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Results: Serum NfL levels were higher than those of healthy controls (p<0.001) in SS
patients and in both subgroups of patients in relapse and in remission (p <0.001 for both),
with significantly higher levels in relapse than in remission (p=0.008). sNfL levels showed
a negative correlation with time from the last relapse (r=-0.663; p=0.001). sGFAP levels
were slightly higher in the whole group of patients than in healthy controls (p =0.046) and
were more pronounced in relapse than in remission (p=0.013).

Conclusion: In SS patients, both sSNFL and sGFAP levels increased compared with healthy
controls. Both biomarkers had higher levels during clinical relapse and much lower levels

in remission. sSNFL was shown to be time sensitive to clinical changes and can be useful to

KEYWORDS

INTRODUCTION

Susac syndrome (SS) is a neurological condition, characterized by
encephalopathy, branch retinal artery occlusions and hearing loss
[1]. Although the disease is considered rare, its real prevalence is
unknown, most probably due to the fact that it is often underdiag-
nosed or misdiagnosed [1]. The clinical presentation of SS is variable
and involves the central nervous system (CNS), with headache [1],
progressive cognitive impairment [2], encephalopathy, unilateral or
bilateral visual disturbances [3], sensorineural hearing loss [4] and
other neurological symptoms including ataxia, aphasia, motor and
sensory deficits [5]. The disease may have a severe course with se-
rious long-term clinical outcomes which include bilateral visual and
hearing loss and cognitive impairment associated with significant
brain atrophy. The vast majority of SS patients experience relapses
followed by periods of remission [6]. Unfortunately, the treatment
guidance in SSis still expert-opinion based and mainly consists of im-
munosuppressive treatments due to its putative autoimmune aetiol-
ogy [7]. In this context, biomarkers that can help assess and monitor
disease evolution are highly needed for the adequate management
of patients with this disorder.

Neurofilament light chain (NfL) and glial fibrillary acidic protein
(GFAP) represent two promising neuronal and glial degeneration
biomarkers. Indeed, the recent development of ultrasensitive digital
immunoassays has enabled reliable measurements of these CNS-
relevant biomarkers in serum, where they were not previously de-
tectable [8, 9]. Increased cerebrospinal fluid (CSF) and serum levels
of NfL have been repeatedly associated with CNS damage in several
different neurological conditions [9] and, due to its high specificity,
it has been considered a distinctive marker of neuro-axonal damage.
Thus, NfL serum levels have been used to assess and monitor neuro-
nal damage in many neurological disorders such as multiple sclerosis,
Alzheimer's disease and amyotrophic lateral sclerosis [10]. On the
other hand, GFAP is an intermediate filament highly expressed in
astrocytes [11] and its serum levels have been increasingly used as a
reliable biomarker of astrocytic activation and damage, with an ever-
growing body of evidence supporting its use to detect even subtle
injuries to the CNS [12].

monitor neuro-axonal damage in SS.

biomarkers, inflammation, neuro-ophthalmology, neuro-otology

Despite their potential usefulness as biomarkers of CNS damage
in a complex and severe disease such as SS, to the best of our knowl-
edge no data are currently available regarding changes in NfL and
GFAP levels in patients with this disease. The aim here is therefore
to evaluate the serum NfL (sNfL) and serum GFAP (sGFAP) levels in
patients with SS and assess their clinical relevance in the relapse and

remission phase of this rare neurological condition.

MATERIALS AND METHODS

This cross-sectional international multicentre cohort study en-
rolled patients diagnosed with SS between May 2014 and July 2022
from six centres—Fondazione Policlinico Universitario A. Gemelli
(Rome, Italy), Brugmann University Hospital (Brussels, Belgium),
Helsinki University Hospital (Helsinki, Finland), Massachusetts
General Hospital, Harvard Medical School (Boston, MA, USA),
Uppsala University (Uppsala, Sweden), Fleni Institute (Buenos Aires,
Argentina). The study was approved by the Ethics Committee of the
Fondazione Policlinico A. Gemelli of Rome (ID601) and the local eth-
ics committees of the participating centres.

The inclusion criteria of patients were (1) a definite diagnosis of
SS; (2) being older than 18years; and (3) the ability to give written
informed consent. The diagnosis of SS was performed following the
2016 European Susac Consortium diagnostic criteria [13]. Thirteen
patients were enrolled before the publication of the diagnostic cri-
teria defined by the European Susac Consortium in 2016. All their
medical records were carefully reviewed to confirm they all met the
criteria [14]. The exclusion criteria were (1) other neurological dis-
orders (e.g., previous stroke, multiple sclerosis, Parkinson's disease,
neuropathies) and (2) severe comorbidities, including type 2 diabe-
tes, cardiovascular disease, psychiatric, infectious, neoplastic and
autoimmune diseases.

Individual clinical and paraclinical data were collected, including
age, sex, age at onset, body mass index (BMI), disease duration at
blood withdrawal, initial and subsequent clinical features, numbers
of exacerbations, and treatment during the disease course. All pa-
tients had an ophthalmological workup including retinal fluorescein
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angiography and inner ear examination. Vestibulocochlear involve-
ment was defined as new tinnitus and/or sensorineural hearing loss,
supported by an audiogram, and/or peripheral vertigo, supported by
specific diagnostics. Brain involvement was documented by stan-
dardized neurological clinical examination and typical findings on in-
tracranial magnetic resonance imaging, performed in 21/22 patients.
CSF analysis was performed in 18/22 patients to exclude other diag-
noses. SS patients were defined as relapsing if they presented with
an acute worsening of existing symptoms, or new symptoms after
30days of improvement or stable disease, and no evidence of any
alternative explanation. The symptoms should have persisted for at
least 24 h and should not be preceded or concurrent with infections
or fever. Relapses were always confirmed by neurological examina-
tion and/or retinal fluorescein angiography. Patients were consid-
ered to be in remission after at least 3months since the last relapse.
Serum samples of SS patients were obtained at outpatient or inpa-
tient clinical assessments. sNfL and sGFAP values of three patients,
who had been previously evaluated during acute relapse, were then
re-evaluated also in remission after a variable time interval.

Finally, serum samples from age- and sex-matched healthy con-
trols (HCs) were collected by the University of Siena. They had no
history of autoimmune, psychiatric or neurological diseases. Serum
aliquots of SS patients and HCs were stored at —~80°C until analysis.

Serum NfL and sGFAP single molecular array
(SimoaTM) assay

Serum NfL and sGFAP concentrations were measured using
SimoaTM assay Neurology 2-Plex B (GFAP, NfL) Assay Kit (Catalog
#103520; Quanterix) run on the semi-automated ultrasensitive SR-X
Biomarker Detection System (Quanterix). Samples were diluted at
1:4 and randomly distributed on 96-well plates. Quality control sam-
ples provided with the kit had concentrations within the predefined
range and the coefficient of variance across the plates was <10%.
All samples were analysed blindly under alpha-numeric codes. The
diagnostic codes were broken only after quality-control-verified NfL

and GFAP concentrations were reported to the database manager.

Statistical analysis

Data were summarized as number of patients (percentage/fre-
quency) and median (25th-75th percentiles). Group differences for
normally distributed data were assessed using analysis of variance.
Quantitative data were compared with the Fisher exact test. The
Kolmogorov-Smirnov test was performed for the demonstration of
normal distribution. sSNFL and sGFAP values were skewed; therefore
sGFAP and sNfL levels were log 10 transformed. Analysis of covari-
ance was performed by analysing log 10sNfL and sGFAP levels as
dependent variables, groups (SS patients and HCs; relapsing SS, SS
patients in remission and HCs) as fixed variables, and age and BMl as
covariates, to examine differences between sNfL and sGFAP levels
between the groups. The importance of BMI and age, particularly
when analysing sNfL concentrations, has been highlighted [14].

A value of p<0.05 was considered statistically significant.
Analysis results and graphs were generated with SPSS statistics
(IBM SPSS V.26).

RESULTS

Blood samples of the 22 SS patients and the 59 HCs were collected
and sNfL and sGFAP were assessed at the laboratory of the Centre
of Precision and Translation Medicine, University of Siena, Italy.
Demographic and clinical features of patients and HCs are summa-
rized in Table 1.

The median age of HCs was 33 years (25th-75th percentiles, 28-
52) and 37% were male. The median age of patients with SS was
35years (25th-75th percentiles, 25.5-44; p=0.19) and 27% were
male. Age, gender and BMI did not significantly differ between
relapsing patients and patients in remission with SS (relapsing SS,
30years [25th-75th percentiles 19.5-37], 22% were male, BMI
23.5kg/m? [25th-75th percentiles 20.25-25.5]; SS patients in re-
mission, 37 years [25th-75th percentiles 32.5-47.5], 31% were male,
BMI 25 kg/m? [25th-75th percentiles 22.5-26]) (Table 1). There was
no statistical significance amongst relapsing SS patients, SS patients

in remission and HCs in terms of sex and age. At the time of blood

TABLE 1 Demographic and clinical features of healthy controls (HCs), and patients with Susac syndrome (SS) in relapse and in remission

included in the study.

HCs SS patients in relapse SS patients in remission p value
Number 59 9 13
Sex (male %) 37% 25% 30% NS
Age (years) (median, 25th-75th percentiles) 33, 28-52 30, 19.5-37 37,32.5-47.5 NS
Percentage of patients with classic clinical N/A 33% 31% NS
triad at blood withdrawal
Disease duration (median, 25th-75th N/A 2,0.75-35.5 41, 30-67 NS
percentiles)
Number of relapses from the clinical onset N/A 2,1-4 3,3-8.5 NS

(median, 25th-75th percentiles)

Abbreviations: HCs, healthy controls; N/A, not applicable; NS, not significant; SS, Susac syndrome.
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withdrawal, nine patients were experiencing a relapse of the disease,
whilst 13 patients were in remission. Table 2 reports the detailed
demographic features, sNfL and sGFAP values, and relapse/remis-
sion status of all SS patients. The detailed clinical features and drug
treatments of all SS patients are summarized in Table 3.

Serum NfL and sGFAP levels in SS patients and HCs

Age- and BMI-corrected log 10sNfL levels were almost twice as high
in SS patients (median log 10sNfL 1.46, 25th-75th percentiles 1.18-
2.79) compared to HCs (median log 10sNfL 0.81, 25th-75th percen-
tiles 0.69-0.91; p <0.001). Age- and BMI-corrected sGFAP levels were
slightly increased in patients with SS (median log 10sGFAP 1.85, 25th-
75th percentiles 1.69-2.18) compared to HCs (median log 10sGFAP
1.76, 25th-75th percentiles 1.54-1.89; p=0.046; Figure 1).

Serum NfL and sGFAP levels in patients with SS
grouped for disease activity

When our cohort of SS patients was grouped for disease activity as re-
lapsing patients or patients in remission, higher levels of both age- and

BMI-corrected sNfL and sGFAP were found in relapse than in remis-
sion (relapsing SS, median log 10sNfL 2.87, 25th-75th percentiles 2.03-
3.22; SS patients in remission, median log10sNfL 1.25, 25th-75th
percentiles 1.03-1.46; p=0.008; relapsing SS, median log10sGFAP
2.16, 25th-75th percentiles 1.85-2.34; SS patients in remission, me-
dian log 10sGFAP 1.79, 25th-75th percentiles 1.65-1.89; p=0.013).
Compared to HCs, SS patients showed increased age- and BMI-
corrected sNfL levels in both relapse and remission (p<0.001 for
both). In contrast, age- and BMI-corrected sGFAP levels were higher
than those of HCs only in relapsing SS patients (p=0.001; Figure 2).
Interestingly, in three patients who were previously studied
during relapse, sNfL and sGFAP levels were evaluated also in remis-
sion (see Table 2) and a clear reduction (range 38%-100%) was doc-

umented in all cases.

Association of sNfL and sGFAP levels in patients with
clinical features of SS patients

Log 10sNfL levels showed a negative correlation with time from the
last relapse (r=-0.663; p=0.001; Figure 3). This correlation was not
for sGFAP levels. Finally, no correlations were found between sNfL
or sGFAP levels and disease duration.

TABLE 2 Detailed demographic features, sSNfL and sGFAP values, and relapse/remission status of all Susac patients.

sGFAP sNfL Follow-up sGFAP Follow-up sNFL Relapse versus

Patient Origin Sex (pg/mL) (pg/mL) (pg/mL, months) (pg/mL, months) remission
Patient 1 Italy F 186.09 2064.94 Relapse
Patient 2 Belgium F 40.07 20.40 Remission
Patient 3 Belgium F 18.89 14.53 Remission
Patient 4 Italy M 49.03 10.69 Remission
Patient 5 Italy F 82.53 125.07 Remission
Patient 6 USA M 69.77 22.01 Remission
Patient 7 USA F 98.34 28.97 Remission
Patient 8 Italy F 245.04 742.61 71.68, 26 7.12,26 Relapse
Patient 9 USA M 73.05 15.38 Remission
Patient 10 Argentina M 101.84 584.70 Relapse
Patient 11 Argentina F 192.34 2018.20 Relapse
Patient 12 Argentina F 86.93 17.09 Relapse
Patient 13 Argentina F 143.45 993.60 Relapse
Patient 14 Argentina F 57.26 208.01 Relapse
Patient 15 Finland M 57.93 42.21 Remission
Patient 16 Finland F 66.93 10.56 Remission
Patient 17 Finland F 6.23 5.74 Remission
Patient 18 Finland F 49.05 7.46 Remission
Patient 19 Italy M 399.88 1416.20 34.8,44 6.95,44 Relapse
Patient 20 Italy F 49.03 53.94 77.68, 6 33.54,6 Relapse
Patient 21 Sweden F 240.02 28.06 Remission
Patient 22 Sweden F 61.33 17.80 Remission

Abbreviations: F, female; M, male; sGFAP, serum glial fibrillary acidic protein; sNfL, serum level of neurofilament light chain.
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FIGURE 1 Log10sNfL andlog10sGFAP values in healthy controls and patients with Susac syndrome. Log 10 serum levels of
neurofilament light chain (sNfL) values (a), log 10 serum glial fibrillary acidic protein (sGFAP) values (b) in healthy controls (HCs) and patients
with Susac syndrome (SS). Box plots express the first (Q1) and third (Q3) quartiles by the upper and lower horizontal lines in a rectangular
box, in which there is a horizontal line showing the median. The whiskers extend upwards and downwards to the highest or lowest
observation within the upper (Q3+1.5xIQR) and lower (Q1-1.5xIQR) limits. p values indicate statistical significance between the different
groups. IQR, interquartile range.
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FIGURE 2 Log10sNfL and log10sGFAP values in healthy controls and in patients in remission and relapse with Susac syndrome. Log 10
serum levels of neurofilament light chain (sNfL) values (a), log 10 serum glial fibrillary acidic protein (sGFAP) values (b) in healthy controls
(HCs) and in patients with Susac syndrome (SS) in relapse and in remission. Box plots express the first (Q1) and third (Q3) quartiles by the
upper and lower horizontal lines in a rectangular box, in which there is a horizontal line showing the median. The whiskers extend upwards
and downwards to the highest or lowest observation within the upper (Q3+1.5x1QR) and lower (Q1-1.5xIQR) limits. p values indicate
statistical significance between the different groups. IQR, interquartile range.

DISCUSSION Interestingly, subgroup analyses showed that both sNfL and sGFAP

levels were higher in relapsing patients than in SS patients in remis-
In this cross-sectional cohort study, increased levels of sNfL sion, suggesting the clinical relevance of these biomarkers of neuro-
and sGFAP were found in SS patients in comparison with HCs. axonal damage and astrocytic activation in SS.

85U8017 SUOWILLIOD BA11E81D) 8|qeot [dde aup Aq peueob aJe Ss(oNe YO ‘8s Jo se|n. Joj Afeid ) 8UlUO /8|1 UO (SUONIPUOD-PUe-SWLBI W00 A8 |1 Afe.d jeuljuo//SAny) SUORIPUOD PUe Swie | 81 8es " [7202/20/T0] Uo Ariqi]auliuo A8|im ‘eunusbiveueyood Aq 6£65T9US/TTTT OT/I0P/W0o" A |IM Aselqpul|uo//Sdny Wwoj pepeojumoq ‘0T ‘€202 ‘TEETSIYT



SERUM NfL AND GFAP IN SUSAC SYNDROME

3263

3,50
3,00
2,50

2,00

Log10sNfL

1,50
1,00

,50

0,00 T T T T T T 1
0,00 10,00 20,00 30,00 40,00 50,00 60,00 70,00

Months

FIGURE 3 Correlation between log 10sNfL levels with the

time between blood draw and the last relapse in patients with
Susac syndrome. Correlation between log 10 serum levels of
neurofilament light chain (sNfL) levels with the time between

blood draw and the last relapse (in months) in patients with Susac
syndrome. p and r values obtained by the Spearman correlation test
are indicated.

Susac syndrome (SS) is considered an organ-specific immune-
mediated endotheliopathy [1]. The limited available histopatho-
logical evidence demonstrates vascular changes characterized by
endothelial necrosis, capillary wall thickening, endothelial swell-
ing and collagen deposition [15-18]. The immune response seen
in histopathological specimens of SS patients is usually limited
and remains to be confirmed; therefore SS has been referred to as
‘pauci-inflammatory angiopathy’ [19]. Other studies support the role
of cytotoxic CD8+ T cells in the pathogenesis of SS, adhering to the
microvasculature within the CNS, promoting the apoptosis of the
endothelial cells and the focal damage of the blood-brain barrier
[18, 20]. The final result of this immune-mediated damage of the mi-
crovasculature of the brain, retina and inner ear is vessel occlusion
with microinfarcts and atrophy diffusely distributed throughout the
white and grey matter of the CNS [6, 15, 18, 20].

Overall, the patterns of the relative increase in sGFAP and
sNfL levels in the acute stage found here in SS patients seem dis-
tinctive compared to other diseases. Specifically, in our cohort of
relapsing SS patients, the levels of sNfL tended to be very high
with a modest increase in sGFAP. This can be due to more prom-
inent neuro-axonal damage and a minor astrocytic involvement
occurring in SS and is very different, for example, to the pattern
seen in neuromyelitis optica spectrum disease (NMOSD) patients
[21] where the large elevation of sGFAP levels during relapses is
consistent with the pathogenic mechanism of primary astrocy-
topathy [22]. Furthermore, our SS patients' sNfL values are much
higher than those reported for multiple sclerosis patients [14] and
aquaporin-4 1gG+ NMOSD [23-25], which may represent an im-
portant clue towards the prominent neuro-axonal degeneration
that occurs in SS. In contrast, levels of sGFAP were comparable
between SS patients in remission and HCs. This is similar to what
has already been shown both in aquaporin-4 IgG+NMOSD [26]
and in cerebral small vessel disease [27].

Finally, a negative correlation was found between sNfL levels
and the time from the last relapse. These time-sensitive changes in
sNfL levels are similar to those reported in multiple sclerosis, where
sNfL levels appear to remain elevated for up to 3months and then
decrease [28], and to stroke where sNfL levels show a peak at the
third week and then decrease [29].

A relatively large cohort was studied here for such a rare dis-
ease, which allowed for the first time an assessment of the clinical
relevance of blood biomarkers in SS. However, our study is not with-
out limitations. The main limitation lies in the cross-sectional and
retrospective design of the study with limited clinical follow-up in-
formation. Moreover, it was not possible here to analyse NfL and
GFAP levels in the CSF, which would have lent support to our serum
findings.

In summary, it was found that sNfL and, to a lesser extent, sGFAP
may be reliable and clinically relevant biomarkers of neuro-axonal
damage and astrocytic activation. Larger and longitudinal studies
are needed to validate our findings and establish whether sNfL and
sGFAP are reliable biomarkers for monitoring patients with SS in the

clinical setting.
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