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Abstract

Background and Objectives

Neurodegeneration and astrocytic activation are pathologic hallmarks of progressive multiple
sclerosis (MS) and can be quantified by serum neurofilament light chain (sNfL) and glial fibrillary
acidic protein (sGFAP). We investigated sNfL and sGFAP as tools for stratifying patients with
progressive MS based on progression and disease activity status.

Methods

We leveraged our Comprehensive Longitudinal Investigation of MS at the Brigham and Women'’s
Hospital (CLIMB) natural history study, which includes clinical, MRI data and serum samples
collected over more than 20 years. We included patients with MS with a confirmed Expanded
Disability Status Scale (EDSS) score >3 that corresponds with our classifier for patients at high risk of
underlying progressive pathology. We analyzed sNfL and sGFAP within 6 months from the con-
firmed EDSS score >3 corresponding with our baseline visit. Patients who further developed 6-month
confirmed disability progression (6mCDP) were classified as progressors. We further stratified our
patients into active/nonactive based on new brain/spinal cord lesions or relapses in the 2 years before
baseline or during follow-up. Statistical analysis on log-transformed sGFAP/sNfL assessed the baseline
association with demographic, clinical, and MRI features and associations with future disability.

Results

We included 257 patients with MS who had an average EDSS score of 4.0 and a median follow-up
after baseline of 7.6 years. sNfL was higher in patients with disease activity in the 2 years before
baseline (adjusted p = 1.21; 95% CI 1.04-1.42; p = 0.016), during the first 2 years of follow-up
(adjusted P = 1.17; 95% CI = 1.01-1.36; p = 0.042). sGFAP was not increased in the presence of
disease activity. Higher sGFAP levels, but not sNfL levels, were associated with higher risk of
6mCDP (adjusted hazard ratio [HR] = 1.71; 95% CI = 1.19-2.4S; p = 0.004). The association
was stronger in patients with low sNfL (adjusted HR = 2.44; 95% CI 1.32-4.52; p = 0.005) and
patients who were nonactive in the 2 years prior or after the sample.

Discussion

Higher levels of sGFAP correlated with subsequent progression, particularly in nonactive patients,
whereas sNfL reflected acute disease activity in patients with MS at high risk of underlying pro-
gressive pathology. Thus, sSGFAP and sNfL levels may be used to stratify patients with progressive
MS for clinical research studies and clinical trials and may inform clinical care.
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Glossary

6mCDP = 6-month confirmed disability progression; CV = coefficient of variation; EDSS = Expanded Disability Status Scale;
FDA = Food and Drug Administration; GFAP = glial fibrillary acidic protein; HET = high-efficacy treatment; LET = low-
efficacy treatment; MS = multiple sclerosis; NfL = neurofilament light chain; sGFAP = serum GFAP; sNfL = serum NfL.

Multiple sclerosis (MS) is a chronic inflammatory and neuro-
degenerative disease of the CNS." The majority of patients
manifest the disease with a clinically relapsing-remitting course
and later transition to a secondary progressive phase of relent-
less disability accrual.* About 20% of patients with MS experi-
ence their first symptoms at the progressive stage and are
diagnosed as primary progressive MS.> Secondary progressive
MS and primary progressive MS are referred together as pro-
gressive MS. The transition to a clinical progressive MS phe-
notype reflects a shift from a disease sustained by the peripheral
immune system to a self-sustaining pathology localized to the
CNS.*” Disability progression occurring independently from a
relapse is a hallmark of progressive MS, but does occur also in
patients with relapsing-remitting MS.® The 2 phases of MS are
in a continuum where biology and clinical phenotype slowly
transition from one phase to another. Defining a patient as
progressive MS rather than relapsing-remitting MS is therefore
challenging and may only be correctly classified years after the
biological transition has taken place.”"

The accurate enrollment of patients with progressive MS in
clinical trials is in fact critical to succeed in identifying effective
therapies for progressive MS. Treatments that affect the pe-
ripheral immune system reduce disease activity in patients
with relapsing-remitting MS or patients with active secondary
progressive MS but have so far been disappointing in treating
nonactive progressive MS.'"'? In contrast, patients with ac-
tive progressive MS may respond to highly effective therapies,
making the accurate identification of this patient group cru-
cial."* Designations of active and nonactive progressive MS
are now being routinely used in clinical trials; however, there
are no easily accessible biomarkers that can enable high-
frequency monitoring of disease activity.

The study of the biology of progression and the evaluation of
new treatments require the identification of biologically pro-
gressive patients. Neurodegeneration and astrocytic activation
are pathologic hallmarks of progressive MS.'*'¢ Blood bio-
markers emerged as an easily accessible tool that allows for
repeated quantification of biological processes from a blood
sample.'” Neurofilament light chain (NfL) and glial fibrillary
acidic protein (GFAP) are cytoskeletal proteins of, respectively,
neurons and astrocytes. NfL emerged as a biomarker specific
for neuronal damage'®'” whose levels increase with relapses or
new MRI lesions® and decrease with effective treatment.>**
In studies with a majority of patients with relapsing-remitting
MS, NAL levels were also prognostic for disability*>**?® and
CNS atrophy.***”?® On the other hand, GFAP is postulated
to be a biomarker of astrocytic damage®®*° and reactive
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astrogliosis.31’32 GFAP has been less investigated than NfL, and
evidence collected in blood and CSF has demonstrated con-
trasting findings regarding its association with acute disease
activity.'”*33¢ The joint use of these biomarkers for stratifying
patients with progressive MS has not been explored.

We therefore sought to evaluate serum NfL (sNfL) and serum
GFAP (sGFAP) as predictors of progression within patients
with MS at high risk of having an underlying progressive
pathology, who were also stratified into those with active and
nonactive disease. In our MS cohort, we investigated (1) the
ability of sNfL and sGFAP to discriminate active from non-
active patients and (2) the prognostic value of sGFAP and
sNfL to identify subsequent disease progression.

Methods

Study Population

The patients included in this study were part of the Compre-
hensive Longitudinal Investigation of MS at the Brigham and
Women’s Hospital (climbstudy.org), a natural history study that
encompasses biannual clinical assessment, annual MRI, and
blood samples.”” The biannual clinical assessment includes
measurement of the Expanded Disability Status Scale (EDSS)
score. A relapse was recorded by the treating neurologist at onset
of new or recurrent MS symptoms lasting for >24 hours. We
included patients who (1) met the diagnostic criteria of MS by
the 2010 McDonald criteria, (2) EDSS score >3 over 2 con-
secutive visits at least 3 months apart, and (3) available serum
sample at or after sustained EDSS score >3. The EDSS scores of
all patients were validated by a Neurostatus-EDSS certified
physician (C.B.) by review of all visit notes and Functional
Systems and EDSS scores before biomarker analysis, and if
discrepancies were identified, the treating neurologist or an at-
tending neurologist (T.C.) verified the data.

Standard Protocol Approvals, Registrations,
and Patient Consents

Institutional Review Board approval was granted by the
Partners Human Research Committee, and participants pro-
vided written informed consent for participation.

Clinical Definitions

Disease progression in MS is unremitting starting at EDSS
score 3 or 4,'>*® which is generally thought to correlate with
the clinical start of secondary progressive MS. We therefore
sought to evaluate sNfL and sGFAP as predictors of pro-
gression within MS patients at high risk of having an un-
derlying progressive pathology, who were also stratified into
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those with active and nonactive MS. Confirmed EDSS score >3
was our classifier for high risk of progressive MS pathology. The
first visit at or after a confirmed EDSS score >3 with available
serum sample within 6 months was retained as the baseline visit
and as the baseline serum sample, respectively (Figure 1). Several
definitions regarding active or nonactive progressive MS have
been proposed, and we classified patients using 4 definitions.>
These definitions considered the presence of clinical and/or
brain and spinal cord MRI disease activity: (1) patients with a
relapse or gadolinium-enhancing lesion or new/enlarging T2
lesion in the 2 years after baseline, (2) patients with relapses in
the 2 years before baseline, (3) patients with a relapse or
gadolinium-enhancing lesion or new/enlarging T2 lesion in the 2
years before baseline, and (4) patients with a relapse or
gadolinium-enhancing lesion or new/enlarging T2 lesion in the 2
years prior or after the baseline visit.

In addition to measures of disease activity, EDSS progression
was defined as an increase in the EDSS score since the pre-
vious visit of >1.0 point from an EDSS score of 1.0-5.0 or 0.5
point from an EDSS score of >5.5. For our analysis, 6-months
confirmed disability progression (6mCDP) was defined as
EDSS progression that was sustained for at least 180 days.

Treatment status was defined in 3 categories, namely, untreated,
low-efficacy (LET, Copaxone, Avonex, Rebif, Betaseron, Tecfi-
dera, Imuran + Betaseron, CellCept, Copaxone + CellCept,
Aubagio, Avonex + methotrexate, Copaxone + methotrexate,
Avonex + CellCept, methotrexate, and Plegridy), and high-
efficacy (HET, Ocrevus, Gilenya, Rituxan, Cytoxan, Zenapax,
Tysabri, Cytoxan + Copaxone, Avonex + Zenapax, Cytoxan +
Rilutek, Rituxan + methotrexate, and Campath) treatments.

sNfL and sGFAP Measurements

Serum samples were collected in red-top serum vacutainer
tubes (glass, silicone coated, no additives) and left at room
temperature for 30-60 minutes to allow the clot to form. The

tubes were then centrifuged at 4°C, 2,000 rpm, for 10 minutes,
and the serum was collected under sterile conditions and
frozen at —80°C until analysis. The levels of sNfL and sGFAP
were quantified on a single molecule array platform at
Quanterix (Billerica, MA). Samples were measured over 6
runs with reagents from the same lot. Samples from each
group were evenly distributed across all plates, and samples
from the same patient were measured in consecutive order.
All samples were between the lowest and the upper limit of
quantification. The average intra-assay coefficient of variation
(CV) for duplicate measurements was 4.8% for sNfL and
3.0% for sGFAP. Two quality controls provided with the kit
and 2 additional native serum samples were measured at the
beginning and at the end of each run. The average CV be-
tween begin and end of run was 6.7% for sNfL and 4.5% for
sGFAP. The average interassay CV between runs was 5.6% for
sNfL and 3.8% for sGFAP.

MRI Data

The presence of new gadolinium-enhancing or T2 lesions vs a
previous visit was documented by review of the official MRI
report in the patient’s chart as determined by a neuroradiol-
ogist. Scanning was performed as part of routine care using
1.5T or 3T units at the Brigham and Women’s Hospital. Brain
imaging included fluid-attenuated inversion recovery and
T1- and T2-weighted sequences. Spinal cord imaging in-
cluded sagittal T2-weighted and short tau inversion recovery
images and axial T2-weighted images of the cervical and
thoracic spine. Brain and spinal cord T1 sequences were re-
peated 5 minutes after administration of 0.1 mmol/kg IV
gadolinium contrast.

Statistical Analyses

Continuous variables were described by median and inter-
quartile range and categorical variables by percentages. The
biomarker levels were log transformed for the analyses to
reduce the skewness of the distribution.

Figure 1 Schematic Diagram of the Study Inclusion Criteria
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Using the baseline sNfL and sGFAP measurements, the associ-
ation between the log-transformed values was estimated using
the Pearson correlation coefficient. In addition, the cross-
sectional associations between a set of demographic, clinical, and
MRI measures and both sNfL and sGFAP were estimated using
linear regression with sNfL and sGFAP as the outcomes. The
demographic measures were age, sex (female vs male), race
(White vs non-White), and ethnicity (Hispanic vs not Hispanic).
In terms of associations between biomarkers and clinical mea-
sures, a linear regression model was used, and the predictors were
disease duration, EDSS score, treatment group (HET vs LET vs
untreated), and presence of a relapse within the previous 90 days.
For MRI measures, the predictor was new gadolinium-enhancing
lesion within 30 days. Regression coeflicients were back trans-
formed by exponentiation and represented multiplicative effects
of the predictor on the geometric mean of sNfL/sGFAP,
ie, females = 1.14 means that females have on average a 14%
higher sNfL/sGFAP than males; for continuous variable, the
estimate is for each SD increase, i.e, age p = 1.04 means that per
1 SD of age sNfL/sGFAP increase on average 4%.

In addition to the univariate associations, a multivariable model
including all these features was fit to estimate the independent
association of each measure with each biomarker. Finally, we
compared the groups based on the activity definitions provided
above. Each of the associations with the activity definitions was also
estimated, adjusting for age, sex, EDSS score, and treatment group.

In addition to baseline correlations, the prognostic value of
sGFAP and sNfL for the time to 6mCDP was estimated using a
Cox proportional hazards model. Each biomarker was treated
as a continuous variable and by categorizing the variable using
quintiles. The model was fit with biomarkers alone and
adjusting for age, sex, EDSS score, treatment type, and presence
of relapse within 90 days of the sample. To explore the added
value of sGFAP in patients with low sNfL, the association with
sGFAP was also estimated in the subgroup of patients with a
sNIfL level below the median, and the association with sNfLL was
estimated in the subgroup with sGFAP level below the median.
In addition, we explored the prognostic value of sNfL and
sGFAP for time to 6mCDP separately for active patients and
nonactive patients as defined by each of the activity definitions.

All statistical analyses were completed in the statistical package
R version 3.6.3 (r-project.org). p Values less than 0.05 were
considered statistically significant for all analyses.

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results

Patients

A total of 257 patients with MS who had a confirmed EDSS
score >3 and available serum sample were included, Table 1.
Thirty-two patients (12.5%) had a primary progressive onset
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Table 1 Demographic and Clinical Characteristics

Patients
No. of patients 257
BL is a study entry visit (n [%]) 50 (19.5%)
Age at BL (y, mean [SD]) 49 (11.3)
Female (N [%]) 169 (65.8)
Race (n [%])
Black or African American 12 (4.7%)
East and South East Asian 2 (0.8%)
More than 1 race 6 (2.3%)
Native Hawaiian or other Pacific Islander 1 (0.4%)

White 235 (91.4%)

Unknown or not reported 1 (0.4%)
Ethnicity (n [%])

Hispanic or Latino 9 (3.5%)

Not Hispanic or Latino 245 (95.3%)

Unreported 3(1.2%)
Disease duration at BL (y, mean [SD]) 14.7 (10.5)
EDSS score at BL (mean [SD]) 4.0(1.2)
Treatment at BL (n [%)])

Untreated 62 (24.1%)

Low-efficacy treatment 111 (43.2%)

High-efficacy treatment 84 (32.7%)

BL sNfL (pg/mL) 11.8 (8.5, 16.5)

BL sGFAP (pg/mL) 116.2 (91, 156.5)

Abbreviations: BL = baseline; EDSS = Expanded Disability Status Scale;
SGFAP = serum glial fibrillary acidic protein; SNfL = serum neurofilament light chain.
The median and interquartile range of sNfL and sGFAP levels are presented.

of disease. The average (SD) age at baseline was 49 (11.3)
years, and 65.8% were female. The average (SD) EDSS score at
the baseline visit was 4.0 (1.2). The median follow-up after
baseline was 7.6 years (interquartile range 3.8-10.2 years).
After baseline, 143 patients experienced a disability progression
that was confirmed by a follow-up visit at least 6 months later,
meeting the definition of confirmed disability progression
(CDP), and were therefore defined as progressors.

Association of sNfL and sGFAP With

Demographic and Clinical Variables

The log-transformed levels of sNfL and sGFAP showed a mod-
erate correlation with each other (r = 0.42; 95% CI = 0.32-0.52;
p < 0.001). The associations between baseline biomarker levels
and demographic and clinical measures are provided in Table 2
SGFAP was higher in females than males, and sNfL did not differ
between sexes, consistent with prior reports.zo’40 Both biomarkers
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Table 2 Association With Demographic, Clinical, and MRI Features (n = 257)

sNfL

sGFAP

B (95% CI); p

Adjusted B (95% Cl); p

B (95% CI); p

Adjusted B (95% Cl); p

Demographic characteristic

Age

1.11 (1.03-1.19); 0.004

1.17 (1.08-1.28); <0.001

1.16 (1.09-1.22); <0.001

1.1 (1.03-1.18); 0.006

Female

0.98 (0.84-1.13); 0.749

1.00 (0.86-1.15); 0.96

1.14 (1.01-1.29); 0.04

1.14 (1.02-1.28); 0.026

Clinical

Disease duration

1.06 (0.99-1.14); 0.091

0.99 (0.92-1.07); 0.832

1.14 (1.08-1.2); <0.001

1.06 (0.99-1.13); 0.080

EDSS score

1.11 (1.04-1.19); 0.004

1.08 (1.00-1.15); 0.041

1.08 (1.02-1.14); 0.01

1.05(0.99-1.11); 0.099

Relapse within 90 d

1.62 (1.27-2.08); <0.001

1.69 (1.32-2.17); <0.001

0.97 (0.79-1.2); 0.805

1.05 (0.86-1.29); 0.628

HET vs untreated

0.86 (0.71-1.04); 0.118

1.03 (0.85-1.25); 0.743

0.8 (0.69-0.94); 0.006

0.89 (0.76-1.04); 0.151

LET vs untreated

0.83 (0.69-0.99); 0.037

0.95 (0.8-1.13); 0.562

0.87(0.75-1.01); 0.064

0.92 (0.79-1.06); 0.236

MRI

Gd+ lesion within 30 d

1.41 (1.04-1.91); 0.025

1.46 (1.08-1.96); 0.014

0.8 (0.63-1.03); 0.085

0.89 (0.7-1.14); 0.357

Abbreviations: EDSS = Expanded Disability Status Scale; Gd+ = gadolinium-enhancing lesions; HET = high-efficacy treatment; LET = low-efficacy treatment;
sGFAP = serum glial fibrillary acidic protein; sNfL = serum neurofilament light chain.

The cross-sectional associations between a set of demographic, clinical, and MRI measures and both sNfL and sGFAP were estimated using linear regression
with sNfL and sGFAP as the outcomes. Regression coefficients were back transformed by exponentiation and represented multiplicative effects of the
predictor on the geometric mean of sNfL/sGFAP., i.e., females B = 1.14 means that females have on average a 14% higher sNfL/sGFAP than males; for
continuous variable, the estimate is for each SD increase. i.e., age B = 1.04 means that per 1 SD of age sNfL/sGFAP increase on average 4%. Adjusted analysis

included all clinical measures, MRI measures, age, and female. Significant p values are shown in bold.

did not differ between races and ethnicities (data not shown). Age
was a significant predictor of both sNfL and sGFAP. The levels of
sGFAP and sNfL were positively correlated with EDSS scores,
whereas only the levels of sNfL correlated with the presence of
relapses and new gadolinium-enhancing lesions. Treatment
(HET vs LET vs untreated) was not associated with lower sNfL
levels, and HET was associated with lower sGFAP but only in the
unadjusted analysis. In the multivariable model including all fea-
tures, age, EDSS score, presence of a relapse, and presence of
gadolinium-enhancing lesions remained significantly associated
with sNfL. In contrast, only age and sex were significantly asso-
ciated with SGFAP in the multivariable model (Table 2).

Clinical Definitions of Disease Activity and
Biomarker Levels

We classified the patients based on 4 definitions of activity
status and compared the biomarker levels between active and
nonactive by each definition (Table 3). In the adjusted anal-
yses, patients defined as active by the presence of disease
activity in the 2 years after baseline had an increased sNfL
level (adjusted B = 1.17; 95% CI = 1.01, 1.36; p = 0.042).
There was also a significant difference in sNfL when com-
paring those with and without relapses in the 2 years before
baseline (adjusted p = 1.21; 95% CI = 1.04, 1.42; p = 0.016).
No significant differences were observed in sNfL when

Table 3 sNfL and sGFAP Associations With Different Definitions of Active/Nonactive Progressive Multiple Sclerosis

sNfL

sGFAP

B (95% CI); p

Adjusted B (95% Cl); p B (95% CI); p Adjusted B (95% CI); p

Activity definitions

Definition 1 (n active = 89, 34.6%; nonactive = 168) 1.10(0.95-1.28);0.211 1.17 (1.01-1.36); 0.042 0.99 (0.88-1.12); 0.915 1.05 (0.93-1.18); 0.457

Definition 2 (n active = 86, 33.5%; nonactive =171) 1.10(0.95-1.29);0.174 1.21(1.04-1.42); 0.016 0.91 (0.80-1.03); 0.119 0.98 (0.86-1.11); 0.721

Definition 3 (n active = 131, 51.0%; nonactive = 126) 1.04 (0.9-1.2); 0.593

1.13(0.98-1.31); 0.103  0.88(0.79-0.99); 0.034 0.96 (0.85-1.08); 0.501

Definition 4 (n active = 167, 65.0%; nonactive =90) 1.07 (0.92-1.25); 0.348 1.16(0.99-1.35); 0.060 0.89 (0.78-1); 0.05

0.96 (0.85-1.08); 0.522

Abbreviations: sGFAP = serum glial fibrillary acidic protein; sNfL = serum neurofilament light chain.

Active and nonactive patients were compared by linear regression for each definition. Adjusted analyses included the measure of interest and age, sex, EDSS
score, and treatment. Definition 1: disease activity (relapse or MRI activity) in the 2 years after the baseline visit. Definition 2: relapse in the 2 years before the
baseline visit. Definition 3: disease activity (relapse or MRI activity) in the 2 years before the baseline visit. Definition 4: disease activity (relapse or MRI activity)
in the 2 years prior or after the baseline visit. Significant p values are shown in bold.
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Table 4 Association Between Baseline Levels of Biomarkers and 6-Month Confirmed Progression on the EDSS

sNfL association with 6mCDP

Group (n) Predictor HR (95% CI); p Adjusted HR (95% CI); p
All (257) sNfL (continuous) 1.04 (0.79-1.38); 0.782 1.11 (0.83-1.49); 0.488
SNfL

52 Quintile 1 Reference Reference

51 Quintile 2 1.75 (1.07-2.87); 0.027 1.72 (1.04-2.84); 0.035

51 Quintile 3 1.18 (0.69-2.04); 0.544 1.16 (0.66-2.05); 0.601

51 Quintile 4 1.04 (0.60-1.78); 0.900 1.08 (0.61-1.89); 0.799

52 Quintile 5 1.11 (0.66-1.88); 0.696 1.14 (0.67-1.95); 0.627

Low sGFAP (129) sNfL (continuous) 1.10 (0.74-1.64); 0.643 1.20 (0.76-1.89); 0.437

sNfL

37 Quintile 1 Reference Reference

30 Quintile 2 2.41 (1.24-4.69); 0.009 2.09 (1.04-4.21); 0.040

27 Quintile 3 1.27 (0.60-2.69); 0.537 1.12(0.50-2.52); 0.782

20 Quintile 4 1.29 (0.55-3.04); 0.556 1.32(0.52-3.33); 0.556

15 Quintile 5 1.67 (0.68-4.12); 0.261 1.65 (0.65-4.21); 0.294

sGFAP association with 6mCDP

Group (n) Predictor HR (95% CI); p Adjusted HR (95% CI); p

All (257) SGFAP (continuous) 1.47 (1.05-2.05); 0.023 1.71 (1.19-2.45); 0.004
SGFAP

52 Quintile 1 Reference Reference

51 Quintile 2 1.27 (0.74-2.18); 0.390 1.33(0.77-2.29); 0.311

51 Quintile 3 1.17 (0.69-1.99); 0.568 1.34(0.77-2.32); 0.305

51 Quintile 4 1.48 (0.89-2.48); 0.134 1.61 (0.94-2.75); 0.084

52 Quintile 5 1.67 (1.00-2.81); 0.052 2.24 (1.26-3.98); 0.006

Low sNfL (129) SGFAP (continuous) 2.21 (1.27-3.84); 0.005 2.44 (1.32-4.52); 0.005
SGFAP

42 Quintile 1 Reference Reference

27 Quintile 2 2.01 (1.04-3.88); 0.037 2.10 (1.07-4.14); 0.032

25 Quintile 3 1.59 (0.82-3.09); 0.173 2.35 (1.11-5.00); 0.026

24 Quintile 4 2.02 (1.06-3.84); 0.033 2.01 (1.02-3.98); 0.044

1 Quintile 5 2.90 (1.32-6.40); 0.008 3.86 (1.60-9.31); 0.003

Abbreviations: 6mCDP = 6-month confirmed disability progression; EDSS = Expanded Disability Status Scale; HR = hazard ratio; SGFAP = serum glial fibrillary
acidic protein; sNfL = serum neurofilament light chain.

The risk of 6mCDP was evaluated by Cox regression models. Analyses were performed in all patients and additionally in (1) only patients with SGFAP |evels
below the median sGFAP level of the cohort (low sGFAP) and (2) only patients with sNfL levels below the median sNfL level of the cohort (low sNfL). Each
biomarker was treated as a continuous variable and by categorizing the variable using quintiles of the sSNfL/sGFAP distribution. Quintile 1 included patients
with levels in the lowest 20% of the sNfL/sGFAP distribution; quintile 5 included patients with levels in the upper 20% of the sNfL/sGFAP distribution. The
model was fit with biomarkers alone and adjusting for age, sex, EDSS score, treatment type, and presence of relapse within 90 days of the sample. Estimates
are presented as hazard ratio and 95% Cl from the Cox regression model. The quintile analysis shows the hazard ratio for 6mCDP of patients who are in
quintiles 2, 3, 4, and 5 vs patients who are in the reference quintile that is quintile 1. Significant p values are shown in bold.

accounting also for MRI activity in the 2 years before the in a not significant difference in sNfL levels between active
baseline visit. Similarly, a composite definition that considered ~ and nonactive patients. sSGFAP was lower in patients who
disease activity in the 2 years prior and after baseline resulted ~ experienced clinical or MRI disease activity in the 2 years
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Figure 2 Kaplan-Meier Estimates for Time to 6mCDP
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The risk of 6GmCDP is compared in patients with (A) sNfL and (B) sGFAP above vs below the median. The risk of 6mCDP is then investigated in only patients with (C)
SGFAP below the median or (D) sNfL below the median. For example, D considers only the 129 patients who have a level of SNfL below the median of the cohort; in
this group, the risk for 6mCDP is compared between the 81 patients who have a sGFAP level above the median of the cohort and the 48 patients who have a SGFAP
level below the median of the cohort. 6mCDP = 6-month confirmed disability progression; GFAP = glial fibrillary acidic protein; NfL = neurofilament light chain;

SGFAP = serum GFAP; sNfL = serum NfL.

before baseline. However, this association was not significant
in the adjusted analysis (Table 3).

Association of sNfL and sGFAP With 6mCDP

The association between baseline sNfL and sGFAP levels and
subsequent 6mCDP is provided in Table 4, and the time to
6mCDP is shown in Figure 2. sNfL was not significantly as-
sociated with time to 6mCDP in all patients or in patients with
low sGFAP in unadjusted or adjusted analyses. When sNfL was
broken into quintiles, a difference between the second and first
quintiles was observed, but there was no dose-response re-
lationship across the quintiles. Conversely, sGFAP was signif-
icantly associated with time to 6mCDP in all patients in both
unadjusted and adjusted analyses. The association became even
stronger when only patients with low sNfL were analyzed.
‘When the sGFAP was analyzed using quintiles, a dose-response
relationship was observed, showing that increasing sGFAP in-
creased the likelihood of 6mCDP (Table 4). We confirmed
these findings also when excluding patients who did not have
an available visit before EDSS score >3 (data not shown).
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Neurology: Neuroimmunology & Neuroinflammation

Association of sNfL and sGFAP With 6mCDP in

Active and Nonactive Progressive MS

We explored the prognostic value of sGFAP for 6mCDP sep-
arately for active and nonactive patients (Table S). sSGFAP was
prognostic for 6mCDP in those patients who were defined as
nonactive by the absence of disease activity in the 2 years prior
and/ or after the sample, but was not prognostic for 6mCPD in
those patients who were defined as active. This was consistent
across all 4 definitions of disease activity.

We also performed these analyzes for sNfL (Table S). sNfL
was not associated with the risk of future 6mCDP in either
active or nonactive patients.

Discussion

Disability progression in MS is commonly recognized as the
disability worsening occurring in patients with progressive
MS" or in the absence of relapse activity.® This process begins

| Volume 10, Number 1 | January 2023
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Table 5 Association Between Baseline sNfL and sGFAP With 6-Month Confirmed EDSS Progression in Active and
Nonactive Patients

sNfL sGFAP

Active Nonactive Active Nonactive

Adjusted HR (95% CI); p Adjusted HR (95% CI); p

Activity definitions

Definition 1 (n active = 89, 34.6%; nonactive = 168)  1.40 (0.82-2.41); 0.217 0.96 (0.67-1.37); 0.830 1.73(0.9-3.31); 0.099  1.62 (1.04-2.53); 0.033

Definition 2 (n active = 86, 33.5%; nonactive =171) 1.16(0.78-1.73); 0.468 0.96 (0.60-1.54); 0.875 1.94(0.9-4.18); 0.093  1.62 (1.08-2.43); 0.020

Definition 3 (n active = 131, 51.0%; nonactive = 126) 1.06 (0.74-1.5); 0.751  1.01 (0.59-1.74); 0.959 1.47 (0.77-2.81); 0.249 1.78 (1.17-2.7); 0.007

Definition 4 (n active = 167, 65.0%; nonactive =90) 1.11(0.8-1.54); 0.517  0.90 (0.49-1.64); 0.727 1.47 (0.85-2.52); 0.166 1.72(1.09-2.7); 0.019

Abbreviations: EDSS = Expanded Disability Status Scale; HR = hazard ratio; SGFAP = serum glial fibrillary acidic protein; sNfL = serum neurofilament light chain.
The risk of 6-month confirmed disability progression was evaluated by Cox regression models. Analyses were performed in only active or only nonactive
patients as defined by each definition. Definition 1: disease activity (relapse or MRI activity) in the 2 years after the baseline visit. Definition 2: relapse in the 2
years before the baseline visit. Definition 3: disease activity (relapse or MRI activity) in the 2 years before the baseline visit. Definition 4: disease activity
(relapse or MRl activity) in the 2 years prior or after the baseline visit. The model was fit with biomarkers adjusting for age, sex, EDSS score, treatment type, and
presence of relapse within 90 days of the sample. Estimates are presented as hazard ratio and 95% Cl from the Cox regression model. Significant p values are

shown in bold.

early on in the disease and is not halted by current thera-
peutics.*’ The ability to accurately identify nonactive pro-
gressive patients is crucial to observational and therapeutic
studies focused on identifying effective treatments for pro-
gressive MS. A biological measure of progressive MS can
enable us to define a patient based on their degree of pro-
gressive pathology rather than being or not being progressive
MS. Neurodegeneration and astrocytic activation are patho-
logic hallmarks of progressive MS'* and can be estimated by
sNfL and sGFAP levels.'” We here investigated 257 patients
with MS at high risk of having an underlying progressive
pathology and classified them based on EDSS progression and
activity status. We provide evidence that levels of sGFAP and
sNfL qualify as biomarkers for stratifying patients with MS at
high risk of progressive MS pathology.

The moderate correlation between sGFAP and sNfL sug-
gested that biomarkers of neurodegeneration and astrocytic
activation can provide us with complementary information.
This is further supported by the fact that sGFAP was associ-
ated with MS disease duration, whereas sNfLL was associated
only with aging that is per se not specific to disease.

The levels of sGFAP, but not sNfL, were higher in female than
male patients. A previous study focused on patients with
primary progressive MS showed a similar difference despite a
limited sample size (18 males and 7 females).** However,
studies that did not focus on patients with progressive MS did
not find different GFAP levels between sexes in either blood
or CSE***? or found GFAP to be increased in males.*> Hence,
GFAP levels and the associated astrocytic pathology appear to
be higher in females than males at the progressive MS stage,
whereas there is no clear difference at earlier MS stages. This
might be related to hormonal changes associated with aging
and their effect on the pathology of MS.** This introduces the
idea that the interpretation of sGFAP will require age- and

Neurology: Neuroimmunology & Neuroinflammation
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sex-adjusted reference ranges similarly to how sNfL requires

. 20,2345
age-adjusted reference ranges.” >

In our cohort, treated patients did not have lower sNfL levels
than untreated patients as previously shown in randomized
controlled settings.u’46 In this not randomized controlled
setting, there are different factors that need to be considered
when interpreting the relationship between sNfL levels and
treatment: (1) our patients with an average of 15 years of
disease duration are usually treated except if their disease has a
mild activity that corresponds per se to lower sNfL levels;
hence, there is a nonrandom assignment of treatment and a
selection bias; and (2) we evaluated a patient population that
is at an advanced disease stage when treatments are the least
effective and have therefore the least potential for decreasing
sNIL levels.

We investigated how sGFAP and sNfL relate to clinical mea-
sures and whether they could improve the discrimination be-
tween patients with active and nonactive progressive MS. At
baseline, the levels of SGFAP were not altered by the presence
of either clinical or MRI acute disease activity that is opposite
from what we showed here and was known for sNfL."**
Moreover, consistently with previous findings, both biomarkers
were positively associated with the EDSS score,”****

The Food and Drug Administration (FDA) has adopted a
classification that divides patients with progressive MS into
active and nonactive based on the presence or absence of
clinical disease activity in the prior 2 years.* Consequently,
treatments targeting progressive MS are evaluated separately
for their efficacy in active and nonactive patients. This resul-
ted, for example, in the approval of siponimod for patients
with active secondary progressive MS but not for patients with
nonactive secondary progressive MS.>® Importantly, the pa-
tients who so far profited the least from MS treatments are the
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patients with nonactive progressive MS. In contrast, patients
with active secondary progressive MS benefit the most from
anti-inflammatory disease-modifying treatments."?

Considering the differential profile of sGFAP and sNfL in
relation to clinical measures, we explored whether their use
could help in stratifying patients by their progression and
activity status. Indeed, baseline sNfL, but not sGFAP, was
elevated in patients with active MS defined by the presence of
clinical or focal MRI activity at follow-up. In addition, sNfL
was higher in patients who developed a relapse in the 2 years
before baseline. Notably, relapse activity in the 2 years before
baseline was the definition of activity used by the FDA in the
EXPAND clinical trial where the efficacy of siponimod was
evaluated in patients with secondary progressive MS.'> We
here showed that the potential of sNfL is not limited in ret-
rospectively identifying patients who were active before study
inclusion—similarly to the clinical definition used in
EXPAND—but could also predict the future development of
disease activity and hence the future development of active
progressive MS. Clinical trials and clinical research studies on
nonactive progressive MS could improve their enrollment
accuracy by screening patients based on their sNfL levels.
Conversely, the presence of increased sNfL levels may allow
for the identification of patients who could benefit from the
currently available treatments.

Notably, despite the finding that both sGFAP and sNfL were
associated with current EDSS score, only sGFAP was prog-
nostic for future CDP. Moreover, the levels of sGFAP showed
the highest prognostic value in patients with low sNfL, hence
patients with the least inflammatory activity. The information
conveyed by sNfL is comprehensive of the whole CNS'® and
is potentially a more sensitive measure of inflammatory ac-
tivity than the recording of clinical relapses or annual brain
MRI scans.**" Nevertheless, it was of practical utility to
understand how low NfL translated to clinical definitions of
nonactive patients. Thus, we additionally explored whether
sGFAP performs better in patients who were clinically non-
active. Consistently with the findings in low NfL patients,
sGFAP was prognostic for 6mCDP in patients who by the
definition of the FDA are to be defined as nonactive pro-
gressive MS and was not prognostic in patients who are to be
defined as active progressive MS. This supports our hypoth-
esis that sSGFAP becomes a relevant biomarker at an advanced
stage of progression where CNS compartmentalized pro-
cesses are driving the pathology.®

The lack of prognostic value of sNfL for disability progression is
consistent with references 27, 52, and 53, but differs from other
studies where sNfL was prognostic for future disability.”>*>* This
discrepancy may be explained by the differences in the MS pop-
ulations studied. We focused on patients with MS at high risk of an
underlying progressive pathology, whereas the findings of other
studies>®>** resulted from populations of almost entirely patients
with relapsing-remitting MS(81%,”° 73%, 85%,** and 75%°).
Complementary to our findings, a study showed that sNfL failed
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to predict future disability worsening independent from relapse in
28 patients with relapsing-remitting MS whose inflammatory ac-
tivity was suppressed by high-efficacy treatment.>® A recent study
that leveraged 2 randomized control trials of patients with pro-
gressive MS showed that despite the high number of patients and
the excellent data sets, the association between NfL and risk of
disability progression was limited in magnitude, inconsistently
found in either the placebo or the treated arms and present only in
patients with clinical relapses.>* Coherently, our data support the
idea that sNfL is an excellent biomarker of focal inflammatory
activity but lacks the ability to reflect the pathology that drives
disease progression. This biological limitation may have also
influenced the interpretation of the sNfL analyzes of the phase 2
trial of ibudilast in patients with secondary progressive MS™® and
should be considered in ongoing trials of progressive MS treat-
ments. On the positive side, sGFAP stood out by being unaffected
by acute disease activity and by its ability to be a marker of disease
progression. Notably, sGFAP had prognostic value in those pa-
tients with progressive MS who were clinically and biologically (by
low sNfL) nonactive. Our finding was further corroborated by the
gradual increase in the risk of future progression with increasing
SGFAP concentration—from one quintile to next quintile.

Our study had limitations. Not all our patients were included
at an EDSS score of 3, but some were at a more advanced
EDSS score. We addressed this potential confounder by
adjusting for baseline EDSS score in the analyses and by
performing an additional analysis on the risk of future
6mCDP with only patients who we knew had just reached
EDSS score >3. There were differences in follow-up dura-
tion; however, we mitigated this factor by using a time-to-
event analysis for predicting 6mCDP. A strength of our
study is the use of a real-world cohort in a standard clinical
setting. This supports the potential for clinical translation in
a routine setting of sNfL and sGFAP.

The identification of patients with nonactive progressive MS
based solely on a clinical phenotype creates an artificial con-
struct disconnected from the underlying continuum of path-
ologic changes responsible for MS. The use of sNfL and
sGFAP has the potential to assess a patient-specific degree of
progression, instead of categorizing patients into progressive
MS or not, supporting a precision medicine approach for
MS.*® Thus, sNfL and sGFAP qualify as useful biomarkers for
the enrollment of patients with nonactive progressive MS in
studies dedicated to stop disease progression.
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