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Introduction

Frontotemporal lobar degeneration (FTLD) is the second
most prevalent dementia in patients below 65 years old"?

© 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

Abstract

Objective: Frontotemporal lobar degeneration (FTLD) is the second most
prevalent dementia in young patients and is characterized by the presence of
two main protein aggregates in the brain, tau (FTLD-Tau) or TDP43 (FTLD-
TDP), which likely require distinct pharmacological therapy. However, specific
diagnosis of FTLD and its subtypes remains challenging due to largely overlap-
ping clinical phenotypes. Here, we aimed to assess the clinical performance of
novel cerebrospinal fluid (CSF) biomarkers for discrimination of FTLD and its
pathological subtypes. Methods: YKL40, FABP4, MFG-E8, and the activities of
catalase and specific lysosomal enzymes were analyzed in patients with
FTLD-TDP (n = 30), FTLD-Tau (n = 20), AD (n = 30), DLB (n = 29), and
nondemented controls (n = 29) obtained from two different centers. Models
were validated in an independent CSF cohort (n = 188). Results: YKL40 and
catalase activity were increased in FTLD-TDP cases compared to controls.
YKLA40 levels were also higher in FTLD-TDP compared to FTLD-Tau. We iden-
tified biomarker models able to discriminate FTLD from nondemented controls
(MFG-ES, tTau, and Af,,; 78% sensitivity and 83% specificity) and non-FTLD
dementia (YKL40, pTau, p/tTau ratio, and age; 90% sensitivity, 78% speci-
ficity), which were validated in an independent cohort. In addition, we identi-
fied a biomarker model differentiating FTLD-TDP from FTLD-Tau (YKLA40,
MFGE-8, fHexA together with fHexA/tHex and p/tTau ratios and age) with
80% sensitivity and 82% specificity. Interpretation: This study identifies CSF
protein signatures distinguishing FTLD and the two main pathological subtypes
with optimal accuracy (specificity/sensitivity > 80%). Validation of these mod-
els may allow appropriate selection of cases for clinical trials targeting the accu-
mulation of Tau or TDP43, thereby increasing their efficiency and facilitating
the development of successful therapies.

and has the worst life expectancy among non-prion
dementia.” Two main pathological subtypes have been
described based on the proteinopathy found in the brain:
around half of the cases develop aggregates of the
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CSF Biomarkers for FTLD and Its Subtypes

microtubule-associated protein tau (FTLD-Tau), while
the other half are characterized by cytoplasmic inclusions
of the transactivator regulatory DNA-binding protein 43
(TDP43, FTLD-TDP).* These two main pathologies likely
require distinct pharmacological therapy, and thus, dis-
crimination of both subtypes is strongly needed. How-
ever, the clinical presentation of the FTLD pathological
subtypes is heterogeneous and overlapping.” So far, there
are still no effective early biomarkers available to discrim-
inate FTLD and its two main pathological subtypes, ham-
pering the selection of appropriate patients for clinical
trials targeting the specific proteinopathy (i.e., Tau or
TDP43).%7

Most biomarker studies have been performed in patho-
logically heterogeneous populations.® The few studies ana-
lyzing antemortem cerebrospinal fluid (CSF) with known
underlying neuropathology have revealed several candi-
date biomarkers, such as the pTaug; to tau ratio, which
discriminates FTLD-TDP from FTLD-Tau cases with
approximately 80% sensitivity and 60% specificity.” "'
Despite these promising results, their specificity is far
from optimal, most of the identified markers are awaiting
further validation and their diagnostic accuracy remains
to be evaluated.

In order to unravel novel specific biomarkers for FTLD
subtypes, we previously mapped and validated changes in
the proteome of antemortem CSF of well-characterized
FTLD patients with confirmed tau or TDP43 pathology
and nondemented controls.'? In this study, we externally
validated and assessed the clinical performance of the
identified novel CSF biomarkers (chitinase-3-like protein
1 [CHI3L1 or YKL-40], milk fat globule-EGF factor 8
protein [MFG-E8], fatty acid-binding protein 4 [FABP4],
catalase activity, and specific lysosomal enzymes’ activity),
as single biomarkers or combined, in discriminating
FTLD and its different pathological subtypes using two
independent cohorts biobanked at the Emory University
and Milan University Hospital Policlinico.

Methods

Human CSF samples

CSF material was obtained from the Emory University
(n = 100, USA) and Milan University Hospital Policlinico
(n = 45, Ttaly) (discovery cohort, Table 1). FTLD patients
with an wunderlying TDP43 pathology (FTLD-TDP,
n =30) were selected based on autopsy (n = 8) and
C90rf72/GRN mutations (n = 15).">'* Diagnostic groups
were enriched with CSF from patients with FTLD-Plus
syndromes that reflect high correlation with a specific
neuropathology. Thus, the FTLD-TDP group was
enriched with FTLD patients with amyotrophic lateral
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sclerosis (FTLD-ALS, n = 7), associated with TDP43
pathology."> FTLD cases with tau neuropathology (FTLD-
Tau, n = 20) were selected based on autopsy (n = 2),
MAPT mutations (n =2),° and familial history of
autopsy confirmed FTLD-Tau (n =1). The FTLD-Tau
group was also enriched with CSF from patients with
FTLD-Plus syndromes related to tau pathology such as
progressive supranuclear palsy (FTLD-PSP, n = 10) or
corticobasal syndrome (FTLD-CBS, n = 5).117 Notewor-
thy, six FTLD-Tau and six FTLD-TDP patients had a pos-
itive AD CSF biomarker profile (low CSF f-amyloid 1-42
(Ap42) and high p or t-Tau level, applying local labora-
tory standards), suggesting potential AD copathology in
those cases. Non-demented healthy controls (CON,
n =29, 4 of them with positive CSF AD biomarker pro-
file) and patients with other types of dementia, such as
AD (n = 30) and DLB (n = 29), were also selected to test
the specificity of the biomarker signatures to FTLD. An
additional independent CSF cohort was used for valida-
tion of the resulting CSF protein biomarker signatures
(validation  cohort:  [subjective  cognitive  decline
(SCD) =59, FTLD-TDP = 42, FTLD-Tau = 50, AD = 17,
and DLB = 20]), consisting of samples recruited at the
Erasmus Medical Center (MC) and the VU Medical Cen-
ter (VUmc; Table 1).

All participants underwent standard neurological and
cognitive assessments and diagnosis was assigned accord-
ing to consensus criteria.'®** The control group of the
validation cohort were labeled during a multidisciplinary
consensus meeting as SCD when they presented with sub-
jective cognitive complaints, but objective cognitive and
laboratory investigations (including AD CSF biomarkers)
were normal and thus comparable to controls (CON).
Non-demented healthy control or SCD cases did not meet
criteria for mild cognitive impairment and had no signs
of inflammatory or neurodegenerative disorders, or family
history of neurodegenerative diseases. All CSF samples of
all cohorts were stored in agreement with the JPND-BIO-
MARKAPD guidelines.”” Demographic data, concentra-
tion of CSF Af42, t-Tau, pTau, and type of diagnosis of
all cases used in each cohort and the biomarkers mea-
sured are summarized in Table.l. The studies were
approved by the Institutional Ethical Review Boards of
each center. Informed consent was obtained from all sub-
jects or their authorized representatives.

Biomarker analysis

CSF levels of the biomarkers were measured using specific
immunoassays that have been previously validated for
CSF analysis'® (Data S1). Intra- and interassays CVs were
calculated using two CSF pools as quality controls, result-
ing in 1.8% and 10% for YKL-40, 3.1% and 9.5% for
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Table 1. Descriptive statistics of demographics by diagnostic groups

CSF Biomarkers for FTLD and Its Subtypes

CON FTLD-TDP FTLD-Tau AD DLB
Cohort 1 (Emory + Milan)
n (M/F) 29 (14/15) 30 (18/12) 20 (13/7) 30 (15/15) 29 (15/14)
Age, years (mean + SD) 62 (15) 66 (7) 65 (10) 69 (8) 68 (8)
n (Emory/Milan) 20/9 20/10 20/0 20/10 20/9
AB1_a> (pg/mL) 408 (307)>< 4 230 (452)° 176 (101)° 218 (211)° 298 (279)°
t-Tau (pg/mL) 46 (36)° 78 (114)° 43 (35° 171 (156)P<de 43 (199)°
pTau (pg/mL) 18 (12)*¢ 23 (21)* 18 (14) 72 (46)><de 33 (19)*P<
FTLD subgroups 8 autopsy 2 autopsy
15 mutations 2 mutations
7 FTLD-ALS 1 family history
10 PSP
5 CBS
Cohort 2 (VUmc + ErasmusMC)
n (M/F) 59 (32/27) 42 (23/19) 50 (26/24) 17 (9/8) 20 (17/3)
Age, years (mean £ SD) 59 (10) 60(8) 64 (9) 64 (6) 63 (5)
AB1_4> (pg/mL) 983 (342)>< e 874 (328)>° 795 (335)*P 461 (137)P<de 648 (483)>P
t-Tau (pg/mL) 249 (106)*¢ 353 (137)2° 290 (182)° 622 (237)P<de 299 (118)°
pTau (pg/mL) 45 (20 38 (15)*¢ 39 (21)° 84 (26)><de 53 (24)°
FTLD subgroups 15 autopsy 3 autopsy
21 mutations 5 mutations
6 FTLD-ALS 22 PSP
20 CBS

CON, nondemented controls; FTLD, frontotemporal lobar degeneration; AD, Alzheimer’s disease; DLB, dementia with Lewy body; PSP, progressive

supranuclear palsy; CBS, corticobasal syndrome; n, number of cases; M, Male; F, female.

4P < 0.05 compared to AD.

bP < 0.05 compared to CON.

‘P < 0.05 compared to FTLD-TDP.
dp < 0.05 compared to FTLD-Tau.
€P < 0.05 compared to DLB.

FABP4, 10.8% and 24.2% for MFG-E8, and 3.1% and
13.7% for catalase activity. The levels of AD-related
biomarkers (total and phosphorylated tau [t-Tau and
pTau,s,]) were analyzed in the corresponding sample col-
lection center using the commercially available kits
(Emory: INNO-BIA AlzBio3; Milan: Innotest Af(1-42),
hTAUAg, phosphor-Tau(181P); Fujiribo, Ghent,
Belgium, both using the same antibodies) as previously
described.”*® The levels of neurofilament light change
(NfL) were measured in a subset of cases within the
validation cohort using a validated immunoassay ELISA
of UmanDiagnostics (Umea, Sweden) as previously
described.”” All biomarkers were analyzed by a single
experienced technician blinded to the clinical groups.

Effects of preanalytical factors

The effects of age, sex, and storage duration on CSF ana-
lytes were assessed by statistical evaluation of the results
as described below. The effect of freeze—thaw cycles was
experimentally determined for YKL40, MFG-E8, and cata-
lase activity by freezing and thawing independent CSF

samples (n = 2-3) up to four times, leaving the samples
each time at least 2 hours at room temperature, and next
store at —80°C for at least 12 h.

Statistical analysis

Statistical analyses were performed using SPSS (Chicago,
IL, USA). The influence of different preanalytical variables
on biomarker levels was analyzed by linear regression
after normalizing skewed data using two-step transforma-
tion.”®** Between-group analyses of demographic vari-
ables were performed using the Student’s t-test or
Pearson’s chi-square test in normally distributed data.
Non-Gaussian distributed data were analyzed using the
Mann—Whitney test. In the discovery cohort, difference in
the biomarker levels between the clinical groups was eval-
uated by ANCOVA using normalized values and includ-
ing either center and age or length of storage as covariate
followed by Fisher’s least significant difference (LSD,
equivalent to Mann—Whitney U test for adjusted means).
Noteworthy, not every differentially expressed marker
necessarily has discriminatory power in a classification
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exercise.”® Thus, we next used multivariate stepwise back- lysosomal activities, which change only after two freeze—
ward logistic regression based on likelihood ratio to find thaw cycles.”’ Longer storage time was associated with
the classification signature that gives maximum predictive decreased levels of MFG-E8 (P < 0.0001), as well as the
performance in the demarcation of the specific diagnostic activities of catalase (P < 0.0001) and all lysosomal
groups including all the CSF markers analyzed and age. enzymes (P < 0.01). Patient age influenced only the levels
The resulting predicting probabilities were used to assess of YKL-40 (P < 0.01) and FABP4 (P < 0.01). Sex did not
the diagnostic value of biomarker combination using  influence any of the biomarkers analyzed (Table S2).
receiver operator characteristic (ROC). Multilayer percep- In summary, we observed that age influenced the levels
tron analysis was used to validate the models by ran- of YKL-40 and FABP4. The center in which samples were
domly selecting subset of samples from the whole cohort. collected had a strong influence on all the CSF biomark-
Areas under the curve (AUC), sensitivity, and specificity =~ ers analyzed and the length of storage negatively influ-
values were calculated. The performance of the models enced MFG-E8 concentration and the activities of catalase
was classified as poor (AUC:0.6-0.7), moderate (AUC = and lysosomal enzymes. Thus, analysis of the data was
0.7-0.8), good (AUC = 0.8-0.9), and optimal (AUC = performed always correcting for center and either length
0.9-1). To further validate the biomarker models, we next of storage or age when applicable.

analyzed the corresponding biomarker combinations in
the independent validation cohort by logistic regression
and ROC analysis. For models that could not be further
tested in the validation cohort, data were reanalyzed using
support vector machine (SVM), which randomly splits

Change in levels of YKL-40, MFG-E8, and
catalase activity in CSF across different
diagnostic groups

the original samples of analysis into training and valida- YKL40 was increased in the overall FTLD group compared
tion sets (70-30%, respectively). Values with P < 0.05 to nondemented controls (P < 0.01) and was higher in
were considered significant. FTLD-TDP compared to FTLD-Tau cases (P < 0.05).

YKL40 was also increased in FTLD-TDP compared to DLB
and nondemented controls (P < 0.0001), but did not differ
from those in AD (Fig. 1A). ROC analysis showed that CSF
YKL-40 levels had a moderate performance discriminating

Results

Demographic and preanalytical effects nondemented healthy controls (CON) from the overall

No difference in age or sex was observed between FTLD FTLD patients (AUC: 0.74; 95% CI: 0.62—0.85, P < 0.0001)
pathological subtypes (Table 1). Samples from the Emory or FTLD-TDP subtype (AUC: 0.78; 95% CI: 0.67-0.90,
cohort had a shorter storage time and patients had a P < 0.0001, Fig. 2D) but did not reach sufficient sensitiv-
lower age compared to those obtained from Milan ity/specificity values (<80%, Table 2).

(P < 0.001). We observed that the overall levels of all The levels of MFG-E8 were decreased in the overall
biomarkers with the exception of FABP4 were higher in FTLD group compared to AD (P < 0.05). No significant
samples collected at Emory University (Table S1). difference was observed between FTLD-TDP and FTLD-

Freeze—thaw cycles did not influence the levels of YKL- Tau. MFG-E8 levels were especially lower in FTLD-TDP
40, MFG-E8, or catalase activity (Fig. S1), except for patients compared to AD (P < 0.05, Fig. 1B). MFG-E8
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Figure 1. YKL-40, MFG-E8 and catalase activity in CSF were changed across the different diagnostic groups. Dot plot displays the uncorrected
values of YKL40 (A) MFG-E8 (B) and the activity of catalase (C) in CSF for each clinical group (FTLD-TDP in blue and FTLD-Tau in orange). Median
and interquartile range are represented *P < 0.05; ***P < 0.001. Abbreviations: n.s., nonsignificant; CSF, cerebrospinal fluid; CON, healthy
nondemented controls; TDP, TAR DNA-binding protein 43; AD, Alzheimer’s disease; DLB, dementia with Lewy bodies.
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Figure 2. Receiver operating curves (ROC) of the different models discriminating specific diagnostic groups in the discovery cohort. (A) ROC
curves of the individual markers or the corresponding biomarker combination (MFG-E8, tTau, and AB,,) discriminating FTLD from CON. (B) ROC
curves of the individual markers or the corresponding biomarker combination (YKL40, pTau, p/tTau, and age) discriminating FTLD from non-FTLD
dementia (AD, DLB). (C) ROC curves of the individual markers or the corresponding biomarker combination (YKL40, MFG-E8, p/tTau ratio, fHexA
activity, p/tHexA, and age) discriminating FTLD-TDP from FTLD-Tau. (D) ROC curves of the individual markers or the corresponding biomarker
combination discriminating FTLD-TDP from CON (YKL40, MFG-E8, and catalase activity) with and without center as interaction factor.

did not show enough diagnostic performance on discrim-
inating FTLD from AD.

Catalase activity in CSF was increased in FTLD and
FTLD-TDP compared to controls (P < 0.05) and DLB
patients (P < 0.05; Fig. 1C). Catalase activity could only
discriminate FTLD from nondemented controls with poor
performance (AUC: 0.64; P = 0.05, Fig. 2A, Table 2).

The levels of FABP4 as well as the activity of the differ-
ent lysosomal enzymes in CSF were not changed between
the different diagnostic groups (Fig. S2). Differences in
biomarker levels between the non-FTLD dementia groups
were also observed (Fig. 1A-C).

Specific CSF protein signatures discriminate
FTLD and its pathological subtypes

CSF biomarkers discriminating FTLD from CON

Multivariate stepwise backward regression revealed that
combination of MFG-E8 together with tTau and Af,,
could discriminate control cases from FTLD patients
(FTLD vs. CON model) with optimal performance (AUC:
0.90, 95% CIL: 0.83-0.98, P < 0.0001) leading to 78%

© 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

sensitivity and 83% specificity. This performance was better
to that observed for any of the individual markers within
the model (Fig. 2A, Table 2). These results were confirmed
by multilayer perceptron analysis (AUC: 0.91).

CSF biomarkers discriminating FTLD from non-
FTLD dementia cases

Combination of YKL-40 with pTau, the p/tTau ratio and
age could discriminate FTLD cases from patients with
non-FTLD dementia (AD and DLB) with optimal perfor-
mance (AUC: 0.86, 95% CI: 0.78-0.93, P < 0.0001) lead-
ing to 90% sensitivity and 78% specificity. This
performance was better to that observed for any of the
individual markers within the model (Fig. 2B, Table 2).
These results were confirmed by multilayer perceptron
analysis (AUC: 0.86).

CSF biomarkers discriminating FTLD-TDP from
FTLD-Tau

Combination of YKL40, MFG-E8, activity of fHexA, and
the fHexA/tHex activity ratio together with p/tTau ratio
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and age could discriminate FTLD-TDP from FTLD-Tau
(TDP vs. Tau model) with an accuracy of 0.87 (95% CI
AUC: 0.77-0.97, P < 0.0001), and a sensitivity and speci-
ficity of 80% and 81%, respectively (Fig. 2C, Table 2). Such
results were confirmed by multilayer perceptron analysis
(AUC: 0.9). This performance was better to that observed
for the p/tTau ratio alone (AUC: 0.78; 95% CI: 0.65-0.91,
P =0.001, 80% sensitivity and 59% specificity, Fig. 2C,
Table 2), the marker showing the strongest discrimination
between FTLD-TDP and FTLD-Tau to date.”'°

CSF biomarkers discriminating FTLD-TDP from
CON

Combination of YKL-40, MFG-E8, and catalase activity
including center as an interaction factor could discrimi-
nate control cases from FTLD-TDP patients (TDP vs.
CON model) with optimal performance (AUC: 0.92, 95%
CI: 0.84-0.97, P < 0.0001, Fig. 2D) leading to 90% sensi-
tivity and 83% specificity. Adding tau markers, either
alone or as ratio, did not improve the sensitivity or speci-
ficity of the model. Importantly, removing center as an
interaction factor decreased specificity to 76% (AUC:
0.88, 95% CI AUC: 0.80-0.97, P < 0.0001, Fig. 2D,
Table 2). These results were confirmed by multilayer per-
ceptron analysis (AUC: 0.88).

CSF biomarker signatures discriminating CON from
FTLD-Tau were not identified.

Validation of the biomarker models

We next tested how well the generated models could be val-
idated in independent validation cohort (Table 3). We
observed that the “FTLD vs. CON” model (MFG-ES, tTau,
and Af,,) could again discriminate FTLD from CON cases
with optimal performance (AUC: 0.93, 95% CI: 0.89-0.97,
P < 0.0001; with 88% sensitivity and 85% specificity
(Fig. 3A; Table 3). Using a subset of cases for which NfL
measurements were available (FTLD = 92, CON = 28), we
observed that the FTLD vs. CON model (AUC:0.94;
P <0.0001) performed similar to NfL alone (AUC:0.94
P < 0.0001, Fig. S3), a non-disease specific marker that
optimally discriminate FTLD cases from controls.*”*>*

The “FTLD vs. non-FTLD dementia” model (pTau,
t/pTau ratio, YKL40 and age) could again optimally
discriminate FTLD cases from non-FTLD dementia cases
(AD and DLB) in the validation cohort (AUC: 0.93, 95%
CI: 0.88-0.98, P < 0.0001) achieving 91% sensitivity and
84% specificity (Fig. 3B; Table 3). The “FTLD-TDP vs.
CON” model (YKL-40, MFG-E8, and catalase activity)
was also validated in the new independent cohort (AUC:
0.94, 95% CI: 0.90-0.99, P < 0.0001) with 90% sensitivity
and 86% specificity (Fig. 3C; Table 3).

M. del Campo et al.

Most of the samples of the validation cohort had
already undergone more than two freeze—thaw cycles,
which affect the overall activity values of tHexA and
BHexA.>" The number of samples available in which the
activity of such enzymes could be optimally measured
(TDP = 12, FTLD-Tau = 6) was too small and thus the
“TDP vs. Tau” model could not be validated in an inde-
pendent cohort. However, analysis of the discovery cohort
using supporting vector machine (SVM), an alternative
statistical approach that randomly split the cohort into
training and testing sets, reported similar results (AUC:
0.93) with average error rates of 22.4% and 21.3% for the
training and testing test.

Discussion

Biomarkers discriminating FTLD pathological subtypes
are strongly needed for the selection of patients in drug
trials targeting the specific proteinopathies.”” We have
assessed and validated the clinical performance of novel
CSF biomarkers identified previously'? for discrimination
of FTLD pathological subtypes and nondemented controls
using two independent CSF cohorts coming from differ-
ent centers. The main findings were the identification of
four novel CSF biomarker signatures able to discriminate:
(1) FTLD from non-demented controls (FTLD vs. CON
model: MFG-E8, tTau, and Af4,), (2) FTLD from other
dementia (FTLD vs. non-FTLD dementia model: YKL-40,
pTau, and p/tTau ratio) and (3) the main FTLD patho-
logical subtypes (TDP vs. Tau model: YKL40, MFG-ES,
activity of fHexA, fHexA/tHex ratio, p/tTau ratio, and
age).

In agreement with previous studies, CSF YKL40 was
increased in FTLD and AD compared to controls.”> >’
FTLD-TDP had the highest YKL-40 values, which were
comparable to those observed in AD patients, but differ-
ent to those observed in CON, FTLD-Tau, or DLB. These
findings are partially in agreement with our previous
study in which higher levels were also observed in the
FTLD-Tau group.'” Importantly, FTLD-Tau encompasses
tauopathies with different etiologies such as FTLD-MAPT,
PSP, PiD, and CBD. While our previous proteomics-
based study analyzed mainly FTLD-Tau cases with MAPT
mutations,'” the current study was performed with a
more heterogeneous FTLD-Tau group including also spo-
radic CBS and PSP cases, which may explain the observed
discrepancies. Indeed, recent studies have highlighted that
CSF biomarkers (e.g., pTau) can differ between familial
and sporadic FTLD cases that develop the same underly-
ing neuropathology.”®* Thus, this data also highlights
the impact that the heterogeneity within each FTLD sub-
type can have on the CSF biomarker profile. CSF YKL-40
was also increased in different acute inflammatory
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Table 2. ROC analysis of CSF parameters discriminating different diagnostic groups in the discovery cohort

Cut-off  Sensitivity ~ Specificity p value Coefficient P value (within
point’ (%) (%) AUC (95% Cl) +R? LR (individually) (B) model)
CSF variables

FTLD (n = 49) vs. CON (n = 23)
MFG-E8 na na na 0.55 (0.405-0.702) na na 0.428 —0.0004 0.005
tTau na na na 0.62 (0.487-0.747) na na 0.111 0.068 <0.0001
Ap42 264 71 69 0.75 (0.632-0.859) 2.29 0.42 0.001 -0.010 <0.0001
FTLD vs. CON model*  0.686 78 83 0.90 (0.827-0.976) 4.59 0.27 <0.0001

FTLD (n = 49) vs. non-FTLD dementia (n = 57)
YKL40 na na na 0.60 (0.491-0.708) na na 0.071 —0.004 0.021
pTau 29.1 77 67 0.80 (0.702-0.877) 2.3 0.3 <0.0001 0.044 <0.0001
p/tTau na na na 0.62 (0.512-0.728) na na 0.034 2.33 0.008
Age na na na 0.61(0.503-0.719) na na 0.047 0.079 0.010
FTLD vs. non-FTLD 0.3903 90 78 0.86 (0.781-0.930) na na <0.0001
dementia model®

FTLD-TDP (n = 29) vs. FTLD -Tau (n = 20)
p/t Tau ratio 0.285 80 59 0.77 (0.641-0.906) 2 0.3 0.001 7.67 0.006
YKL40 na na na 0.64 (0.476-0.794) na na 0.109 —0.009 0.049
MFG-E8 na na na 0.57 (0.411-0.729) na na 0.406 0.001 0.027
PHexA na na na 0.57 (0.404-0.737) na na 0.414 -0.012 0.021
pHexA/tHex na na na 0.54 (0.370-0.708) na na 0.651 44.330 0.041
Age na na na 0.52 (0.336-0.696) na na 0.851 0.133 0.036
TDP vs. Tau model® 0.4563 80 81 0.87 (0.772-0.969) 4.2 0.2 <0.0001

FTLD-TDP (n = 29) vs. CON (n = 30)
YKL40 25.35 80 62 0.78 (0.665-0.901) 2.1 0.3 <0.0001 0.017 0.001
MFG-E8 na na na 0.44 (0.283-0.589) na na 0.396 —0.001 0.003
Catalase na na na 0.62 (0.474-0.761) na na 0.122 0.430 0.024
TDP vs. CON model”  0.4431 90 76 0.88 (0.796-0.965) 3.8 0.1 <0.0001

AUC, area under the curve; Cl, confident interval; LR, likelihood ratio; CON, nondemented controls; FTLD, frontotemporal lobar degeneration.
n.a: not applicable due to the lack of significance.

"Selected value of the individual biomarker or combination where the two groups of analysis could be discriminated with the reported sensitivity
and specificity.

2positive likelihood: sensitivity/100-specificity.

3Negative likelihood: 100-sensitivity/specificity.

4FTLD vs. CON model: y =2.94 — 0.0004*MFGE8 + 0.07*tTau — 0.01*Af4>.

°FTLD vs. non-FTLD dementia models: y = —6.621 — 0.004*YKL40 + 0.044*pTau + 2.33*p/tTau ratio + 0.79*Age.

°TDP vs. Tau model: y = —14.659 — 0.009*YKL40 + 0.001*MFGE8 — 0.012*fHexA activity + 44.33*fHexA/tHex activity ratio + 7.671*p/tTau
ratio + 0.133*Age.

7TDP vs. CON model: y = —3.193 + 0.017*YKL40 — 0.001*MFGE8 + 0.43*catalase activity.

Markers/models achieving sufficient biomarker performance are highlighted in bold.

disorders indicating that YKL-40 is an inflammatory mar-
ker likely reflecting astrogliosis.** ** Thus, the different
levels of YKL-40 levels across different pathological
groups may indicate a different inflammatory response.

We also analyzed the levels of MFG-E8, a molecule that
has been shown to mediate microglia phagocytosis.*’
Despite the fact that MFG-E8 was increased in AD cases
compared to both FTLD subtypes, it did not discriminate
those clinical groups. Recent data has shown that Af can
induce the release of MFG-E8,* and therefore, the higher
levels of MFG-E8 may reflect the higher amyloid load of
AD patients that is rarely seen in FTLD cases.

Catalase activity in CSF was increased in FTLD-TDP
compared to non-demented controls, which challenges
our previous findings in which the activity of catalase was
specially decreased in the FTLD group.'” The time length
of sample storage before analysis (which negatively influ-
ences CSF catalase activity) as well as the higher FTLD
heterogeneity of this study may explain the discrepancy
observed. Some cases within the nondemented controls or
the FTLD-TDP groups showed remarkably lower values
of catalase than the rest of the samples (i.e., catalase
<2.5 U/L), which are likely explained by the center of col-
lection (Milan) or time of storage rather than by a
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Table 3. ROC analysis of CSF parameters discriminating different diagnostic groups in the validation cohort

Cut-off Sensitivity ~ Specificity P value Coefficient P value
point’ (%) (%) AUC (95% Cl) +LR?  LR? (individually)  (B) (within model)

CSF variables
FTLD (n = 90) vs. CON (n = 55)

MFG-E8 5975 81 69 0.81(0.734-0.884) 2.61 0.28 <0.0001 —0.001 <0.0001
tTau 262.5 71 59 0.68 (0.592-0.765) 1.73 0.49 <0.0001 0.019 <0.0001
ABaz 886 66 65 0.67 (0.577-0.755) 1.89 0.52 0.001 —0.003 0.008
FTLD vs. CON model 0.594 88 85 0.93 (0.894-0.971) 5.87 0.14 <0.0001
FTLD (n = 91) vs. non-FTLD dementia models (n = 37)

YKL40 273 72 70 0.74 (0.644-0.833) 240 0.40 <0.0001 0.011 0.001

pTau 45.5 78 71 0.82 (0.729-0.911) 2.69 0.31 <0.0001 —0.083 <0.0001
p/tTau 0.134 70 60 0.68 (0.577-0.788) 1.75 0.50 0.001 -13.04 0.017

Age na na na 0.55 (0.444-0.646) na na 0.423 —0.062 0.113

FTLD vs. non-FTLD 0.636 91 84 0.93 (0.884-0.975) 5.69 0.11 <0.0001

dementia model
FTLD-TDP (n = 42) vs. CON (n = 57)

YKL40 25993 79 70 0.78 (0.690-0.881)  2.63  0.30 <0.0001 0.016 <0.0001
MFG-E8 6069.5 80 79 0.83 (0.745-0.907)  3.81 0.25 <0.0001 —0.001 <0.0001
Catalase 444 70 62 0.71 (0.614-0.815) 1.84 0.48 <0.0001 0.413 0.151
TDP vs. CON model 0.297 90 86 0.94 (0.898-0.989) 6.43 0.12 <0.0001

AUC, area under the curve; Cl, confident interval; LR, likelihood ratio; CON, nondemented controls; FTLD, frontotemporal lobar degeneration,
n.a, nonapplicable.

"Selected value of the individual biomarker or combination where the two groups of analysis could be discriminated with the reported sensitivity
and specificity.

2positive likelihood: sensitivity/100-specificity.

3Negative likelihood: 100-sensitivity/specificity.

Markers/models achieving sufficient biomarker performance are highlighted in bold.
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Figure 3. Receiver operating curves (ROC) of the different models discriminating specific diagnostic groups in the validation cohort. (A-C) ROC
curves of the (A) FTLD vs. CON model (MFG-E8, tTau, and Af4,), (B) the FTLD vs. non-FTLD dementia models (YKL40, pTau, p/tTau, and age) and
(C) the FTLD-TDP vs. CON model (YKL40, MFG-E8, and catalase activity) discriminating corresponding patients in the discovery (green line) and
validation (blue line) cohorts. Abbreviations: FTLD, frontotemporal lobar degeneration; CON, healthy nondemented controls; TDP, TAR DNA-
binding protein 43; AD, Alzheimer’s disease.

specific pathophysiological characteristic (i.e., TDP-ALS). We next assessed whether our protein dataset could
Catalase is an antioxidant enzyme, and thus, the observed reveal specific combination of markers discriminating
increase activity may reflect a compensatory mechanism non-demented controls and FTLD subtypes. We observed
to counteract the oxidative stress present in different  that combination of MFG-E8 together with CSF tTau
dementia such as AD or FTLD.*”* and Afl;; could discriminate FTLD patients from
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nondemented controls with 78% sensitivity and 82%
specificity, which was validated in a larger independent
cohort achieving sensitivity and specificity values >80%.
Most of the potential FTLD CSF biomarkers studied to
date (e.g., tau, tdp43) did not achieve enough sensitivity
or specificity.®*** In a subset of cases, we observed that
the FTLD vs. CON model achieved similar performance
to that observed for NfL alone. However, CSF NfL is a
nonspecific disease biomarker that is upregulated in other
disorders such as AD.*”?*** Importantly, recent studies
showed that the ratio between NfL and the soluble f frag-
ment of amyloid precursor protein (sAPPS)> or the
combination of TDP43 with p/tTau ratio™® could opti-
mally discriminate FTLD patients from CON in a large
cohort, promising data that need to be replicated in inde-
pendent cohorts. An additional challenge in clinical prac-
tice is the differential diagnosis of dementia. Noteworthy,
up to 30% of FTLD cases are misdiagnosed with other
disorders, especially AD.>® Several studies have shown that
ratios with AD CSF biomarkers (i.e., pTau/Af42 or tTau/
Ap42) can discriminate FTLD from AD with perfor-
mances over 80%.°®° In this study, we identified a model
able to discriminate FTLD from a general group of non-
FTLD dementia (AD and DLB) with 91% sensitivity and
84% specificity using pTau, p/tTau ratio and YKLA40.
Taken together, the biomarker combinations described
above may aid on the optimal diagnosis of FTLD within
the dementia spectrum, the first step toward diagnosing
the specific FTLD subtypes.

We next identified a model able to discriminate the
two main pathological subtypes of FTLD (TDP vs.Tau
model: YKL40, MFG-E8, fHexA, [HexA/tHex, p/tTau
ratio, and age) with a sensitivity and specificity of 80%
and 82%. The p/tTau ratio has already been shown to be
a reproducible biomarker discriminating both FTLD
pathological subtypes with sensitivity and specificity val-
ues around 82% and 62%, respectively,”'® as also
observed in the current study. Interestingly, the addition
of age, YKL40, and MFG-E8 together with the activity of
pHexA and its ratio increased the specificity to 81%.
These outcomes were not affected by the center in which
samples were collected, and similar results were obtained
when data were reanalyzed using SVM. These data reveal
a potential biomarker model discriminating FTLD patho-
logical subtypes with enough sensitivity and specificity
values according to biomarker guidelines (>80%).”” Such
model could be highly relevant since it may facilitate the
appropriate selection of cases (FTLD-TDP or FTLD-Tau)
for clinical trials targeting the specific protein aggregates
(TDP43 or Tau) once FTLD diagnosis is made, ultimately
easing the development of disease-modifying therapies.
However, it is important to highlight that the achieved
sensitivity and specificity still did not reach excellent

CSF Biomarkers for FTLD and Its Subtypes

performance (over 90%) and that validation of this model
in independent cohorts remains to be performed.

We identified a model that could discriminate FTLD-
TDP patients from controls with 90% sensitivity and 76%
specificity, which was also validated in a larger indepen-
dent cohort. Despite the clinical utility of this model
might be limited, the optimal validation of the model in
an independent cohort further supports the validity of the
data obtained in this study. Importantly, we observed that
the specificity of this model increased up to 83% when
center of was included as an interaction factor, indicating
a strong influence of preanalytical confounding factors
(e.g., differences in freeze—thaw cycles, spinning condi-
tions, length of storage, tube filling, brand collection
tube). This data stresses the importance of unraveling and
controlling for those preanalytical factors within biomar-
ker studies.”

Strikingly, some of the biomarkers that were not signif-
icantly changed between two specific diagnostic groups
(i.e., MFG-E8) contributed to discriminate those patients
within the predicting models. Thus, the results of this
study also highlight the importance of selecting biomarker
candidates based not only on the fold-change between the
groups of interest but also based on their effect in combi-
nation with other markers using unbiased predicting
models. These models may reflect not only changes in
protein concentration but also association of different
proteins to the specific phenotype within each patient,
ultimately reducing interindividual variability and increas-
ing diagnostic performance. Thus, multivariate models
might be especially helpful for diagnosis of complex dis-
orders with strong comorbidity such as neurodegenerative
dementia.

Limitations

The data revealed in this study are promising but impor-
tant limitations also apply. Some of the models revealed
in this study are based on complex formulas including six
markers and thus its final implementation in clinical
practice might be challenging. However, development of
highly sensitive targeted multiplex assays may facilitate
the validation of such biomarkers signatures.’®>® Note-
worthy, biomarkers outcomes may differ across different
stages of the disease. Despite there is no well-established
tools to optimally define the disease stage of FTLD cases
vet,®” the CSF samples used in this study were mostly col-
lected at the same stage of the disease, within 1-3 years
from symptoms onset. Thus, it would be also relevant to
analyze the performance of the revealed models in cases
at more advance stages of the disease. In addition, the
lack of autopsy confirmation in some of the selected cases
(i.e., those with clinical syndromes highly predictive of
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FTLD-Tau and FTLD-TDP) may have led to the inclusion
of cases with AD copathology™ influencing the resulting
diagnostic performances. However, inclusion of cases with
potential AD comorbidity may provide also a more
heterogeneous scenario that better resembles clinical prac-
tice. Lastly, although the cohorts analyzed in this study
are relatively large compared to earlier pathology-con-
firmed CSF biomarker studies, we acknowledge that the
sample size remains small and therefore results should
still be replicated in larger cohorts, specially the biomar-
ker model that optimally discriminated FTLD-TDP
patients from FTLD-Tau. However, considering that the
three other models unraveled within this study (FTLD vs.
CON, FTLD vs. non-FTLD dementia, and TDP vs. CON)
were replicated in a large independent cohort, we expect
to further validate the TDP vs. Tau biomarker signature
as soon as more samples become available. Whether com-
binations of the markers analyzed in this study aid in the
diagnosis of non-FTLD dementia remains to be evaluated.

Conclusion

This study reveals different biomarker models based on
the p/tTau ratio and a panel of different neuroinflamma-
tory and lysosomal CSF biomarkers that can discriminate
FTLD from nondemented controls and other dementia as
well as the main FTLD pathological subtypes with opti-
mal accuracy (specificity/sensitivity >80%). These models
may allow appropriate selection of cases for clinical trials
targeting the specific proteinopathy, thereby facilitating
the development of successful therapies.
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Figure S1. Effect of freeze—thaw on the concentration of
YKL40 (A), MFG-E8 (B), and catalase activity (C) in
CSE. Each line represents a different CSF sample. Data
represents the % of change in the biomarker concentra-
tion/activity. Most of samples remained within acceptable
+ 20% range (gray dash lines) according to guidelines.*

CSF Biomarkers for FTLD and Its Subtypes

Figure S2. Dot plot of the levels of FABP4 (A) and the
activity of HexA (B), fi-HexA (C), «-GLA (D) in CSF dis-
played for each clinical group (FTD-TDP in blue and
FTD-Tau in orange).

Figure S3. Receiver operating curves (ROC) of the CON
vs. FTLD model and NfL in the validation cohort.

Table S1. Demographic data, overall CSF values and col-
lection/storage protocols by center

Table S2. Relationship between CSF biomarker values
and demographic variables calculated by linear regression
Data S1. Supplementary methods
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