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ABSTRACT

Background: There are few validated fluid biomarkers in FTD. Glial fibrillary acidic protein (GFAP) is a measure of
astrogliosis, a known pathological process of FTD, but has yet to be explored as potential biomarker.

Methods: Plasma GFAP and neurofilament light chain (NfL) concentration were measured in 469 individuals enrolled in the
Genetic FTD Initiative (GENFI): 114 C9orf72 expansion carriers (74 presymptomatic, 40 symptomatic), 119 GRN mutation
carriers (88 presymptomatic, 31 symptomatic), 53 MAPT mutation carriers (34 presymptomatic, 19 symptomatic) and 183 non-
carrier controls. Biomarker measures were compared between groups using linear regression models adjusted for age and sex
with family membership included as random effect. Participants underwent standardized clinical assessments including the
Mini-Mental State Examination (MMSE), Frontotemporal Lobar Degeneration-Clinical Dementia Rating scale (FTLD-CDR), and
magnetic resonance imaging (MRI). Spearman’s correlation coefficient was used to investigate the relationship of plasma GFAP
to clinical and imaging measures.

Results: Plasma GFAP concentration was significantly increased in symptomatic GRN mutation carriers (adjusted mean
difference from controls 192.3 pg/mL, 95% confidence intervals 126.5-445.6), but not in those with C90rf72 expansions (9.0, -
61.3-54.6), MAPT mutations (12.7, -33.3-90.4) or the presymptomatic groups. GFAP concentration was significantly positively
correlated with age in both controls and the majority of the disease groups, as well as with NfL concentration. In the
presymptomatic period, higher GFAP concentrations were correlated with a lower cognitive score (MMSE) and lower brain
volume, whilst in the symptomatic period, higher concentrations were associated with faster rates of atrophy in the temporal
lobe.

Conclusions: Raised GFAP concentrations appear to be unique to GRN-related FTD, with levels potentially increasing just
prior to symptom onset, suggesting that GFAP may be an important marker of proximity to onset, and helpful for forthcoming

therapeutic prevention trials.



INTRODUCTION

Frontotemporal dementia (FTD) is a progressive neurodegenerative condition with around a third of
cases caused by an autosomal dominant gene mutation in progranulin (GRN), chromosome 9 open
reading frame 72 (C90rf72) or microtubule-associated protein tau (MAPT)'. As clinical trials in genetic
FTID are fast approaching, robust biomarkers that allow accurate measurement of disease onset and
progression are becoming increasingly important. In particular, many trials will focus on the
presymptomatic stage of disease where neuropathological alterations are already present? and yet few

biomarkers have been shown to be abnormal in this phase®-.

Cerebrospinal fluid (CSF) or plasma/serum progranulin levels in GRN mutation carriers*® and CSF
(poly)GP dipeptide repeat concentrations in C90rf/2 expansion carriers®”# are markers of specific
protein abnormalities in genetic FTD but both are abnormal from early in the presymptomatic period
(and potentially from birth). In contrast, neurofilament light chain (NfL) is a marker of neuronal death
and axonal degeneration (measurable in CSF3°10 as well as both plasma!! and serum!2'%) that is not
specific to FTD™ and has only been shown to be abnormal in the very late presymptomatic period
prior to conversion to the symptomatic phase®. Glial fibrillary acidic protein (GFAP) is a marker of
astrogliosis, the abnormal proliferation of astrocytes due to neuronal damage’>, and has previously
been shown to be increased in frontal cortical tissue in FTD16, and raised in both the CSF and serum of
patients with symptomatic FTD'7-19. However, it has yet to be explored using ultrasensitive blood-

based assays in genetic FTD mutation carriers.

In this study, we aimed to investigate within the Genetic FTD Initiative (GENFI) cohort whether
plasma GFAP was abnormal in each of the different genetic FTD groups during the symptomatic
period, and whether we could detect any presymptomatic changes. We also aimed to explore the

relationship of GFAP with plasma NfL and with cognitive and neuroimaging measures.



METHODS

Participants

Participants were recruited from GENF]I, a natural history study of genetic FTD involving 23 research

centres across Europe and Canada (www.genfi.org.uk)? involving symptomatic carriers of mutations

in GRN, MAPT, or C9orf72, and those at risk of carrying a mutation because a first-degree relative was
a known symptomatic carrier. 469 consecutively recruited individuals from the GENFI study were
included: 114 C9orf72 expansion carriers (74 presymptomatic, 40 symptomatic), 119 GRN mutation
carriers (88 presymptomatic, 31 symptomatic), 53 MAPT mutation carriers (34 presymptomatic, 19
symptomatic) and 183 non-carriers who acted as a control group. Demographic information is shown
in Table 1: age and sex differed significantly between groups. All people in the study underwent a
clinical assessment consisting of a medical history with the participant and informant, and physical
examination, with symptomatic status diagnosed by a clinician who was an expert in the FTD field20-
2 specific diagnoses are shown in Table 1. All participants underwent a standardized examination
including the Mini-Mental State Examination (MMSE) and the Frontotemporal Lobar Degeneration
Clinical Dementia Rating scale (FTLD-CDR)?. Participants also performed 3D T1-weighted magnetic
resonance imaging (MRI) of the brain: 432 scans were available for cross-sectional analysis, of which a
subgroup of 243 participants had a follow-up scan (on the same scanner) for analysis [mean (standard
deviation) interval 1.12 (0.29) years between baseline and follow-up]. Volumetric measures of whole
brain and cortical regions were calculated using a previously described method that uses the geodesic
information flow (GIF) algorithm, which is based on atlas propagation and label fusion
(Supplementary Table 1)3?. An annualized longitudinal rate of atrophy was found by calculating the
difference in each specific measure between the baseline and longitudinal scan and expressing it as a
percentage of the baseline volume over one year (Supplementary Table 2). Local ethics committees at

each site approved the study and all participants provided written informed consent at enrolment.


http://www.genfi.org.uk/

Table 1: Demographic, cognitive and biomarker data from study participants.

IQR —

Interquartile range; MMSE — Mini-Mental State Examination; FTLD-CDR-SOB - Frontotemporal

Lobar Degeneration Clinical Dementia Rating scale Sum Of Boxes; GFAP — Glial fibrillary

acidic protein; NfL — Neurofilament light chain protein. For sex, age, MMSE and FTLD-CDR-

SOB, significant differences (p < 0.05) are shown in the table as follows: a. compared to

controls, b. in C9orf72 group between symptomatic and presymptomatic carriers, c. in GRN

group between symptomatic and presymptomatic carriers, d. in MAPT group between

symptomatic and presymptomatic carriers.

Presymptomatic mutation carriers

Symptomatic mutation carriers

Controls
C9orf72 GRN MAPT C9orf72 GRN MAPT
Number of
183 74 88 34 40 31 19
participants
Sex: number male 81 29 34 13 27 ab 16 11
(%) (44.3) (39.2) (38.6) (38.2) (67.5) (51.6) (57.9)
Median (IQR) age 43.8 44.1 42.4 36.22 66.0 *° 64.3%¢ 58.3 &4
(years) (36.3-55.1) (34.4-52.9) (34.6 - 52.7) (31.6 - 44.9) (60.7 - 71.4) (59.9 - 70.2) (53.9 - 64.3)
Mean (range) age at 59 61 53
N/A N/A N/A N/A
onset (years) (34-71) (49 - 76) (37 - 66)
Median (IQR)
5.6 2.6 43
disease duration N/A N/A N/A N/A
(3.6 -6.9) (1.6 -4.3) (2.5-9.3)
(years)
30 bvFTD, 8 15 bvFTD, 14
Diagnosis N/A N/A N/A N/A ALS/FTD-ALS, PPA,1CBS, 1 19 bvFTD
1 PPA, 1 PSP other
Median (range) 30 30 30 30 26 2P 223¢ 24 ad
MMSE (26 - 30) (25 - 30) (26 - 30) (27 - 30) (7 - 30) (0-29) (6 - 30)
Median (range) 0.0 0.0 0.0 0.0 10.0 &P 10.52¢ 85ad
FTLD-CDR-SOB (0.0 - 3.0) (0.0 -3.0) (0.0-2.5) (0.0-2.5) (0.0 - 22.0) (2.0 -21.0) (1.0 - 21.0)
Median (IQR) 9.3 11.3 9.2 8.4 46.0 92.7 20.5
plasma NfL (pg/mL) (6.8 - 13.0) (8.3-17.0) (7.0 - 12.8) (6.3-9.7) (22.8 - 62.6) (54.8 - 130.1) (15.4 - 37.6)
Median (IQR)
105.8 116.1 113.4 89.1 165.7 272.2 123.3
plasma GFAP
(80.4 - 146.1) (88.3 - 180.0) (80.5 - 168.1) (70.9-151.0) | (124.8-245.3) | (211.5-417.8) | (85.2-206.7)

(pg/mL)




Measurement of plasma markers

Plasma was collected, processed and stored in aliquots at -80°C according to standardised
procedures. Samples were measured using the multiplex Neurology 4-Plex A kit (102153, Quanterix
Corporation, Lexington, USA) on the SIMOA HD-1 Analyzer following manufacturer’s instructions.
The lower limit of detection of the assay for GFAP and NfL were 0.221 pg/mL and 0.104 pg/mL
respectively. Measurements were carried out at the same study site on consecutive days and the
operator was blinded to all clinical information, including genetic status. To keep sample processing
and plating consistent, plasma samples were thawed at room temperature for two hours and
subsequently centrifuged at 10,000g for five minutes. 150pL samples were aliquoted in a 96-well plate
(Quanterix Corporation, Lexington, USA) and frozen at -80°C until analysis. Quality control (QC)

samples had a mean intra-assay and inter-assay coefficient of variation (CV) of less than 10%.

Statistical analysis

Fisher’s exact test was used to compare sex frequencies between groups. Distributions for
demographic and biomarker data were investigated graphically using histograms and quantile-
quantile plots and tested for normality using the Shapiro-Wilk test. As demographic data did not
follow a normal distribution, group differences for age at sample collection and FTLD-CDR-SOB were
compared using the Kruskal-Wallis test. A linear regression adjusting for age was used to compare
MMSE scores between groups. The primary analysis in the study was to investigate whether there
were any differences in plasma GFAP concentration from controls in the different genetic mutation
groups both symptomatically and presymptomatically, as well as between genetic groups. As
biomarker values were not normally distributed, group means were compared by performing a linear
mixed regression model with 95% bias-corrected bootstrapped confidence intervals with 2000
repetitions in STATA (v.14; Texas, USA), adjusting for age and sex with family membership included
as a random effect. Diagnostic performance of GFAP was assessed by areas under the curve (AUC)

obtained by receiver operating characteristic (ROC) analyses, with optimal cut-off levels at the highest



Youden's index (sensitivity + specificity - 1) using GraphPad Prism V.6 (GraphPad Software, San
Diego, California, USA). In order to investigate the relationship of GFAP concentration to
demographic, cognitive and imaging measures as well as NfL concentrations, Spearman’s correlation

coefficient was used.

RESULTS

Plasma GFAP concentration

Plasma GFAP concentration was significantly higher in the symptomatic GRN mutation carriers
compared to controls (adjusted mean difference 192.3 pg/mL, 95% confidence intervals 126.5-445.6),
but not in either the symptomatic C90rf72 (9.0, -61.3-54.6) or MAPT (12.7, -33.3-90.4) groups (Figure 1,
Tables 1 and 2). Within the symptomatic groups, concentrations in GRN were significantly higher

than both C9orf72 (183.3, 106.1-427.2) and MAPT (179.6, 99.8-348.1) mutation carriers.

A receiver operating characteristic curve analysis measuring the ability of GFAP to distinguish
symptomatic GRN mutation carriers from controls showed a sensitivity of 90.3% and specificity of
82.0% with a cut-off point of 163.2 pg/mL and an area under the curve (AUC) of 0.90. For
distinguishing symptomatic GRN mutation carriers from C90rf72 mutation carriers there was a
sensitivity of 71.0% and specificity of 70.0% with a cut-off point of 226.2 pg/mL and an AUC of 0.74,
whilst for distinguishing symptomatic GRN mutation carriers from MAPT mutation carriers there
was a sensitivity of 79.0% and specificity of 77.4% with a cut-off point of 209.1 pg/mL and an AUC of

0.80 (Supplementary Figure 1).

In the presymptomatic groups, concentrations were not significantly increased in any of the groups
compared to controls: GRN (14.2, -2.4-38.3), C9orf72 (21.1, -18.8-66.5), MAPT (-7.0, -61.8-7.8) (Figure 1,

Tables 1 and 2). There were also no differences across the presymptomatic groups.



Comparing symptomatic and presymptomatic carriers, a significantly higher concentration was also

seen in the symptomatic versus the presymptomatic GRN mutation carriers (178.1, 114.3-365.2), but

not in the other groups (Figure 1, Tables 1 and 2).

Table 2. Adjusted mean differences in plasma GFAP concentrations between groups with 95%

bias-corrected bootstrap confidence intervals. Significant differences in bold: ** p < 0.01. PS -

presymptomatic; S — symptomatic.

C9orf72 PS C9orf72 S GRN PS GRN S MAPT PS MAPT S
GFAP f f
21.1 9.0 14.2 192.3** -7.0 12.7
Controls
(-18.8, 66.5) (-61.3, 54.6) (-2.4, 38.3) (126.5, 445.6) (-61.8, 7.8) (-33.3,90.4)
12.1 -6.9 171.2* -28.1 8.4
C9orf72 PS
(-64.1, 85.1) (-51.0, 43.0) (88.5, 433.7) (-83.3, 8.0) (-87.5, 74.5)
-5.2 183.3** -16.0 -3.7
C9orf72 S
(-79.4, 39.4) (106.1, 427.2) (-84.3, 32.9) (-104.5, 56.1)
178.1* -21.2 15
GRN PS
(114.3, 365.2) (-78.3, 1.5) (-75.4, 49.1)
-199.3** -179.6**
GRN S
(-439.2, -124.9) (-348.1, -99.8)
19.6
MAPT PS
(-30.8, 114.4)

Correlation with age

GFAP concentration was significantly correlated with age at sample collection in controls (r=0.55,

p<0.001), presymptomatic mutation carriers (all groups combined: r=0.53, p<0.001; GRN: r=0.58,

p<0.001; C9orf72: r=0.50, p<0.001; MAPT: r=0.36, p= 0.036), and symptomatic mutation carriers for all

genetic groups together (r=0.38, p<0.001) and the GRN group alone (r=0.65, p<0.001) (Figure 2). No

significant correlation was seen for the symptomatic C9orf72 (r=0.27, p=0.088) or MAPT mutation

carriers (r=0.00, p=0.989).




Correlation with plasma NfL

Plasma NfL was increased in all three symptomatic groups compared with controls (Figure 1, Tables
1 and 3): GRN mutation carriers (adjusted mean difference 70.5 pg/mL, 95% confidence intervals 51.6-
92.6), C90rf72 mutation carriers (29.7, 18.7-47.5), and MAPT mutation carriers (12.6, 3.3-26.1). Within
the symptomatic groups, concentrations in GRN were significantly higher than both C9orf72 (40.7,
16.5-62.2) and MAPT (57.9, 36.8-81.5) mutation carriers, and C9orf/2 mutation carriers were higher
than MAPT mutation carriers (17.2, 2.9-35.7). Concentration was also increased in presymptomatic
C90rf72 mutation carriers compared with controls (9.0, 1.3-26.8), but not in the GRN or MAPT
presymptomatic groups (Figure 1, Tables 1 and 3). Comparing symptomatic and presymptomatic
carriers, a significantly higher concentration was also seen in the symptomatic versus the
presymptomatic mutation carriers in each of the groups (Figure 1, Tables 1 and 3): GRN mutation
carriers (70.5, 52.5-92.2), C90rf72 mutation carriers (20.7, 3.2-36.1), and MAPT mutation carriers (11.7,

0.8-23.4).

Plasma GFAP and NfL concentrations were significantly correlated in controls (r=0.66, p<0.001),
presymptomatic mutation carriers (GRN: r=0.66, p<0.001; C9orf72: r=0.75, p<0.001, MAPT: r=0.41,
p=0.017), and symptomatic mutation carriers (GRN: r=0.38, p=0.036; C9orf72: r=0.57, p<0.001; MAPT:

r=0.76, p<0.001).

Table 3. Adjusted mean differences in plasma NfL concentrations between groups with 95%
bias-corrected bootstrap confidence intervals. Significant differences in bold: * p < 0.05; ** p <

0.01. PS — presymptomatic; S — symptomatic.

NfL C9orf72 PS C90rf72 S GRN PS GRN S MAPT PS MAPT S
9.0* 29.7% 0.0 70.5%* 0.9 12.6*
Controls
(1.3, 26.8) (18.7, 47.5) (-3.1,3.3) (51.6, 92.6) (-2.2, 6.4) (3.3, 26.1)




20.7* -9.0* 61.4** -8.1* 3.6
C9orf72 PS
(3.2, 36.1) (-27.5, -1.4) (37.7,82.7) (-27.0, -0.6) (-15.6, 17.0)
-29.8** 40.7** -28.9%* -17.2*
C9orf72 S
(-47.7,-18.7) (16.5, 62.2) (-46.2, -16.9) (-35.7, -2.9)
70.5** -0.9 12.6*
GRN PS
(52.5,92.2) (-5.9, 2.9) (2.9, 25.2)
-69.6** -57.9%*
GRN S
(-91.7, -50.6) (-81.5, -36.8)
11.7*
MAPT PS
(0.8, 23.4)

Correlation with cognitive measures

A significant negative correlation between GFAP concentrations and MMSE was seen in the
presymptomatic GRN (r=-0.24, p=0.033) and C9orf72 (r=-0.40, p<0.001) but not MAPT (r=0.05, p=0.801)
mutation carriers. No significant correlation was seen during the symptomatic period in any of the

genetic groups (GRN: r=-0.29, p=0.153; C9or{72: r=-0.24, p=0.146; MAPT: r=-0.48, p=0.080).

No significant correlations were seen between GFAP concentration and FTLD-CDR sum of boxes
score in either the presymptomatic or symptomatic period in any group: GRN: r=-0.04, p=0.768
presymptomatic, r=0.18, p=0.409 symptomatic; C9orf72: r=-0.17, p=0.234 presymptomatic, r=0.21,

p=0.321 symptomatic; MAPT: 1=-0.17, p=0.446 presymptomatic, r=0.14, p=0.736 symptomatic.

Correlation with cross-sectional imaging data

A significant negative correlation was seen between GFAP concentrations and both GRN and C9orf72
presymptomatic carrier brain volumes for frontal cortex (r=-0.23, p=0.039; r=-0.35, p=0.002), temporal
cortex (r=-0.35, p=0.001; r=-0.27, p=0.024), cingulate cortex (r=-0.24, p=0.027; r=-0.44, p<0.001), and
insular cortex (r=-0.27, p=0.016; r=-0.26, p=0.029) as well as whole brain (r=-0.45, p<0.001) and parietal

cortex (r=-0.33, p=0.005) for the C9orf72 group (Supplementary Table 3). No significant correlations



were seen in the presymptomatic MAPT mutation carrier group or any of the symptomatic genetic

groups.

Correlation with longitudinal imaging data

No significant positive correlation of GFAP concentration with longitudinal rates of atrophy were
seen in any of the groups except for in the temporal cortex of symptomatic GRN mutation carriers
(r=0.66, p=0.010) (Supplementary Table 4). However, within the same symptomatic GRN group there
was also a trend in relationship between GFAP concentration and atrophy rates in the cingulate

cortex (r=0.55, p=0.052).

DISCUSSION

In this study, we found that plasma GFAP concentration was significantly increased in genetic FTD
but only in GRN mutation carriers, and not in those with C90rf72 expansions or mutations in the
MAPT gene. In the presymptomatic period, higher concentrations were correlated with a lower
cognitive score (MMSE) and lower brain volumes (in regions characteristically affected in FTD),
potentially suggesting GFAP is increased in the late presymptomatic period. In the symptomatic
period, higher concentrations were associated with faster rates of atrophy, suggesting GFAP levels

are associated with disease intensity, and therefore progression and survival.

GFAP is a major constituent of the astrocytic cytoskeleton and its expression pattern is highly brain-
enriched?. Its levels increase following acute damage to astrocytes such as after a stroke? or traumatic
brain injury?®, but also in relation to more chronic insults, such as in neurodegeneration, when
astrocytes become reactive, increasing in size and proliferating, a process called astrogliosis?. In
neurodegeneration, increased GFAP concentrations in biofluid have been reported in Alzheimer’s
disease® (in both CSF'7!Y and serum!’) and amyotrophic lateral sclerosis'®. Previous studies in FTD

have found increased CSF concentrations in symptomatic patients within combined clinical'”!® and



genetic cohorts’® but have not previously found changes in blood', nor investigated individual
genetic groups previously. Our results suggest that there are differential increases within FTD, with
concentrations being higher in people with GRN mutations than in other groups. GRN encodes the
progranulin protein, which is a secreted growth factor and known to be involved in many biological
processes including inflammation, wound healing and cell proliferation®32. However, progranulin is
also taken up by astrocytes for storage or transportation to the lysosomal compartment®-3%, and
studies of GRN-deficient mice have shown the presence of astrogliosis®. In vitro, progranulin seems
to have a role of inactivating astrocytes with evidence that progranulin attenuates a pro-inflammatory
phenotype of astrocytes®. This suggests that deficiency of progranulin in GRN mutation carriers, may
lead to activation of pro-inflammatory phenotypes of astrocytes and subsequent astrogliosis, with
increased levels of GFAP protein expression. People with GRN mutations have evidence of
astrogliosis pathologically, including within areas of white matter damage?® (visible in a proportion of
people in vivo as white matter hyperintensities on MR imaging, which have been previously shown
to be unique to GRN mutations within familial FTD%®). Such damage increases as the
neurodegeneration progresses®, consistent with the pattern of increased plasma GFAP in our study.
In contrast, levels were not increased in plasma in individuals with C90rf72 expansions or MAPT
mutations. Whilst astrogliosis is seen in animal models and at postmortem in both C9orf724- and
MAPT#*4-related FTD, this may well be a late feature of the disease, or the extent of astrogliosis may

be less. Future work will be required to investigate this further.

It is well established that multiple biomarkers of neurodegeneration increase in concentration with
age, attributed to the reduction of neural integrity in the ageing brain®®. CSF GFAP concentrations
have previously been shown to increase as one gets older*, with multiple studies showing
proliferation of astrocytes, increased GFAP immunoreactivity, and elevated levels of GFAP mRNA
with age*#. Consistent with this, we also found a significant positive correlation of plasma GFAP

concentration with age in the majority of the groups. This highlights the importance of adjusting



plasma GFAP concentrations for age in statistical analyses: symptomatic mutation carriers in the
C90rf72 and MAPT groups (as well as the GRN group) in this study showed increased levels of
plasma GFAP compared to controls and their presymptomatic counterparts, but significance was lost

once adjusting for age.

NfL, part of the axonal cytoskeleton, is released following cellular damage. A previous study has
shown that NfL concentrations are increased in both the CSF and blood of symptomatic genetic FTD
in all three mutation groups, C9orf72, GRN and MAPT?. The results in this study replicate these
findings in plasma, although we also found elevated levels in presymptomatic C90rf/72 mutation
carriers. In this latter group, NfL concentrations correlated negatively with MMSE (r=-0.33, p=0.004:
Supplementary Table 5) and with brain volumes (whole brain, r=-0.53, p<0.001 and cortical regions:
frontal, -0.51, <0.001; temporal, -0.37, 0.001; parietal, -0.51, <0.001; occipital, -0.33, 0.005; cingulate, -
0.49, <0.001; insula, -0.47, <0.001: Supplementary Tables 6 and 7), suggesting that NfL increases
particularly towards the end of the presymptomatic period with increasing neurodegeneration.
Although GRN NfL concentration was not significantly increased presymptomatically, a similar
pattern of negative correlation with brain volumes was seen in this group (in whole brain and all
cortical regions except the occipital lobe, r=-0.30 to -0.48, p<0.006). NfL and GFAP concentrations were
significantly correlated in all groups including controls, although the correlation coefficient varied
from 0.38 to 0.76. A similar correlation has been shown in CSF previously*. As both increase with age
(Supplementary Table 8 for NfL correlations with age), the correlation is not unexpected, but other
unexplained factors are likely to affect the different patterns within genetic FTD; interestingly, the
lowest correlation (r=0.38) was in the symptomatic GRN mutation carriers, suggesting that in this

group astrogliosis and neurodegeneration are not so closely related.

Correlation of GFAP concentration with cognitive and imaging measures revealed a negative

correlation i.e. higher concentration with a lower cognitive score and lower cross-sectional brain



volumes in FTD-related regions in presymptomatic GRN mutation carriers. This suggests that GFAP
levels start to increase as the brain starts to decrease in volume, and as cognition starts to become
affected thus in the later stages of the presymptomatic period in proximity to symptom onset. This
would be an important biomarker for GRN-related FTD, as an increase in concentration from baseline
during the presymptomatic period would identify a time around the onset of neurodegeneration, and
potentially a time when therapeutic intervention may be optimal. Despite the lack of a significant
increase in concentration in C9orf72 mutation carriers, a similar pattern of negative correlation with
cognition and brain imaging was seen in the presymptomatic period — it would be useful in future
studies to investigate the subset of C90rf72 expansion carriers that have increased GFAP
concentrations, and how they differ from those with a lower concentration. In particular, it would be
helpful to compare carriers with and without concomitant ALS. We also assessed whether GFAP
correlated with the rate of brain atrophy measured with longitudinal brain imaging and found a
significant positive correlation only in the symptomatic GRN carriers (in the temporal lobe),
implicating an association of GFAP levels with the intensity of the disease process i.e. how fast the
disease is progressing. With longitudinal follow-up of participants, it would therefore be
hypothesized that higher GFAP concentration would be associated with shorter survival in GRN-

related FTD.

Whilst the multicentre nature of the GENFI study allows collection of samples from a large genetic
cohort of FTD worldwide, there remains a relatively small number of cases in each group (leading to
low statistical power to detect differences), particularly in the symptomatic carriers, and replication in
a larger dataset would be helpful. Due to the nature of the disease process, the mean age of the
controls overall is lower compared to the symptomatic mutation carriers, but nonetheless the same
results are found whether performing an age-adjusted comparison (as presented above) or when
symptomatic mutation carriers are compared with an age- and gender-matched subset of older

controls (see Supplementary Figure 2). The advantage of studying levels in plasma is that blood is



more easily accessible and a relatively cost-efficient way to access bodily fluids in comparison to
performing a lumbar puncture; in this study, the use of the ultrasensitive Simoa assay allowed
detection at a level in blood that other assays do not. However, it will be important to study CSF
levels in more detail in this group, as concentrations can differ between blood and CSF'. Lastly,
despite significant differences between the groups, there is a substantial overlap in concentrations
between carriers and controls: longitudinal study of GFAP concentration over time, particularly in
participants that convert from presymptomatic to symptomatic status, will therefore be important to
truly evaluate whether changes do occur towards the end of the presymptomatic period and how

levels change with progression of disease.

In summary, plasma GFAP levels appear to be uniquely increased in GRN mutation carriers in the
current study, and importantly, concentrations may well be abnormal during the late presymptomatic

period, suggesting that GFAP might act as marker of proximity to symptom onset.



Contributorship

CH and JR contributed to the study design, acquisition, analysis and interpretation of the data as well as drafting and revising
the manuscript. All other authors (MSF, AH, HZ, KMM, RSC, MB, MN, DMC, DLT, CVG, IOCW, RS, JCvS, FM, RSV, BB, RL],
MM, MCT, CG, DG, JBR, EF, MS, RV, AdM, FT, IS, SD, CB, AG, JL, AD, GF, SS, MO) contributed to the acquisition of data and
study co-ordination as well as helping to critically review and revise the manuscript.

Acknowledgments

We particularly extend our appreciation to the members of these kindreds who have been active participants in the GENFI
study.

Funding Statement

The GENFI study has been supported by the Medical Research Council UK (MR/M023664/1), the Italian Ministry of Health and
the Canadian Institutes of Health Research as part of a Centres of Excellence in Neurodegeneration grant, as well as other
individual funding to investigators. This work was supported by the NIHR Queen Square Dementia Biomedical Research Unit,
the NIHR UCL/H Biomedical Research Centre and the Leonard Wolfson Experimental Neurology Centre (LWENC) Clinical
Research Facility, Alzheimer’s Research UK, the Brain Research Trust and the Wolfson Foundation as well as an Alzheimer's
Society grant (AS-PG-16-007). The biomarker measurements were funded in part by the UK Dementia Research Institute at
UCL and by a Wellcome Trust Multi-User Equipment Grant. KM has received funding from an Alzheimer’s Society PhD
studentship. IOCW is supported by a MRC Clinical Research Training Fellowship (MR/MO018288/1). RS is supported by an
Alzheimer's Research UK Clinical Research Training Fellowship (ARUK-CRF2017B-2). JCvS was supported by the Dioraphte
Foundation grant 09-02-03-00, the Association for Frontemporal Dementias Research Grant 2009, The Netherlands
Organization for Scientific Research (NWO) grant HCMI 056-13-018, ZonMw Memorabel (Deltaplan Dementie, project number
733 051 042), Alzheimer Nederland and the Bluefield project. CG received funding from JPND-Prefrontals VR Dnr 529-2014-
7504, VR: 2015-02926, and 2018-02754, the Swedish FTD Initiative-Schorling Foundation, Alzheimer Foundation, Brain
Foundation and Stockholm County Council ALF. DG received support from the EU Joint Programme — Neurodegenerative
Disease Research (JPND) and the Italian Ministry of Health (PreFrontALS) grant 733051042. RSV has received funding from
Fundacié Maraté de TV3, Spain (grant no. 20143810). FM received funding from the Tau Consortium and the Center for
Networked Biomedical Research on Neurodegenerative Disease (CIBERNED). JBR has received funding from the Wellcome
Trust (103838) and the National Institute for Health Research (NIHR) Cambridge Biomedical Research Centre. MO has received
funding from BMBF (FTLDc). MM has received funding from a Canadian Institutes of Health Research operating grant and the
Weston Brain Institute and Ontario Brain Institute. RV has received funding from the Mady Browaeys Fund for Research into
Frontotemporal Dementia. EF has received funding from a CIHR grant #327387. HZ is a Wallenberg Academy Fellow. JDR is a
MRC Clinician Scientist (MR/M008525/1) and has received funding from the NIHR Rare Diseases Translational Research

Collaboration (BRC149/NS/MH), the Bluefield Project and the Association for Frontotemporal Degeneration.



Competing of Interests

The authors declare no conflict of interest.



REFERENCES

10.

Woollacott, I. O. C. & Rohrer, J. D. The clinical spectrum of sporadic and familial forms of

frontotemporal dementia. Journal of Neurochemistry 138, 6-31 (2016).

Rohrer, J. D. et al. Presymptomatic cognitive and neuroanatomical changes in genetic
frontotemporal dementia in the Genetic Frontotemporal dementia Initiative (GENFI) study: a

cross-sectional analysis. Lancet Neurol. 14, 253-262 (2015).

Meeter, L. H. et al. Neurofilament light chain: a biomarker for genetic frontotemporal

dementia. Ann. Clin. Transl. Neurol. 3, 623-36 (2016).

Galimberti, D. et al. Progranulin plasma levels predict the presence of GRN mutations in
asymptomatic subjects and do not correlate with brain atrophy: results from the GENFI study.

Neurobiol. Aging 62, 245.9-245.e12 (2018).

Meeter, L. H. H. et al. Poly(GP), neurofilament and grey matter deficits in C9orf72 expansion

carriers. Ann. Clin. Transl. Neurol. 5, 583-597 (2018).

Meeter, L. H. H. et al. Progranulin Levels in Plasma and Cerebrospinal Fluid in Granulin

Mutation Carriers. Dement. Geriatr. Cogn. Dis. Extra 6, 330-340 (2016).

Gendron, T. F. et al. Poly(GP) proteins are a useful pharmacodynamic marker for COORF72 -

associated amyotrophic lateral sclerosis. Sci. Transl. Med. 9, (2017).

Lehmer, C. et al. Poly-GP in cerebrospinal fluid links C90rf72 -associated dipeptide repeat

expression to the asymptomatic phase of ALS/FTD. EMBO Mol. Med. 9, 859-868 (2017).

Scherling, C. S. et al. Cerebrospinal fluid neurofilament concentration reflects disease severity

in frontotemporal degeneration. Ann. Neurol. 75, 116-26 (2014).

Skillback, T., Mattsson, N., Blennow, K. & Zetterberg, H. Cerebrospinal fluid neurofilament

light concentration in motor neuron disease and frontotemporal dementia predicts survival.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Amyotroph. Lateral Scler. Front. Degener. 18, 397-403 (2017).

Lewczuk, P. et al. Plasma neurofilament light as a potential biomarker of neurodegeneration in

Alzheimer’s disease. Alzheimers. Res. Ther. 10, (2018).

Rohrer, J. D. et al. Serum neurofilament light chain protein is a measure of disease intensity in

frontotemporal dementia. Neurology 87, 1329-1336 (2016).

Wilke, C. et al. Neurofilament light chain in FTD is elevated not only in cerebrospinal fluid, but

also in serum. J. Neurol. Neurosurg. Psychiatry 87, 1270-1272 (2016).

Skillback, T. et al. CSF neurofilament light differs in neurodegenerative diseases and predicts

severity and survival. Neurology 83, 1945-1953 (2014).

Colangelo, A. M., Alberghina, L. & Papa, M. Astrogliosis as a therapeutic target for

neurodegenerative diseases. Neurosci. Lett. 565, 59-64 (2014).

Umoh, M. E. et al. A proteomic network approach across the ALS-FTD disease spectrum
resolves clinical phenotypes and genetic vulnerability in human brain. EMBO Mol. Med. 10,

48-62 (2018).

Ishiki, A. et al. Glial fibrillar acidic protein in the cerebrospinal fluid of Alzheimer’s disease,
dementia with Lewy bodies, and frontotemporal lobar degeneration. J. Neurochem. 136, 258—

261 (2016).

Oeckl, P. et al. Different neuroinflammatory profile in amyotrophic lateral sclerosis and
frontotemporal dementia is linked to the clinical phase. J. Neurol. Neurosurg. Psychiatry 90, 4-10

(2019).

Oeckl, P. et al. Glial Fibrillary Acidic Protein in Serum is Increased in Alzheimer’s Disease and

Correlates with Cognitive Impairment. J. Alzheimer’s Dis. 67, 481-488 (2019).

Rascovsky, K. et al. Sensitivity of revised diagnostic criteria for the behavioural variant of



21.

22.

23.

24.

25.

26.

27.

28.

29.

frontotemporal dementia. Brain 134, 1-22 (2011).

Gorno-Tempini, M. L. et al. Classification of primary progressive aphasia and its variants.

Neurology 76, 1006-1014 (2011).

Brooks, B. R., Miller, R. G., Swash, M., Munsat, T. L. & World Federation of Neurology
Research Group on Motor Neuron Diseases. El Escorial revisited: revised criteria for the

diagnosis of amyotrophic lateral sclerosis. Amyotroph. Lateral Scler. Other Motor Neuron Disord.

1, 293-9 (2000).

Armstrong, M. J. et al. Criteria for the diagnosis of corticobasal degeneration. Neurology 80,

496-503 (2013).

Hoglinger, G. U. et al. Clinical diagnosis of progressive supranuclear palsy: The movement

disorder society criteria. Mov. Disord. 32, 853-864 (2017).

Knopman, D. S. et al. Development of methodology for conducting clinical trials in

frontotemporal lobar degeneration. Brain 131, 29572968 (2008).

Cardoso, M. J. et al. Geodesic Information Flows: Spatially-Variant Graphs and Their

Application to Segmentation and Fusion. IEEE Trans. Med. Imaging 34, 1976-1988 (2015).

Liddelow, S. A. & Barres, B. A. Reactive Astrocytes: Production, Function, and Therapeutic

Potential. Immunity 46, 957-967 (2017).

Dvorak, F., Haberer, L, Sitzer, M. & Foerch, C. Characterisation of the Diagnostic Window of
Serum Glial Fibrillary Acidic Protein for the Differentiation of Intracerebral Haemorrhage and

Ischaemic Stroke. Cerebrovasc. Dis. 27, 37-41 (2009).

Papa, L. et al. GFAP Out-Performs 5100 in Detecting Traumatic Intracranial Lesions on
Computed Tomography in Trauma Patients with Mild Traumatic Brain Injury and Those with

Extracranial Lesions. |. Neurotrauma 31, 1815-1822 (2014).



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Olsson, B. et al. CSF and blood biomarkers for the diagnosis of Alzheimer’s disease: a

systematic review and meta-analysis. Lancet Neurol. 15, 673-684 (2016).

Cenik, B., Sephton, C. F., Kutluk Cenik, B., Herz, J. & Yu, G. Progranulin: a proteolytically
processed protein at the crossroads of inflammation and neurodegeneration. J. Biol. Chem. 287,

32298-32306 (2012).

Chitramuthu, B. P., Bennett, H. P. J. & Bateman, A. Progranulin: a new avenue towards the

understanding and treatment of neurodegenerative disease. Brain 140, 3081-3104 (2017).

Almeida, S., Zhou, L. & Gao, F.-B. Progranulin, a Glycoprotein Deficient in Frontotemporal
Dementia, Is a Novel Substrate of Several Protein Disulfide Isomerase Family Proteins. PLoS

One 6, (2011).

Menzel, L. et al. Progranulin protects against exaggerated axonal injury and astrogliosis

following traumatic brain injury. Glia 65, 278-292 (2017).

Petkau, T. L., Hill, A. & Leavitt, B. R. Core neuropathological abnormalities in progranulin-
deficient mice are penetrant on multiple genetic backgrounds. Neuroscience 315, 175-195

(2016).

Ghoshal, N., Dearborn, J. T., Wozniak, D. F. & Cairns, N. ]. Core features of frontotemporal

dementia recapitulated in progranulin knockout mice. Neurobiol. Dis. 45, 395-408 (2012).

Yin, F. et al. Exaggerated inflammation, impaired host defense, and neuropathology in

progranulin-deficient mice. . Exp. Med. 207, 117-128 (2010).

Woollacott, I. O. C. et al. Pathological correlates of white matter hyperintensities in a case of

progranulin mutation associated frontotemporal dementia. Neurocase 24, 166-174 (2018).

Sudre, C. H. et al. White matter hyperintensities are seen only in GRN mutation carriers in the

GENFI cohort. Neurolmage Clin. 15, 171-180 (2017).



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Chew, J. et al. C9ORF72 repeat expansions in mice cause TDP-43 pathology, neuronal loss, and

behavioral deficits. Science. 348, 1151-1154 (2015).

Hallmann, A.-L. et al. Astrocyte pathology in a human neural stem cell model of

frontotemporal dementia caused by mutant TAU protein. Sci. Rep. 7, (2017).

Domoto-Reilly, K., Davis, M. Y., Keene, C. D. & Bird, T. D. Unusually long duration and
delayed penetrance in a family with FTD and mutation in MAPT (V337M). Am. |. Med. Genet.

B. Neuropsychiatr. Genet. 174, 70-74 (2017).

Raz, N. & Rodrigue, K. M. Differential aging of the brain: Patterns, cognitive correlates and

modifiers. Neurosci. Biobehav. Rev. 30, 730-748 (2006).

Végberg, M. et al. Levels and Age Dependency of Neurofilament Light and Glial Fibrillary
Acidic Protein in Healthy Individuals and Their Relation to the Brain Parenchymal Fraction.

PLoS One 10, (2015).

Hayakawa, N., Kato, H. & Araki, T. Age-related changes of astorocytes, oligodendrocytes and

microglia in the mouse hippocampal CA1 sector. Mech. Ageing Dev. 128, 311-316 (2007).

Cotrina, M. L. & Nedergaard, M. Astrocytes in the aging brain. J. Neurosci. Res. 67, 1-10 (2002).

Kohama, S. G., Goss, J. R., Finch, C. E. & McNeill, T. H. Increases of glial fibrillary acidic

protein in the aging female mouse brain. Neurobiol. Aging 16, 59-67 (1995).

Goss, J. R, Finch, C. E. & Morgan, D. G. Age-related changes in glial fibrillary acidic protein

mRNA in the mouse brain. Neurobiol. Aging 12, 165-170 (1991).

Lynch, A. M. et al. The impact of glial activation in the aging brain. Aging Dis. 1, 262-278

(2010).



Figure 1. a) Plasma GFAP and b) plasma NfL concentrations (pg/mL) in control,
presymptomatic and symptomatic FTD mutation carriers for each gene: C9orf72, GRN and
MAPT. Median designated by blue line; interquartile ranges indicated by orange error bars. * =
significant differences — only differences from controls and within the same genetic group are
shown on the graph. Note that 29 data points fall outside the upper or lower limit using the
interquartile range method, with factor k = 1.5 (i.e. outside the upper limit Q3 + 1.5 x IQR or
lower limit Q1 - 1.5 x IQR): excluding these outliers does not change the significance of the

results.

Figure 2. Correlation between plasma GFAP concentrations (pg/mL) and age: a)

presymptomatic, and b) symptomatic mutation carriers.



