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Introduction

Abstract

Objective: To compare serum levels of the astrocyte biomarker glial fibrillary
acidic protein (GFAP) in patients with amyotrophic lateral sclerosis (ALS) and
neurologically healthy controls and to analyze the relations between serum
GFAP (sGFAP) and phenotype in ALS. Methods: We studied 114 ALS patients
and 38 controls. sSGFAP was quantified with single molecule array (Simoa) tech-
nology. Results: In both ALS patients and controls, sGFAP moderately corre-
lated with age. ALS patients had higher sGFAP levels compared to controls, but
this yielded a weak discriminative performance (AUC = 0.6198). In ALS,
sGFAP was not associated with most of the motor phenotypic features, includ-
ing site of onset, functional status, disease progression rate, disease stage, and
indices of upper (UMN) and lower motor neuron (LMN) impairment. How-
ever, SGFAP negatively correlated with cognitive scores regarding ALS-
nonspecific functions, particularly memory (r = —0.2082) and tended to be
higher in ALS patients with eye movement abnormalities (p = 0.0628). sGFAP
also correlated with polysomnographic indices of oxygen desaturation (ODI;
r = 0.2639) and apnea-hypopnea (AHI; r = 0.2858). In a multivariate analysis,
sGFAP was negatively associated with survival (HR = 1.005). Relevantly, we
found a negative correlation between sGFAP and estimated glomerular filtration
rate (eGFR; r = —0.3500). Interpretation: Our work provides neurochemical
evidence of astrocyte involvement in ALS pathophysiology and particularly in
the development of extra-motor manifestations (namely, cognitive — memory —
impairment) and respiratory dysfunction. The negative correlation between
sGFAP and eGFR has practical relevance and should not be disregarded in
future investigations.

While the majority of ALS cases are sporadic (sporadic
ALS, sALS), up to 10-15% show a family history (familial

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disorder selectively affecting upper motor neurons
(UMN ) of the cerebral cortex and lower motor neurons
(LMNs) of the brainstem and spinal cord and causing
progressive paralysis of voluntary muscles. There is no
effective cure and death occurs after a median time of 3—
5 years from onset, usually due to respiratory failure.'

ALS, fALS), in most instances in the presence of a domi-
nantly inherited mutation in one of >30 genes, the four
main ones being C9orf72, SOD1, TARDBP, and FUS.?
Notably, almost 50% of ALS cases display cognitive or
behavioral alterations of frontal type, with up to 15% ful-
filling the criteria for a diagnosis of behavioral-variant
frontotemporal dementia (bvFTD). Indeed, the two
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entities also share genetic and neuropathological aspects,
thus belonging to the same clinicopathological spectrum,
i.e. the so-called TDP-43 proteinopathies.’

Although the diagnosis of ALS is mainly clinical, it
may be supported by neurochemical biomarkers. These
latter also have the potential additional functions of help-
ing predict disease course, and, in the setting of therapeu-
tic trials, of stratifying patients, verifying target
engagement, and measuring treatment effect. To date,
the only established neurochemical biomarkers for ALS —
except for specific genetic forms — are neurofilaments,
whose levels in the cerebrospinal fluid (CSF) are increased
as a consequence of their release from degenerating motor
neuron (MN) axons. Importantly, thanks to recently
developed highly sensitive technologies —mainly the single
molecule array (Simoa) platform—, neurofilaments can
now be quantified also in peripheral blood, where they
are present at much lower concentrations.’” However,
there is an urgent need for further neurochemical
biomarkers reflecting other pathophysiological mecha-
nisms in ALS, as they would allow advancements in the
development of targeted treatments. One such mechanism
is astrocyte activation. Astrocytes are the most numerous
glial cells of the central nervous system (CNS) and have
several supporting functions related to fluid and ion
homeostasis, energy metabolism, synapse activity, and
blood brain barrier (BBB) integrity.® In ALS, astrocytosis
occurs in both the cerebral cortex and the spinal cord,”®
and astrocytes are involved in the non-cell-autonomous
process leading to MN degeneration, as exemplified by
the toxicity exerted by astrocytes derived from ALS
patients on healthy MNs in vitro.” A specific neurochemi-
cal biomarker of astrocyte activation — and/or damage —
is the 432-amino-acid-long intermediate filament glial fib-
rillary acidic protein (GFAP), the most abundant
cytoskeletal protein of this cell type.'” Similarly to neuro-
filaments, current highly sensitive technologies enable to
measure GFAP also in peripheral blood,'' where, for
instance, it may support diagnosis and prognosis of trau-
matic brain injury (TBI)'* and shows promise as an early
biomarker for Alzheimer’s disease (AD), being increased
in amyloid-positive individuals also before the onset of
cognitive impairment.”” The study of GFAP as an ALS
biomarker is still limited. An early finding of slightly
increased CSF GFAP levels compared to neurological con-
trols'* was not confirmed by a later investigation mainly
focusing on genetic cases.'” However, a recent study mea-
sured serum GFAP with Simoa in a large ALS cohort and
found higher levels in ALS patients with cognitive and/or
behavioral impairment or full-blown frontotemporal
dementia (FTD) compared to those with purely motor
disease; moreover, serum GFAP weakly correlated with an
UMN score and disease progression rate (DPR) and, in

Serum GFAP in ALS Patients

univariate analysis, was negatively associated with sur-
vival.'®

In our work, we measured serum levels of GFAP with
Simoa in a large, deeply phenotyped cohort of ALS
patients and in neurologically healthy controls with the
aims of: (1) testing whether serum GFAP is increased in
ALS; (2) investigating possible associations between the
biomarker and disease features.

Methods

ALS patients and controls

We investigated N = 114 patients with ALS who were
diagnosed at the Department of Neurology of IRCCS
Istituto Auxologico Italiano, Milan, between 2015 and
2022 and whose serum samples were collected in our
biobank. We also included N = 38 neurologically
healthy controls whose sera had been sampled in 2020-
2021. The diagnosis of ALS was made according to the
revised El Escorial criteria.'"” Blood sampling occurred at
the same time of clinical evaluation, which in the large
majority of cases coincided with the diagnosis. In addi-
tion to basic demographic and clinical data (sex; age at
evaluation; presence or absence of ALS family history,
i.e. fALS vs. sALS; age at onset; site of onset, i.e. bulbar
vs. spinal), patients were subdivided according to ALS
motor phenotype into the following categories: classic,
bulbar, respiratory, UMN-predominant (UMN-p), pri-
mary lateral sclerosis (PLS), flail arm syndrome, flail leg
syndrome, and progressive muscular atrophy (PMA).'®
In order to enable further comparisons, the abovemen-
tioned individual motor phenotypes were also collected
in the three main groups UMN/LMN (classic, bulbar,
and respiratory), UMN (UMN-p and PLS), and LMN
(flail arm/leg and PMA). Quantification of the revised
version of the ALS Functional Rating Scale (ALSFRS-
R)" allowed calculation of the DPR, according to the
following formula: (48 — ALSFRS-R score at clinical
evaluation)/months elapsed between symptom onset and
20" A composite score of muscle strength was
calculated as the sum of the points of the following
muscle groups/actions according to the Medical Research
Council (MRC) scale, with a total range from 0 to 60:
shoulder abduction, elbow flexion, wrist extension, thigh
flexion, leg extension, and foot dorsiflexion.?! In addi-
tion to the Penn UMN score,22 a LMN score was quan-
tified as proposed by Devine et al.>* with a modification
consisting in adding one point each for LMN signs in
the bulbar and thoracic regions.”* Clinical measures of
UMN and LMN dysfunction were complemented by
parameters derived from neurophysiological investiga-
tions —needle electromyography (EMG) and transcranial

evaluation.
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magnetic stimulation (TMS)—, namely semiquantitative
indices of active and chronic limb denervation, central
motor conduction time and cortical silent period. Dis-
ease stage was defined according to both King’s” and
Milano-Torino Staging (MiTo0S)*® systems. Eye move-
ment abnormalities were investigated and categorized as
previously described.”’”

Patients also underwent neuropsychological evaluation.
The cognitive and behavioral status was assessed in all
patients with the Edinburgh Cognitive and Behavioral
ALS Screen (ECAS).*® In addition to scores for the five
cognitive domains of executive functions, verbal fluency,
language, memory, and visuospatial functions, composite
ALS-specific (i.e. executive + verbal fluency + language)
and ALS-nonspecific (i.e. memory + visuospatial) sub-
scores were computed. The ECAS enabled classification
of ALS patients into the following 4 categories according
to the criteria of Strong et al.: purely motor ALS, ALS
with cognitive impairment (ALSci), ALS with behavioral
impairment (ALSbi), and ALS with cognitive and behav-
ioral impairment (ALScbi).”” For the diagnosis of
bvFTD, the criteria of Rascovsky et al. were used.”® Glo-
bal cognition was also evaluated with the Montreal Cog-
nitive Assessment (MoCA),”' while disturbances of
frontal type were investigated with the Frontal Assess-
ment Battery (FAB).”> Behavioral impairment was addi-
tionally assessed through the Frontal Behavioral
Inventory (FBI), consisting of two parts exploring nega-
tive (FBI-A) and positive (FBI-B) behaviors, respec-
tively.”® Furthermore, psychological aspects were assessed
with the following scales: Beck Depression Inventory
(BDI), including two subscales investigating cognitive-
affective and somatic symptoms, respectively’*; and
State—Trait Anxiety Inventory (STAI-Y), comprising two
scores referring to state (STAI-Y1) and trait (STAI-Y2)
anxiety, respectively.’

Sub-cohorts of patients underwent the following respi-
ratory investigations: pulmonary function testing, provid-
ing forced vital capacity (FVC), expressed as percentage
of the normal value predicted for the relative sex, height,
and age; arterial blood gas (ABG) analysis, providing par-
tial arterial pressures of oxygen (P,0,) and of carbon
dioxide (P,CO,) and blood bicarbonate (HCO3) levels;
and nocturnal polysomnography, allowing calculation of
average peripheral oxygen saturation (SpO,), oxygen
desaturation index (ODI; the number of desaturation
events per hour, defined as SpO, drops of >3% of the
baseline), and apnea-hypopnea index (AHI; number of
apnea or hypopnea events per hour).*®

All patients underwent measurement of routine labo-
ratory blood parameters, among which we selected
serum creatinine and creatine kinase (CK) levels. From
serum creatinine, the estimated glomerular filtration
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rate (eGFR) was calculated according to the CKD-EPI
equation.”” Finally, all fALS and a sub-cohort of SALS

patients were genotyped for the four main ALS-
associated genes, ie. C9orf72, SODI, TARDBP, and
FUS.

Measurement of serum GFAP

Samples were handled and biobanked according to inter-
national recommendations.’® Blood was sampled in the
morning in fasting conditions, subsequently kept at room
temperature for 15-30 min to allow clot formation, then
refrigerated at 4°C, and finally centrifuged (2000 X g,
10 min) and stored at —80°C in 0.5- or 1-mL aliquots in
polypropylene vials within 4 h from sampling. sGFAP was
measured with a commercial kit (catalog number,
102336) on the Simoa SR-X instrument (Quanterix, Lex-
ington, MA, USA). Samples were measured in duplicates,
with coefficients of variation (CVs) <20%. All samples
had sGFAP levels above the limit of detection (LOD) and
lower limit of quantification (LLOQ), which were 0.26
and 1.37 pg/mlL, respectively.

Statistical analysis

Distributions of categorical variables among groups of
individuals were analyzed with chi-square test. Differ-
ences in continuous variables between two and more
groups were evaluated with Mann—Whitney U test and
Kruskal-Wallis test, respectively, with the latter followed
by Dunn’s post-hoc comparisons in case of statistically
significant differences. The diagnostic performance of
SGFAP in discriminating between ALS patients and con-
trols was analyzed by a receiver operating characteristic
(ROC) curve, and a cut-off was chosen as the value max-
imizing the Youden index (sensitivity + specificity — 1).
Correlations between continuous variables were assessed
by means of Spearman’s rank correlation. In order to
analyze the contribution of a continuous variable of
interest to a continuous dependent variable correcting for
other covariates, partial rank correlation was employed.
Survival was assessed by Kaplan—-Meier curves and the
difference between curves was evaluated with the log-
rank test. Cox proportional hazards model was used to
analyze the effect of multiple variables on survival. As to
survival, tracheostomy was considered equivalent to
death. Patients who were still alive at last follow-up
information available were censored. For all tests, the
level of statistical significance was set at p < 0.05. Statisti-
cal analyses were performed with Prism, version 9
(GraphPad, La Jolla, CA, USA) and, in the case of partial
rank correlation, with SPSS, version 26 (IBM Corp.,
Armonk, NY, USA).
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Results

sGFAP levels in ALS patients and controls

ALS patients (N = 114; males, N = 71; females, N = 43) and
neurologically healthy controls (N = 38; males, N = 24;
females, N = 14) did not differ for sex distribution
(p = 0.9229) or median age at evaluation (ALS, 66 years;
controls, 62.5 years; p = 0.5720). Among controls, males
and females did not significantly differ for age at evaluation
(p =0.1583) or sGFAP (p = 0.0995); however, sGFAP mod-
erately correlated with age (r = 0.5318; 95% confidence
interval —CI—, 0.2464 to 0.7324; p = 0.0006). Among ALS
patients, sGFAP correlated with age at evaluation as well
(r = 0.5590; 95% CI, 0.4135 to 0.6767; p < 0.0001; Fig. 1).
At the same time, sSGFAP was higher in ALS female patients
compared to males (median, 131.5 vs. 104.1 pg/mL;
p =0.0289). This seemed to be at least partially independent
from the fact that female patients had an older median age
compared to male ones (68 vs. 65 years, without statistical
significance, p = 0.1148). In ALS patients, sGFAP levels were
significantly higher compared to controls (median, 117.0 vs.
92.1 pg/mL; p = 0.0269; Fig. 2A). This resulted, however, in
a weak diagnostic performance, with an area under the ROC
curve (AUC) of 0.6198 (95% CI, 0.5199 to 0.7198;
p =0.0272) for the discrimination between ALS patients and
controls, corresponding to a sensitivity of 61.40% (95% CI,
52.23% to 69.83%) and a specificity of 63.16% (95% CI,
47.28% to 76.62%) at a cut-off of 103.3 pg/mL (Fig. 2B).

Relation between sGFAP levels and
phenotype in ALS

Table 1 reports phenotypic features of ALS patients. Dis-
ease onset was bulbar in 27 (23.7%) cases and spinal in
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87 (76.3%). Median ages at onset and at evaluation were
65 and 66 years, respectively. One ALS patient also had
bvFTD (ALS-FTD). As expected, given the observed cor-
relations between sGFAP and age at evaluation and
between age at evaluation and age at onset (r = 0.9935;
95% CI, 0.9904 to 0.9955; p < 0.0001), sGFAP also corre-
lated with age at onset (r = 0.5641; 95% CI, 0.4197 to
0.6807; p < 0.0001). On the contrary, sGFAP did not dif-
fer between patients with fALS versus sALS (p = 0.8843),
nor between patients with bulbar versus spinal onset
(p = 0.4606). Similarly, no significant differences were
observed among ALS motor phenotypes, both when ana-
lyzed separately (p = 0.8564) and when grouped into the
three large UMN/LMN, UMN, and LMN categories
(p 0.3373). We found no significant correlations
between sGFAP and ALSFRS-R score, disease duration at
evaluation, or DPR (p > 0.05 in all cases). In agreement
with this, patients in the different disease stages according
to King’s and MiToS systems did not have significantly
different sGFAP levels (p = 0.1071 and p = 0.0766,
respectively). We observed no significant correlations
between sGFAP and Penn UMN score, composite MRC
score (N = 106), or LMN score (p > 0.05 for all tests).
Accordingly, sGFAP levels did not correlate with EMG-
and TMS-derived parameters (p > 0.05 in all cases). On
the contrary, median sGFAP was higher in patients with
clinically evident eye movement abnormalities (square

wave jerks, conjugate gaze palsy, slow pursuit dysfunction,
saccade alterations, or oculomotor apraxia; N = 7; med-
ian sGFAP, 164.9 pg/mL) compared to those without
(N = 107; median sGFAP, 113.7 pg/mL), although the
difference did not significance
(p = 0.0628; Fig. 3).

We next examined the relations between sGFAP levels
and cognitive-behavioral phenotype. sGFAP did not differ

reach  statistical
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Figure 1. Correlation between sGFAP and age at evaluation in ALS patients. ALS, amyotrophic lateral sclerosis; Cl, confidence interval, sGFAP,

serum glial fibrillary acidic protein.
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Figure 2. sGFAP levels in ALS and controls. (A) sGFAP levels in patients with ALS and neurologically healthy controls. The horizontal bars
represent median values. (B) ROC curve of sGFAP for the discrimination between ALS patients and controls. ALS, amyotrophic lateral sclerosis;
AUC, area under the ROC curve; ROC, receiver operating characteristics; sGFAP, serum glial fibrillary acidic protein.

among the 4 classes of ALS, ALSci, ALSbi, and ALScbi
(p = 0.3917), between patients with versus without cogni-
tive  impairment ie. (ALSci + ALScbi)  ver-
sus (ALS + ALSbi); p = 0.2244 —, or among patients with
versus without behavioral impairment — ie. (ALSbi +
ALScbi) versus (ALS + ALSci); p = 0.2118 —. Whereas
sGFAP did not correlate with the ALS-specific ECAS
composite cognitive score nor with the three single scores

of executive functions, verbal fluency, and language
(p > 0.05 in all cases), we observed a negative correlation
between sGFAP and the ALS-nonspecific ECAS composite
cognitive score (r —0.2091; 95% CI, —0.3832 to
—0.02071; p = 0.0256), but this was not confirmed when
controlling for age (p = 0.526). Similarly, we found a
trend towards a negative correlation between sGFAP and
total ECAS cognitive score (r —0.1784; 95% CI,
—0.3557 to 0.01115; p = 0.0575), with a correspondingly
higher median sGFAP level in patients having low (i.e.
abnormal) scores (138.7 pg/mL; N = 35) compared to
those with normal scores (106.7 pg/mL; N 79;
p = 0.0226), but the trend was not confirmed after con-
trolling for age (p 0.430). As regards single ALS-
nonspecific functions, while sGFAP did not correlate with
visuospatial score (p = 0.4792), we found a significant
negative correlation between sGFAP and memory score
(r = —0.2082; 95% CI, —0.3823 to —0.01972; p = 0.0262;
Fig. 4), which, however, was not retained after controlling
for age (p = 0.342). sGFAP had a weak negative correla-
tion with MoCA score (r = —0.2723; 95% CI, —0.4568 to

122

—0.06540; p = 0.0086; N = 92), which, however, was not
confirmed after controlling for age (p = 0.422). There
were no significant correlations between sGFAP and
scores on FAB (N = 99), FBI (FBI-A, FBI-B, or total
scores; N = 88), BDI (cognitive-affective, somatic, or total
scores; N = 101), or STAI (Y1 or Y2 scores; N = 104;
p > 0.05 in all cases).

As regards respiratory function, we observed no signifi-
cant correlations between sGFAP and FVC on pulmonary
function testing (N = 35; p = 0.1474) or ABG analysis
parameters (P,0,, P,CO,, HCO;; N = 66; p > 0.05 in all
cases). However, sGFAP correlated with both ODI and
AHI on nocturnal polysomnography (ODIL r = 0.2639;
95% CI, 0.02378 to 0.4753; p = 0.0273; AHI: r = 0.2858;
95% CI, 0.04744 to 0.4934; p = 0.0165; for both parame-
ters, N = 70; Fig. 5), in the absence of a significant corre-
lation between those indices and age (p > 0.05 in both
cases). On the contrary, the observed weak negative corre-
lation between sGFAP and average SpO, (r = —0.2215;
95% CI, —0.4396 to 0.02133; N = 70) did not reach sta-
tistical significance (p = 0.0654).

As for laboratory parameters, sGFAP had a moderate
negative correlation with eGFR (r = —0.3500; 95% CI,
—0.5057 to —0.1722; p = 0.0001; Fig. 6). sGFAP also had
a weak negative correlation with serum CK (r = —0.1870;
95% CI, —0.3633 to 0.002349; p = 0.0464), which, how-
ever, was not confirmed after controlling for eGFR
(p = 0.248). Given the correlation between sGFAP and
eGFR, we tested whether the correlation between sGFAP
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Table 1. Demographic and clinical features of ALS patients and
results of instrumental and laboratory investigations.

Sex
Males
Females
Age at evaluation (years)
Age at onset (years)
Family history of ALS
fALS
SALS
Site of onset
Bulbar
Spinal
Motor phenotype
Classic
Bulbar
Respiratory
UMN-p
PLS
Flail arm
Flail leg
PMA
Disease duration at evaluation (months)
ALSFRS-R (N = 101)
DPR (N = 101)

Penn UMN score
LMN score
Composite MRC score (N = 106)
King's staging system
Stage 1
Stage 2
Stage 3
Stage 4
Stage 5
MiToS system
Stage 0
Stage 1
Stage 2
Stage 3
Stage 4
Stage 5
Eye movement abnormalities
Absent
Present
ECAS scores
Executive
Verbal fluency
Language
Memory
Visuospatial
ALS-specific
ALS-nonspecific
Total
Cognitive-behavioral classification according to
ECAS
ALS
ALSci

71 (62.3%)
43 (37.7%)
66 (56-72)
65 (54-71)

23 (20.2%)
91 (79.8%)

27 (23.7%)
87 (76.3%)

62 (54.4%)

24 (21.1%)

4 (3.5%)

9 (7.9%)

5 (4.4%)

4 (3.5%)

2 (1.8%)

4 (3.5%)

12 (7-20)

41 (36-44)

0.611 (0.273-
1.032)

9 (3-15)

5 (3-6)

54 (48-58)

9 (7.9%)
28 (24.6%)
74 (64.9%)
3(2.6%)

0 (0%)

86 (75.4%)
25 (21.9%)
3(2.6%)

0 (0%)

0 (0%)

0 (0%)

107 (93.9%)
7 (6.1%)

37 (30-40)
18 (14-20)
25 (22-27)
15 (12-18)
12 (11-12)
79 (66-86)
27 (23-30)
105 (91-113)

50 (43.9%)
29 (25.4%)

Serum GFAP in ALS Patients

ALSbi
ALSchi
MoCA score (N = 92)
FAB score (N = 99)
FBI scores (N = 88)
A
B
Total
BDI scores (N = 101)
Cognitive-affective
Somatic
Total
STAI scores (N = 104)
Y1
Y2
FVC (pulmonary function testing; N = 35)
ABG parameters (N = 66)
pa02 (MMHg)
Paco, (MmHg)
HCO3 (mmol/L)
Polysomnographic parameters (N = 70)
Average Spo,

ODI

AHI
Serum GFAP (pg/mL)
eGFR (mL/min)
Serum CK (U/L)

21 (18.4%)

14 (12.3%)

24 (22-26.5)
16.3 (15.0-17.9)

1(0-3)
0 (0-1)
1(0-3)

5(2-7)
8 (5-10)
13 (8-17)

52 (46.5-58.5)
49.5 (43-58)
81 (60-100.5)

80.5 (69.0-89.0)
42.0 (38.0-44.0)
27.9 (26.2-29.9)

93.4% (92.1-
94.9%)

6.1(1.8-11.2)

5.4 (1.8-10.6)
117.0 (82.4-172.0)

94.3 (82.8-102.7)
181.5 (120-259)

(Continued)

Patients with gene mutations

C9orf72 6 (N=77)
SoD1 1 (N = 23)
TARDBP 5 (N = 25)
FUS 0(N=23)

For continuous variables, median and interquartile range are reported,
if not otherwise specified. When not all patients were evaluated for a
given parameter, the number of evaluated patients is provided. For
gene mutations, the number of tested patients (N) is indicated in
brackets after the number of patients with mutations in the relative
gene.

Abbreviations: ABG, arterial blood gas; AHI, apnea-hypopnea index;
ALS, amyotrophic lateral sclerosis; ALSbi, ALS with behavioral impair-
ment; ALScbi, ALS with cognitive and behavioral impairment; ALSci,
ALS with cognitive impairment; ALSFRS-R, amyotrophic lateral sclerosis
functional rating scale, revised; BDI, Beck Depression Inventory; CK;
creatine kinase; DPR, disease progression rate; ECAS, Edinburgh Cog-
nitive and Behavioral ALS Screen; eGFR, estimated glomerular filtra-
tion rate; FAB, Frontal Assessment Battery; fALS, familial amyotrophic
lateral sclerosis; FVC, forced vital capacity; IQR, interquartile range;
LMN, lower motor neuron; MiToS, Milano-Torino Staging; MoCA,
Montreal Cognitive Assessment; MRC, Medical Research Council; ODI,
oxygen desaturation index; PLS, primary lateral sclerosis; PMA, pro-
gressive muscular atrophy; sALS, sporadic amyotrophic lateral sclero-
sis; Spop, peripheral oxygen saturation; STAI, State-Trait Anxiety
Inventory; UMN, upper motor neuron; UMN-p, upper-motor-neuron-
predominant.

and age at evaluation was still confirmed after taking
eGFR into account: in partial rank correlation, sGFAP
retained a moderate correlation with age at evaluation
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Figure 3. sGFAP levels in ALS patients with and without eye
movement abnormalities. Horizontal bars represent median values.
ALS, amyotrophic lateral sclerosis; EMA+, patients with eye
movement abnormalities; EMA—, patients without eye movement
abnormalities. sGFAP, serum glial fibrillary acidic protein.
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the time of last information available, whereas one had a
tracheostomy. The remaining 75 patients (65.8%) were
censored. Log-rank test performed on Kaplan—Meier
curves indicated no significant difference between survival
of patients with sGFAP levels below versus above the
median (p = 0.0914). Nevertheless, a Cox proportional
hazards model considering sGFAP, age at onset, site of
onset (bulbar vs. spinal), DPR, and presence/absence of
cognitive impairment (as determined by the ECAS) as
covariates demonstrated that sSGFAP was an independent,
albeit weak, predictor of survival (hazard ratio — HR —
1.005; 95% CI, 1.000 to 1.009; p = 0.0256), with DPR
being the best predictor (HR, 7.568; 95% CI, 3.943 to
15.24; p < 0.0001), whereas the other three parameters
were not independently associated with survival.

Discussion

We quantified serum levels of the astrocyte biomarker
GFAP in a cohort of deeply phenotyped patients with
ALS, comparing them with those measured in neurologi-
cally healthy controls and analyzing the relations between
this biomarker and disease features. In both ALS patients
and controls, sGFAP correlated with age. Patients had sig-
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Figure 4. Correlation between sGFAP levels and ECAS memory score. ECAS, Edinburgh Cognitive and Behavioral ALS Screen; sGFAP, serum glial

fibrillary acidic protein.

also when controlling for eGFR (r = 0.468; p < 0.001).
sGFAP did not differ between patients with versus with-
out mutations in C9orf72 and TARDBP genes (C9orf72:
N =6 vs. N =71; p = 04058 TARDBP: N = 5 vs.
N = 20; p = 0.2667); the analysis could not be conducted
for SODI because there was only one mutated patient out
of 23 tested, nor for FUS, for which no mutations were
found among 24 patients tested.

Finally, we examined the relation between sGFAP and
survival. 38 (33.3%) of the 114 patients were deceased at
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nificantly higher sGFAP levels than controls, but this
resulted in an only weak diagnostic performance in the
discrimination between the two groups. Among ALS
patients, sGFAP was higher in females — in agreement
with recent observations on plasma GFAP in large healthy
or mixed cohorts'>** — but was not associated with most
of the main phenotypic parameters considered, including
site of onset, functional status, disease progression rate,
disease stage, and indices of UMN or LMN impairment.
On the contrary, sGFAP negatively correlated with
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Figure 6. Correlation between sGFAP levels and estimated glomerular filtration rate. eGFR, estimated glomerular filtration rate (calculated
according to the formula of the CKD-EPI equation); SGFAP, serum glial fibrillary acidic protein.

cognitive scores regarding ALS-nonspecific functions, par-
ticularly memory — although statistical significance was
not retained after correction for age — and tended to be
higher in ALS patients with eye movement abnormalities.
Moreover, sGFAP correlated with polysomnographic
indices of nocturnal respiratory dysfunction. In a multi-
variate analysis, the biomarker also showed an indepen-
dent, albeit weak, negative association with survival.
Finally, we found a negative correlation between sGFAP
and eGFR.

Our results are in line with an early investigation
reporting increased CSF levels of GFAP in ALS patients
compared to neurological disease controls.'"* More impor-
tant is, however, the comparison with the recent elegant
work of Falzone and colleagues, which, similarly to our
study, measured serum GFAP and used the Simoa tech-
nology.'® At variance with our results, in their study

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

sGFAP levels did not significantly differ between ALS
patients and healthy controls. However, the positive cor-
relation between sGFAP and age was similar to that
observed in our cohort. Other results are partially consis-
tent between our two investigations, with the previous
study reporting increased sGFAP levels in ALS patients
with cognitive and/or behavioral alterations and an asso-
ciation between the biomarker and survival only in a uni-
variate analysis."® On the contrary, only that study found
significant correlations of sGFAP with DPR and an UMN
score.

Our data have to be interpreted from a pathophysio-
logical standpoint. It is well-known that astrocytosis
occurs in ALS in sites of MN degeneration.” An early
study on cultures of human fetal motor cortex tissue
indicated proliferation of GFAP-expressing cells upon
exposure to CSF from ALS patients.*” Moreover, diseased
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astrocytes play a role in promoting MN death.*' Impor-
tantly, astrocytes themselves have been demonstrated to
degenerate in the proximity of dying MNs in a transgenic
ALS mouse model expressing mutant SOD1.** Therefore,
although GFAP increases in CSF or blood in a wide range
of inflammatory as well as degenerative neurological dis-
eases are generally interpreted as reflecting astrocyte acti-
vation,"" which is known to up-regulate the expression of
this structural protein,43 we cannot exclude that, at least
in ALS, this neurochemical finding also reflects degenera-
tion of this glial cell population. Our findings suggest that
astrocyte involvement in ALS does not characterize speci-
fic motor phenotypes and is not associated with specific
aspects of the motor disease, including UMN or LMN
impairment, disease stage — neither in a chronological
sense, as reflected by disease duration at evaluation, nor
in an anatomic/functional one, as indexed by the King’s
and MiToS systems—, and DPR, which mirrors the biolog-
ical aggressiveness of the disease. In this sense, consider-
ing the significant difference with respect to healthy
controls, sGFAP increase seems to be an underlying
pathophysiological phenomenon accompanying ALS inde-
pendently from the anatomical and clinical expressions of
the motor disease. However, our data, in remarkable
agreement with those of Falzone et al,,'® also suggest that
a peculiar contribution to sGFAP increase in ALS could
be provided by disease manifestations other than the clas-
sical motor ones, most importantly cognitive impairment.
Interestingly, in addition to the findings of the previous
work,'® we demonstrate that sGFAP elevation is associ-
ated with ALS-nonspecific aspects of neuropsychological
dysfunction, especially memory deficit. This observation
is particularly interesting when considering that sGFAP
increases in the blood characterize AD to a greater extent
than other neurodegenerative diseases, as opposed to CSF
levels whose elevations are less AD-specific,” with the dif-
ference between the two biological fluids hypothetically
reflecting the location of AD astrocytes at the anatomical
interface between CNS and peripheral blood (neurovascu-
lar unit and BBB).> According to our observations, astro-
cytes might play an additional, and possibly even more
prominent, role in ALS-related neurodegeneration occur-
ring in brain areas not belonging to the motor system.
Since this investigation did not include measurement of
CSF or plasma AD biomarkers, our data do not allow to
argue whether this is an ALS-specific, although non-
classical, phenomenon, or rather reflects subclinical, pos-
sibly age-related, AD pathology, as might be hypothesized
from the loss of the statistical significance of our findings
after correction for age. Furthermore, albeit regarding a
small number of patients and without reaching the
threshold of statistical significance, our data suggest an
additional link between sGFAP increase and non-classical
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phenotypic manifestations of ALS, namely eye movement
abnormalities. Notably, these latter have been recently
shown by our group to be in turn associated with cogni-
tive impairment itself.>” Similarly to the neuropsychologi-
cal aspect, also in this case it may be hypothesized that
astrocytes are involved in neurodegeneration occurring in
brain areas other than the main targets of ALS pathology,
namely the frontal and supplementary eye fields of the
cerebral cortex. Finally, the correlation with polysomno-
graphic indices suggests a possible specific connection
between astrocyte pathology and degeneration of MNs
controlling respiratory muscles. While this might reflect a
prominent susceptibility of respiratory MNs to toxic fac-
tors released by astrocytes or a particular dependence of
these MNs on astroglial homeostatic support, it cannot be
excluded, on the other hand, that sGFAP increase repre-
sents a pathophysiological response to hypoxia induced
by (nocturnal) respiratory impairment, as suggested by
experimental reports of increased GFAP expression in rat
brain following hypoxic—ischemic injury.** Anyway, it is
possible that the observed correlation of sGFAP with noc-
turnal respiratory dysfunction is involved in the weak
negative association with survival found in the multivari-
ate analysis, where, on the contrary, cognitive impairment
was not demonstrated to be an independent predictor.

As regards the potential clinical implications of our
study, at notable variance with Falzone et al.,'® we pro-
vide evidence of increased sGFAP levels in ALS patients
compared to neurologically healthy controls. However,
the overlap of values between these two groups is large,
not enabling a clinically meaningful discrimination, as
demonstrated by the weak diagnostic capability shown by
the ROC curve. This contrasts with the good performance
of neurofilaments documented by several investigations
and indicates a low potential of sGFAP as for the neuro-
chemical diagnosis of ALS in clinical practice. It should
also be mentioned that our investigation did not include
ALS-mimic conditions, which represent the most suitable
control group in studies of ALS diagnostic biomarkers.
On the other hand, we cannot exclude a future role of
sGFAP measurement in ALS as an aid to cognitive and
respiratory prognostication — as part of multi-parameter
predictive algorithms—, and, more importantly, as a bio-
marker of astrocyte activation/pathology for patient strati-
fication, demonstration of target engagement and
monitoring of treatment effects in therapeutic trials tar-
geting neuroinflammation and astrocyte-dependent dis-
ease mechanisms. Regarding the potential clinical
employment of sGFAP measurement, our finding of a
negative correlation with eGFR — possibly reflecting
reduced clearance of the molecule from the blood with
decreasing renal function — cannot be overemphasized, in
contrast with the insufficient consideration which, in our
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opinion, this theme receives in most investigations on
blood biomarkers. The influence from renal function is a
typical drawback of such innovative, easy-to-measure and
versatile peripheral neurochemical markers: given the high
prevalence of kidney impairment in the population and
the age-dependent nature of the most common neurode-
generative diseases, the impact of renal function on
sGFAP and other blood biomarkers requires further large-
scale investigations, especially regarding the practical rele-
vance in a potential context of routine clinical use in
elderly patients with multiple medical comorbidities.

We acknowledge that our study has some limitations:
(1) We did not investigate other neurochemical biomark-
ers, such as neurofilament light chain (NFL) and espe-
cially AD biomarkers, which could have been informative
regarding the association with cognitive deficits; (2) For
some phenotypic parameters, not all patients of the
cohort had available data; (3) Our phenotyping did not
include neuroimaging features; (4) sGFAP was not mea-
sured longitudinally; (5) We did not investigate a valida-
tion cohort. At the same time, we believe that one of the
main strengths of our work, which is among the first ones
investigating sGFAP as a candidate biomarker in ALS, is
represented by the detailed phenotyping of our cohort,
including the neuropsychological profile.

In conclusion, we have demonstrated that GFAP levels are
increased in the serum of ALS patients and suggest that this
increase might also partly reflect an astrocyte contribution
to neurodegeneration occurring in areas of the CNS
involved in cognition, oculomotion and respiratory func-
tion. Future investigations in the field are needed, including
analysis of multiple neurochemical biomarkers, comparison
between GFAP levels in CSF, serum and plasma, longitudi-
nal measurements, correlation with neuroradiological
indices of UMN impairment, evaluation of ALS-mimic dis-
eases, and parallel neurochemical-neuropathological assess-
ments aiming at elucidating the role of GFAP as a biomarker
of astrocyte activation and/or degeneration in ALS.
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