (8.43-11.1) .008b 0.931 .15

Innate inflammation
and astrocyte
activation

LCN2, pg/mL 803 (482-1038) 1359
(1115-1932)

<.001b 693 (479-990) 1432 (1115-1932) <.001b 804.0 <.001

YKL-40, ng/mL 148 (113-194) 172 (135-257) .08 140 (116-191) 179 (135-248) .06 37.9 .29

GFAP, pg/mL 665 (515-964) 1269 (942-1578) <.001b 665 (484-998) 1256 (966-1525) <.001b 636.0 <.001

Abbreviations: BMI, body mass index; CCL19, chemokine C-C motif chemokine
19; CXCL10, C-X-C motif chemokine 10; CXCL12, C-X-C motif chemokine 12;
CXCL13, C-X-C motif chemokine 13; Gd+, gadolinium enhancing; GFAP, glial
fibrillary acidic protein; IL-6, interleukin 6; LCN2, lipocalin 2; NfH, neurofilament
heavy chain; NfL, neurofilament light chain; PPMS, primary progressive multiple
sclerosis; RMS, relapsing multiple sclerosis; sBCMA, soluble B-cell maturation
antigen; sCD27, soluble CD27; sTACI, soluble transmembrane activator and

CAML interactor; sTREM2, soluble triggering receptor expressed on myeloid
cells 2; YKL-40, chitinase-3-like protein 1.
a Levels of baseline cerebrospinal fluid biological measures within the

test-cohort RMS and PPMS subgroups; P values reported from Kruskal-Wallis
analysis of variance test and unadjusted.

b Comparisons with false discovery rate correction.
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zumab dose) and included 100 patients with RMS (mean [SD]
age, 36.6 [10.4] years; 68 [68%] female and 32 [32%] male) and
31 with PPMS (mean [SD] age, 44.9 [7.4] years; 15 [48%] fe-
male and 16 [52%] male) (eTable 2 in Supplement 1).

We first compared levels of candidate biomarkers in base-
line (pretreatment) CSF samples from patients with RMS and
PPMS (Table). Median (IQR) CSF B-cell levels (0.056/μL [0.01-
0.13] vs 0.077/μL [0.01-0.10] cells/μL) and T-cell levels (2.19/μL
[0.94-4.40] vs 3.46/μL [1.29-7.04]) were similar in the RMS vs
PPMS subgroups, respectively. Patients with RMS exhibited el-
evated CSF NfL and C-X-C motif chemokine 13 (CXCL13) lev-
els vs PPMS. Comparisons focusing on only patients without
acute disease activity at baseline (no T1w/Gd+ lesions or re-
lapses within prior 3 months) in the RMS (n = 45) and PPMS
(n = 24) subgroups no longer showed significant differences,
suggesting that NfL and CXCL13 elevations were driven by acute
disease activity.

Patients with PPMS had significantly elevated baseline lev-
els of soluble transmembrane activator and CAML interactor
(sTACI), soluble CD27 (sCD27), soluble B-cell maturation an-
tigen (sBCMA), CXCL10, CXCL12, soluble triggering receptor
expressed on myeloid cells 2 (sTREM2), lipocalin 2 (LCN2), and
GFAP and a trend toward greater chitinase-3-like protein 1 (YKL-
40) levels vs RMS (Table). Values for sTACI, sCD27, sBCMA,
CXCL10, CXCL12, sTREM2, LCN2, and GFAP remained signifi-
cantly elevated in patients with PPMS vs RMS without acute
disease activity at baseline, indicating that these markers may
be independent of acute inflammatory activity. Following ad-
justment for age and BMI, CXCL12, LCN2, and GFAP re-
mained significantly elevated in patients with PPMS vs RMS.

We next assessed the association between candidate bio-
markers and imaging measures at baseline (Figure 2). CSF mea-
sures reflecting T-cell and B-cell activity (sCD27, sTACI), plas-

mablasts and plasma cells (sBCMA), and chemokines (CXCL10,
CXCL13) were correlated with greater T1w/Gd+ lesions. Higher
CSF NfL level was associated with more T1w/Gd+ lesions
(r = 0.49) and less time from last relapse (r = −0.25).25 In the
RMS subgroup, CSF CD19+ B cells and CD3+ T cells were asso-
ciated with greater Gd+ lesions (eFigure 2A in Supplement 1).
Naive B cells (IgD+CD27−CD19+, r = 0.28), transitional naive B
cells (CD38+IgD+CD27−CD19+, r = 0.24), and switched memory
B cells (CD138−CD38−IgD−CD27+CD19+, r = 0.23) were all as-
sociated with T2-weighted lesion volume (T2LV) (eFigure 3B
in Supplement 1). Associations in the entire test cohort
(Figure 2) largely reflected associations in the RMS subgroup
(eFigure 2A in Supplement 1); some but not all associations
were observed in the PPMS subgroup, possibly because of lim-
ited sample size (eFigure 2B in Supplement 1). Overall, these
findings support that CNS B cells and T cells play a key role in
mechanisms underlying the acute inflammatory activity and
injury related to MS relapses.

Despite their strong association with acute disease activity,
CSF measures of lymphocytes and related cytokines/
chemokines were not associated with MS disease burden (T2LV)
or severity (EDSS score), except for CXCL12 levels that were cor-
related with EDSS scores (r = 0.30, P = .001). In contrast, CSF
measures of neuroaxonal injury (NfL, NfH) and astrocyte activ-
ity(YKL-40,GFAP)wereassociatedwithMSlesionburden(T2LV)
(r = 0.40, r = 0.22, r = 0.29, and r = 0.25, respectively) (Figure 2).
Levels of NfH, the microglia marker sTREM2, and astrocyte ac-
tivity markers LCN2, YKL-40, and GFAP showed consistent as-
sociations with overall disease burden (higher EDSS score
[r = 0.23, r = 0.26, r = 0.32, r = 0.32, r = 0.44, respectively] and
lower thalamic volume [r = −0.34, r = −0.21, r = −0.20, r = −0.22,
r = −0.32, respectively]) (Figure 2). CSF measures of glial biol-
ogy (sTREM2, LCN2, and GFAP) were also elevated in patients

Figure 1. Profile of Study of Test Cohort

164 Patients assessed for eligibility

132 Included
100 With RMS
32 With PPMS

87 With RMS completed main
treatment period

83 With RMS continued to participate
in long-term extension study

30 With PPMS completed main
treatment period

29 With PPMS continued to participate
in long-term extension study

32 Excluded for ineligibility

1 With PPMS withdrew before treatment

13 Discontinued
5 Withdrew
2 Because of adverse events
2 Because of IRB study closure
1 Due to physician decision
1 Protocol deviation
1 Site closure
1 For other reasons

1 Discontinued due to physician
decision

IRB indicates institutional review
board; PPMS, primary progressive
multiple sclerosis; RMS, relapsing
multiple sclerosis.
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with PPMS, supporting the concept that CNS glial activity plays
a role in progressive disease biology.

CSF Astroglial Markers Implicated in Progressive MS Biology
Baseline CSF measures reflecting neuroaxonal injury (NfL
[r = 0.37, P < .001], NfH [r = 0.25, P = .01]) or glial activity
(YKL-40 [r = 0.26, P = .01], GFAP [r = 0.33, P < .001]) were as-
sociated with greater numbers of SELs identified at week 52
(Figure 2). Elevated GFAP levels were correlated with a greater
proportion of T2LV from SELs (r = 0.24) and lower T1w inten-
sity within SELs (r = −0.33), and elevated NfH levels were cor-
related with lower T1w intensity within SELs (r = −0.28). In con-
trast, markers associated with lymphocyte biology or microglial
activity were not associated with SELs. Sensitivity analysis con-
firmed key CSF biomarkers NfL, NfH, and GFAP, with GFAP re-
maining associated with more lesions subsequently identi-
fied as SELs after adjustments for age, sex, BMI, and T2LV
(eTables 3 and 4 in Supplement 1). Baseline levels of CSF bio-
markers in the overall test cohort did not significantly differ
between individuals with or without week 52 CDP24 (eTable 5
in Supplement 1), possibly limited by the follow-up duration
and low proportion of individuals with CDP24.

We next leveraged a public snRNA-seq dataset of lesional
and nonlesional MS brain tissue32 to assess which CNS cells ex-
press the CSF proteins associated with SELs in our dataset. Af-

ter classifying cell types, GFAP and YKL-40 were found to be
expressed by a greater proportion of astrocytes from chronic
active MS lesions compared with inactive lesions or control
white matter (eFigure 4A in Supplement 1). sTREM2, which in
the test dataset was correlated with EDSS score and reduced
thalamic volume (Figure 2), was expressed by microglia but
was not specific to microglia at the lesional rim (eFigure 4B in
Supplement 1).

To complement the candidate-biomarker approach, and
as an internal validation of the observation that elevated CSF
markers of astroglial activity and neuroaxonal injury may re-
flect underlying progressive MS biology, we performed an un-
biased proteomic analysis of the same CSF samples using
DIA-MS to assess which proteins would be most strongly as-
sociated with SELs. With this orthogonal approach, we quan-
tified the relative abundance of CSF proteins across 245
samples obtained from 131 patients with MS. While GFAP could
not be successfully measured using the DIA-MS method, base-
line levels of 5 CSF proteins were significantly correlated with
the total volume of lesions subsequently identified as SELs
(FDR <.05): CHIT1 (R = 0.36), YKL-40 (R = 0.34), B2M (R = 0.4),
CD44 (R = 0.38), and SERPINA3 (R = 0.36) (eTable 6 in Supple-
ment 1). Among 3 of these proteins that could be mapped onto
the public MS snRNA-seq dataset meeting criteria for in-
ferred cell specificity, YKL-40 and CD44 were enriched in as-

Figure 2. Correlations Between Baseline Cerebrospinal Fluid (CSF) Biological, Magnetic Resonance Imaging (MRI), and Clinical Measures
in the Combined Relapsing Multiple Sclerosis (RMS) and Primary Progressive Multiple Sclerosis (PPMS) Test Cohort
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a P < .05.
b P < .01.
c P < .001.
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trocyte populations. While SERPINA3 could not be mapped
onto the MS snRNA-seq dataset, it is known to be primarily ex-
pressed by astrocytes in the brain,33 and CSF levels of SER-
PINA3 have been reportedly elevated in progressive MS.34

Association Between Anti-CD20 Treatment
and Blood and CSF Measures
Ocrelizumab treatment was associated with reduced circulat-
ing B-cell counts (eFigure 5 in Supplement 1) and imaging mea-
sures of acute focal inflammation (eFigure 6 in Supple-
ment 1), in keeping with previous clinical trials.20,21 Few
patients (5 with RMS [5%] and 3 with PPMS [9.7%]) experi-
enced CDP24 over 52 weeks (eTable 7 in Supplement 1). Given
the known robust effect of ocrelizumab treatment on relaps-
ing biology and more modest effect on progression in MS, we
hypothesized that ocrelizumab treatment would result in sub-
stantial reductions in CSF measures of acute inflammation
while having a lesser impact on the glial markers that we as-
sociated with SEL measures. Serial CSF analyses in patients
with RMS indicated that NfL and B-cell levels (which were cor-
related with measures of acute inflammation) were lowered
after treatment (NfL: week 12, −25.2%; week 24, −39.1%; week
52, −54.7%; CD19+ B cells: week 12, −87.5%; week 24, −85.4%;
week 52, −94.0%) (Figure 3A and B and eTable 8 in Supple-
ment 1). CSF CD3+ T-cell levels (which were also correlated with
acute inflammation) were also partially reduced in patients
with RMS (week 12, −69.3%; week 24, −57.8%; week 52, −57.6%)
(Figure 3C). In patients with PPMS, a significant reduction in
CSF CD19+ B cells (−94.3%) and CD3+ T cells (−67.6%), and a
CSF NfL reduction (−24.5%) were observed at week 52.

Ocrelizumab reduced additional CSF measures of acute in-
flammation by week 52, including lymphocyte measures sTACI
(RMS: −47.6%; PPMS: −27.8%), sCD27 (RMS: −35.3%; PPMS:
−19.2%), and sBCMA (RMS: −33.6%; PPMS: −21.3%), and
chemokine/cytokine measures CXCL13 (RMS: −63.2%) and
CXCL10 (RMS: −22.8%) while more modestly reducing the neu-
roaxonal injury measure NfH (RMS: −19.6%) and glial mea-
sures sTREM2 (RMS: −12.1%) and YKL-40 (RMS: −19.9%; PPMS:
−7.7%) (Figure 3D and eFigure 7 in Supplement 1). CSF LCN2
and GFAP that our data had identified as associated with pro-
gressive MS and disease burden were not affected by treat-
ment (Figure 3D and eTable 8 in Supplement 1).

Associations Between Serum and CSF Levels
of NfL, NfH, and GFAP
To assess the degree to which CSF measures were reflected in
serum, we assessed NfL, NfH, and GFAP in both fluids at base-
line and at week 52 of treatment. Baseline serum NfL levels
were highly correlated with CSF levels (R = 0.75; P < .001);
while NfH (R = 0.32; P < .001) and GFAP (R = 0.32; P < .001)
exhibited more modest serum-CSF correlations (eFigure 8A in
Supplement 1). Serum-CSF correlations remained significant
after adjustment for age, sex, and BMI (eTable 9 in Supple-
ment 1). Serum-CSF correlations for NfH (R = 0.17, P = .24) and
GFAP (R = 0.37, P = .01) remained low to moderate at week 52
(eFigure 8B in Supplement 1). In contrast to CSF levels, serum
NfH and GFAP levels were not meaningfully correlated with
measures of disease burden or progressive MS biology at base-

line (eFigure 8C in Supplement 1) or at week 52 (eFigure 8D in
Supplement 1). Longitudinal trajectories of serial serum sam-
pling in patients with RMS and PPMS showed a decrease in se-
rum NfL; however, serum GFAP and NfH levels were not sig-
nificantly reduced with treatment (eFigure 9 in Supplement 1).

Association of Elevated CSF GFAP
With MS Disease Progression
To provide independent external confirmation of our pri-
mary finding that astroglial activity markers, in particular el-
evated CSF GFAP, were correlated with nonrelapsing progres-
sive biology and may predict MS disease progression, we
identified a well-characterized cohort of patients who under-
went a single LP and long-term prospective clinical follow-
up. This confirmation cohort comprised 41 patients with RMS
(median age, 35 years [range, 20-55 years]; 31 [76%] female and
10 [24%] male) and 27 with PPMS (median age, 45 years [range,
26-54 years]; 16 [59%] female and 11 [41%] male), had base-
line characteristics (eTable 10 in Supplement 1) similar to those
of the test cohort (eTable 2 in Supplement 1), and were closely
monitored for a median of 11.5 years after paired serum-CSF
collection. A higher level of baseline CSF GFAP, assessed as
either a dichotomous variable (levels above median: hazard ra-
tio [HR], 2.3; 95% CI, 1.1-5.3; Cox proportional hazards P = .04,
log-rank P = .02) or as a continuous variable (HR, 2.1; 95% CI,
1.3-3.4; Cox proportional hazards P = .002), was associated with
greater risk for future CDP24 based on EDSS score (Figure 4B
and eTable 11 in Supplement 1), adjusted for age, sex, and treat-
ment. Serum GFAP was not associated with future CDP24, al-
though CSF and serum GFAP levels were moderately corre-
lated in the confirmation cohort (R = 0.43, P = .004) (Figure 4A
and C). The confirmation-cohort findings provided real-
world corroboration that elevated CSF GFAP was associated
with subsequent MS clinical progression.

Discussion
We leveraged an initial test cohort of patients with relapsing
or primary progressive MS who were prospectively followed
up before and after anti-CD20 treatment initiation with serial
CSF, clinical, and imaging assessments to explore overlap-
ping and distinct mechanisms underlying relapsing and pro-
gressive MS biology. CSF GFAP was identified as a putative bio-
logical measure of progressive MS biology associated with SELs
(an MRI measure reflecting a subset of chronic active
lesions14,15) and independent of acute relapse biology. CSF NfH
was identified as a neuroaxonal injury biomarker that may
complement both NfL and GFAP for assessing disease sever-
ity. Unbiased mass-spectrometry proteomic analysis of the
same CSF samples provided internal confirmation and rein-
forced the test-cohort implication of glial biology in nonre-
lapsing progressive disease. This was further reinforced by the
differential association of anti-CD20 treatment with CSF im-
mune vs glial markers, in keeping with its known robust ef-
fect on relapsing biology and relatively modest impact on pro-
gressive disease. An independent real-world confirmatory
cohort of patients with clinical characteristics similar to the test
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Figure 3. Association of Ocrelizumab Treatment With Individual Patient Changes From Baseline in Primary and Exploratory Cerebrospinal Fluid (CSF)
Biological Measure End Points in the Test Cohort During the 1-Year Treatment Period
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cohort demonstrated that elevated CSF GFAP levels were prog-
nostic of future MS disability progression over more than 10
years, supporting the prognostic utility of GFAP across MS clini-
cal phenotypes and treatments. Together, these findings pro-
vide novel insights into the relationships of immune and glial
cells in both relapsing and progressive MS pathophysiology.

The similarities observed in CSF biomarkers of patients
with clinical phenotypes of RMS or PPMS are consistent with
growing evidence that both peripherally mediated inflamma-
tion and smoldering CNS-compartmentalized inflammation are
characteristics of MS across its clinical spectrum. We first noted
that CSF measures of lymphocyte biology (sTACI, sCD27,
sBCMA) and chemokines (CXCL10, CXCL12) were elevated in
patients with PPMS and responded to anti-CD20 treatment (de-
spite the lack of overt clinical relapses). Similarly, ocreli-
zumab treatment significantly reduced levels of CSF CD19+ B
cells and CD3+ T cells not only in RMS (as previously
reported35,36) but also in PPMS as demonstrated here, provid-
ing in vivo evidence of subclinical acute inflammatory activ-
ity in patients with PPMS.

We confirmed that NfL is strongly associated with both
acute inflammatory disease activity as well as with SELs,37 re-
inforcing the concept that elevated NfL levels can reflect neu-
roaxonal injury from both relapsing and nonrelapsing pro-
gressive biology.25,38,39 We further noted that elevation of NfH
was significantly associated with higher EDSS score, lower brain
and thalamic volume, higher SEL count, and lower T1w inten-
sity within SELs. This aligns with prior studies showing el-
evated NfH in patients with MS with greater disease burden
and disability.26,40,41 Compared with NfL, NfH appears less af-
fected by acute disease activity, displaying potential as a bio-
marker of ongoing insidious neuroaxonal injury. The mean-
ing of these differences in NfH vs NfL remains to be elucidated.
The modest correlation of serum NfH with CSF NfH suggests
that NfH measured in CSF may be of greater utility.42,43

The role of glial activity in nonrelapsing progressive biol-
ogy was indicated by elevation of several CSF measures asso-
ciated with astrocytes (GFAP, LCN2, YKL-40 trend) and mi-
croglia (sTREM2) in patients with PPMS vs RMS. Importantly,
GFAP and YKL-40 were associated with SEL burden, MS le-
sion burden, and disease severity. Importantly, no associa-
tion between CSF GFAP and acute inflammatory activity was
detected, and GFAP levels were not significantly impacted by
anti-CD20 treatment, making it a more specific candidate bio-
marker for nonrelapsing progressive MS biology. GFAP was also
the only CSF biomarker that showed a correlation with the pro-
portion of focal lesion volume attributed to SELs and re-
mained associated with SEL count after adjustment for T2LV,
suggesting that GFAP elevations may capture an aspect of
chronic smoldering compartmentalized inflammation. Al-
though astrocytes support CNS homeostasis and neurovascu-
lar integrity, reactive astrogliosis may contribute to ongoing in-
flammation and injury including neuronal loss.44,45 Astrocytes
at the edge of MS chronic active lesions as well as in the glia
limitans and ependyma show high expression of GFAP32,46 and
may reflect sources of increased levels associated with smol-
dering injury in the context of focal lesions, as well as in the
subpial cortex and periventricular regions, respectively. El-
evated CSF GFAP has also been reported in early MS, support-
ing its potential utility across the disease continuum.47 We iden-
tified only a moderate correlation between serum and CSF
GFAP levels and did not detect an association between serum
GFAP levels and progressive disease outcomes (consistent with
other similarly sized studies48,49). In contrast, prior work,50,51

including 2 recent large studies by Barro et al52 and Meier et al,53

did identify an association between serum GFAP and MS pro-
gression. This discrepancy could reflect differences in cohort
size, pre-analytical variables, assay platform/matrix effects,
and/or different methodologies ascertaining disease out-
comes.

Figure 4. Association of Cerebrospinal Fluid (CSF) Glial Fibrillary Acid Protein (GFAP) Levels With Long-Term Disability Progression
in an Independent Confirmation Cohort
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Limitations
A limitation of the study’s test and confirmation cohorts
is the relatively smaller size of their PPMS subgroups, al-
though the overall similarities observed in CSF biomarkers
in RMS and PPMS in both cohorts supported growing evi-
dence that inflammatory processes contribute to both
relapsing and nonrelapsing progressive biology. Another
potential limitation relates to some imbalances in baseline
demographics and disease status of the cohort subgroups
(eTable 2 and eTable 10 in Supplement 1), and larger studies
could help clarify the potential effect of age and BMI on the
different markers. We also note that the independent confir-
mation cohort does not provide a direct validation of all of
the test-cohort findings. When analyzing our initial test
dataset, we explored multiple fluid-phase and cellular
CSF measures and identified distinct families of immune
markers that preferentially tracked with acute inflammatory
disease measures vs glial markers (in particular GFAP) that
preferentially tracked with progressive disease measures. In
our independent confirmation dataset, we opted to focus on
GFAP and confirmed its association with (and prognostica-
tion of) long-term clinical disease progression in a real-
world setting across clinical MS phenotypes and with mul-
tiple different treatments, although we did not assess

additional biological measures or their relation to imaging
outcomes.

Conclusions
In this study, activated glial markers (in particular GFAP) and
NfH were associated specifically with nonrelapsing progres-
sive disease outcomes (independent of acute inflammatory ac-
tivity). Elevated CSF GFAP was associated with long-term MS
disease progression. Overall, our study revealed shared mecha-
nisms in RMS and PPMS, bolstering the concept that a biologi-
cal disease continuum exists across MS clinical phenotypes.
The findings underscore a role for glial activity and chronic in-
flammation in nonrelapsing progressive pathobiology and iden-
tify GFAP and NfH as more specific candidate biomarkers for
progressive biology, potentially improving on NfL, which re-
flects both injury from acute disease activity and from insidi-
ous injury. Future clinical trials should incorporate com-
bined measurement of these markers (and, once validated,
potentially also clinical practice), which could be useful for as-
sessing the effect of emerging therapies (or combinations of
therapies) on subclinical relapsing and progressive disease
mechanisms.
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