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Conclusion: In conclusion, we have identified several proteins with the combined potential to separate affected
individuals from unaffected individuals, as well as proteins with potential to contribute to the separation between
presymptomatic individuals and mutation non-carriers. Further studies are needed to continue the investigation of
these proteins and their potential association to the pathophysiological mechanisms in genetic FTD.

Keywords: Cerebrospinal fluid, Neurofilament medium polypeptide (NEFM), Neuronal pentraxin 2 (NPTX2),
Neurosecretory protein VGF (VGF), Aquaporin 4 (AQP4), LASSO, Random forest, Suspension bead array

Background

Frontotemporal dementia (FTD) is a group of neurode-
generative diseases that typically displays a younger age
at onset compared to other dementias [1]. A correct
diagnosis is crucial to begin future disease-modifying
treatments in the early phases of the disease. Protein
biomarkers have the potential to aid the clinical assess-
ment of patients and increase the knowledge about the
molecular changes preceding symptom onset [2]. For
this purpose, it is useful to study the genetic forms of
FID, including presymptomatic mutation carriers, to
uncover early disease processes.

Different proteins in cerebrospinal fluid (CSF) and
plasma have been suggested as potential biomarkers for
FTD [3]. One of the most studied fluid biomarkers for
symptom onset in FTD is neurofilament light chain,
(NEFL, also known as NfL) [4]. Elevated CSF levels of
NEFL is a marker of neuroaxonal damage [5] and has
been investigated in a wide range of neurological condi-
tions [6, 7]. Other biomarkers for FTD require further
evaluation in additional cohorts to assess their potential
[8-13].

A challenge in FTD research is the clinical, genetic
and neuropathological diversity among patients which
sometimes overlap with other neurodegenerative dis-
eases. The different phenotypes (behavioural variant,
primary progressive aphasias etc.), monogenic causes
and aggregated proteins in brain tissue (mainly TAR
DNA-binding protein 43; TDP-43 or tau) can chal-
lenge the ambitions to find fluid biomarkers for FTD.
By utilizing machine learning based algorithms, pat-
terns can be recognized which can be used to identify
a panel of proteins that together have the potential to
distinguish between different subgroups of FTD. Such
a panel of proteins, instead of a single biomarker, will
likely better resemble the complex and multifactorial
nature of FTD.

In this study, we have used an antibody-based proteo-
mics approach to measure proteins in CSF in a large,
well-described cohort from the GENetic Frontotemporal
dementia Initiative (GENFI) study [14]. Our aims were
to identify panels of proteins and evaluate their potential
to distinguish (I) affected individuals from unaffected in-
dividuals, and (II) presymptomatic mutation carriers

from mutation non-carriers. In addition, identifying pro-
teins altered in mutation carriers can bring further
insight into important pathophysiological mechanisms in
the disease development of genetic FTD.

Methods

Sample cohort

The sample cohort consisted of 221 participants re-
cruited as a part of the GENFI study [14]. Baseline cere-
brospinal fluid (CSF) samples were collected at 15
centres from year 2012 to 2019 according to a GENFI
standardized protocol. Participants were enrolled in
GENFI because they had a 50% risk of FTD due to a
pathogenic mutation in a first degree relative in one of
the following genes: chromosome 9 open reading frame
72 (C9orf72), progranulin (GRN), microtubule associated
protein tau (MAPT) or TANK-binding kinase 1 (TBKI).
Among the 221 participants, 47 were symptomatic indi-
viduals which hereafter will be annotated as affected mu-
tation carriers (AMC), 98 were presymptomatic
mutation carriers (PMC) and 76 were mutation non-
carriers (NC). The PMC and NC will together be anno-
tated as unaffected individuals. The clinical phenotype of
AMC included behavioural variant FTD (bvFTD, n = 32)
[15], primary progressive aphasia (PPA, n=7) [16] and
amyotrophic lateral sclerosis (ALS, n =5) [17] (four with
ALS and one with FTD-ALS). The remaining three af-
fected participants included two with the phenotype pro-
gressive supranuclear palsy (PSP) and one with dementia
that was not otherwise specified (D-NOS). When com-
paring CSF protein levels between affected (AMC) and
unaffected individuals (PMC +NC), only AMC with
bvFTD or PPA were included in the analysis to reduce
phenotypic heterogeneity.

The age at onset ranged from 35 to 73 years, with a
mean age of 58 years. The age and sex distribution for
AMC, PMC and NC are presented in Table 1, as well as
the mutated genes for the mutation carrier groups. For
AMC, age at onset and clinical phenotype are also pre-
sented. No significant differences were observed for the
sex distribution (Fisher’s exact test). One-way ANOVA
was used to assess differences in age, which was ob-
served between affected and unaffected participants,
with older individuals in AMC compared to both PMC
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Table 2 Proteins selected from LASSO or random forest when comparing affected and unaffected individuals

Protein Description Uniprot Antibody LASSO Random forest
% selected Mean mda

NEFM* Neurofilament medium polypeptide P07197 HPAQ022845 100 28.1
NPTX2* Neuronal pentraxin 2 P47972 HPA049799 716 84

VGF* Neurosecretory protein VGF 015240 HPAO055177 40.2 9.2

AQP4* Aquaporin 4 P55087 HPA014784 26.5 1.3
APOE4 Apolipoprotein E isoform 4 Q8TCZ8 M067-3 556 0.8

SEC63 Translocation protein SEC63 homolog QoUGP8 HPA053295 40.2 3.1

APOA1 Apolipoprotein Al P02647 HPA046715 315 42

PTPRN2 Protein tyrosine phosphatase, receptor type N2 Q92932 HPAQ007255 8.8 8.2

CTSS Cathepsin S P25774 HPA002988 76 94
SERPINA3 Serpin family A member 3 PO1011 HPA000893 0 12.8

C4A/B Complement C4A, complement C4B POCOL4, POCOLS HPA046356 0 1.0

AMPH Amphiphysin P49418 HPA019829 0 95

SPP1 Secreted phosphoprotein 1 P10451 NBP2-37423 0 88

CD14 Monocyte differentiation antigen CD14 P0O8571 HPA002035 0 85

Asterisk next to the protein name show which proteins were selected by both LASSO and Random forest. Proteins with grey numbers in the LASSO or Random
forest columns did not meet the selected cut-off for that model. LASSO indicates in how many models a protein was selected (% out of 1000 models). Random

forest indicates the mean mda from 1000 models

Furthermore, the stability of the Random forest
models was assessed by creating 1000 forests. AUC var-
ied from 0.93 to 0.95. Eleven proteins were defined by
Random forest as the most contributing factors (Table 2)
and were selected for further analysis.

Four proteins selected by both LASSO and random forest

A total of 14 proteins were selected by either LASSO or
Random forest (Table 2), and four of these proteins were
selected by both models, NEFM, NPTX2, VGF and
AQP4. The differences in levels between the affected
and unaffected individuals for these four proteins are
visualised in Fig. 1A and the remaining ten proteins in
Supplementary Fig. 1. The protein levels of NEFM and
AQP4 were significantly higher in the affected group,
while NPTX2 was significantly lower, compared to the
unaffected individuals. The mean VGF levels in the af-
fected group was lower than the mean in the unaffected
group, although it did not reach statistical significance.
A principal component analysis of these four proteins
revealed that 90% of the distribution of differences could
be explained by principal component 1 and 2 (Fig. 1B).
Affected individuals mainly cluster in the bottom right
part of the plot while unaffected individuals cluster in
the top left corner. Furthermore, the four proteins’ com-
bined potential to distinguish the affected individuals
from the unaffected individual was evaluated using a
hierarchical clustering approach (Fig. 1C). When divid-
ing the samples into three clusters, we identified one
very small cluster (1) with only two individuals (one af-
fected and one unaffected individual), one cluster (2)

with 93% affected individuals (affected # = 25, unaffected
n=2) and one cluster (3) with 93% unaffected individ-
uals (affected n =13, unaffected n =171). The group of
unaffected individuals was further investigated by ob-
serving protein levels and cluster distribution of PMC
and NC separately (Supplementary Fig. 2). There were
no differences in protein levels between PMC and NC
for NEFM, NPTX2, VGF or AQP4, nor did they separate
in the PCA analysis. PMC and NC cluster together in
cluster 3 without any apparent pattern. The two un-
affected individuals clustering together with the AMC
(cluster 2) are both NC, and one PMC is clustering to-
gether with one AMC in cluster 1. Next, the distribution
of the genetic causes and clinical phenotypes of the af-
fected individuals were investigated, but no pattern
could be identified that indicated a large difference be-
tween the genetic groups or between bvFTD and PPA
connected to the levels of NEFM, NPTX2, VGF and
AQP4 (Supplementary Fig. 2B). Furthermore, a PCA
analysis based on these four proteins was performed,
where all phenotypes were included, i.e. the affected in-
dividuals with the clinical phenotypes bvFTD and PPA
as well as ALS, FTD-ALS, PSP or D-NOS (Supplemen-
tary Fig. 3). All AMC cluster together, regardless of clin-
ical phenotype.

A heatmap (Supplementary Fig. 4) of the spearman
correlations between the 14 proteins presented in Table
2 demonstrated a strong correlation between NPTX2,
VGF and PTPRN2 (NPTX2-VGF rho=0.83, NPTX2-
PTPRN2 rho =0.79, VGF-PTPRN2 rho =0.89). A large
cluster with moderate correlations included AQP4,
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Fig. 1 Affected vs unaffected. Four proteins (NEFM, AQP4, NPTX2 and VGF) selected by both Random forest and LASSO when comparing
affected and unaffected individuals. Yellow and circles = affected individuals (n = 39), blue and triangles = unaffected individuals (n = 174). A Violin
plots for NEFM, AQP4, NPRX2 and VGF, with p-values from Wilcoxon rank sum test. B A PCA plot based on the four selected proteins. C A
hierarchical clustering based on PC1 and PC2. NEFM, neurofilament medium polypeptide; AQP4, apolipoprotein E isoform 4; NPTX2, neuronal
pentraxin 2; VGF, neurosecretory protein VGF; AU, arbitrary units; PCA, principal component analysis

AMPH, CD14, C4A/B, NEFM, SERPINA3, CTSS, SPP1,
where AQP4 and AMPH had the strongest individual
correlation (rho =0.86). SERPINA3 had a strong correl-
ation to APOA1 (rho=0.81), CD14 (rho=0.74) and
C4A/B (rho =0.72). APOE4 had a weak correlation (rho
< 0.40) with all other proteins.

CSF profiles in presymptomatic mutation carriers versus
mutation non-carriers

The construction of LASSO and Random forest models
for the comparison of PMC vs NC was performed in the
same way as described in previous sections (affected in-
dividuals vs unaffected individuals). However, when
comparing PMC and NC, only one protein, progranulin
(GRN) was selected by both LASSO and Random forest.
In addition to GRN, one protein (kininogen 1, KNGI)

was selected from the LASSO models and two proteins
(AQP4 and UPF0606 protein KIAA1549L) from the
Random forest analysis. A PCA plot based on the four
proteins are shown in Fig. 2A. However, no separation
between the PMC and NC could be observed (nor be-
tween any of the genetic groups, Supplementary Fig. 5).
To optimise the analysis, only PMC with expected
present or future TDP-43 pathology and less than 10
years to expected symptom onset (based on the mean
age at disease onset in the respective genetic groups ac-
cording to Moore et al. 2020 [18]) were selected (i.e.
CYorf72 mutation carriers older than 48 years and GRN
mutation carriers older than 51 years). TBK1 presymp-
tomatic mutation carriers were excluded from this ana-
lysis as there were only three individuals and we
currently lack good estimations of mean age at symptom
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TARDBP (also known as TDP-43) is the main component
of the neuronal inclusions found at neuropathological exami-
nations in the majority of FTD cases and almost all ALS
cases [54]. It is an attractive protein to measure in CSF as it
could have the possibility to distinguish FTD with TDP-43
pathology from FID with tau-pathology in living patients
since this can only be inferred in genetic and not sporadic
cases. No validated method of detecting TDP-43 in CSF ex-
ists as of today. One recent study has detected pathological
aggregates of TDP-43 in CSF of C90rf72, GRN and TARDBP
mutation carriers but not in controls [55] which warrants
further investigations into the potential use of TDP-43 as a
biomarker for FTD with TDP-43 pathology. When compar-
ing GRN and C9orf72 PMC in proximity to symptom onset
to NC, LASSO identified TARDBP as important and in-
cluded the protein in 85.8% of the models. The only protein
selected in more models was GRN. However, TARDBP was
not regarded important in the Random forest models and
we did not observe a significant difference in the univariate
analysis.

The multiplexed single binder suspension bead array
offers a high-throughput analysis. In order to fully con-
firm the target specificity there is a need for further val-
idation and characterisation, utilizing more antibodies in
either single binder assays or sandwich assay or other or-
thogonal methods such as parallel reaction monitoring
(PRM) assays or epitope mapping. This is exemplified by
the thorough characterisation of NEFM investigated
using both sandwich assays [9] and PRM assay [23] and
AQP4 with a sandwich assay [26]. All used antibodies
from the Human Protein Atlas have been validated and
confirmed to only bind its specific target in a protein
array format (www.proteinatlas.org).

Univariate protein levels often overlap considerably be-
tween different sample groups while a panel of proteins
have the potential to improve the discriminatory capacity
between groups. We have used two machine learning
based algorithms to identify such panels of proteins:
LASSO and Random forest. The two methods have differ-
ent intrinsic properties, for example how they handle cor-
relating variables. Using both algorithms allow us to
achieve more robust results since the four most important
proteins were chosen in both models. LASSO performs
regularisation in order to increase prediction accuracy. By
removing less important features (variables, i.e. proteins),
the interpretation of the model is improved. Random for-
est ensembles a large number of decision trees with ran-
domly selected features and combines their predictions.
The importance of each feature is indicated using the cal-
culated mda per protein. One advantage with Random
forest is that the accuracy of the model can be estimated
from the OOB samples, i.e. samples in the original data
but not included when building a particular tree. Both al-
gorithms were able to successfully predict the
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classification of the samples when comparing affected and
unaffected individuals. The AUC varied between 0.89 and
0.98 for 1000 LASSO models, and between 0.93 and 0.95
for 1000 Random forest models. In the prediction models
for PMC and NC, the accuracy was lower (0.73-0.82). For
some biomarkers, as for example GRN, the levels in CSF
are most likely reduced already at birth due to haploinsuf-
ficiency. For others, such as dipeptide repeat proteins pro-
duced as a consequence of the C9orf/72 expansion, the
temporal changes have not been ascertained and it is not
clear when they deviate from normal levels in the asymp-
tomatic stage. In this cohort, PMC were at different stages
of their preclinical phase of FTD, with different number of
years from estimated age at onset. The protein levels
might vary greatly across individuals, which might influ-
ence the outcomes of our models. Furthermore, the sam-
ple size was reduced after filtering based on age and
expected pathology. It is possible that we would reach a
higher prediction accuracy between PMC and NC in a lar-
ger cohort, which would enable a better training set for
the models. Moreover, it would be beneficial to use a lon-
gitudinal study design where samples from the same indi-
viduals are collected over many years. This would enable a
more precise investigation of the temporal dynamics con-
nected to FTD. Follow-up samples are being collected and
will enable longitudinal analysis in the future. Since FTD
is such a diverse disease, it would be beneficial to study
distinct subgroups separately. It is not optimal to combine
patients with different genetic causative pathways when
trying to identify protein profiles with the potential to re-
flect pathophysiological processes in the brain. This re-
quires large cohorts, and the small size of the subgroups
(for example PMC with MAPT mutations) in this study
limited such comparisons. However, the patterns observed
for NEFM, AQP4, VGF and NPTX2 were further charac-
terised based on genetic groups and no distinct clusters
were observed based on the genetic cause. Future studies
with even larger cohorts would of course, as always, be
beneficial and could potentially enable a separation of the
individuals into distinct genetic subgroups. Lastly, one ad-
vantage with research on genetic FTD is the ability to
study PMC and the disease stages before symptom onset.
However, the generalisability of the findings to sporadic
FTD needs to be investigated in future studies. Further-
more, as both NEFM, NPTXR, VGF and AQP4 have been
implicated in other neurodegenerative disease in addition
to FTD, it cannot be stated here that the profiles of the
proteins included in the panel are specific for FTD. Previ-
ous studies have investigated these four proteins separ-
ately and it remains to be explored if a combination of the
four proteins has a higher discriminatory power between
different diseases than each individual protein by them-
selves. Thus, the panel needs to be further investigated in
other neurodegenerative cohorts.
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Conclusion

In conclusion, by using multivariate statistical methods
to explore CSF levels of 111 proteins, we have identified
a panel of four proteins (NEFM, AQP4, NPTX2 and
VGEF) which successfully distinguish most affected indi-
viduals from unaffected individuals. However, these four
proteins were not able to separate between the different
genes (mutation groups) or between the different clinical
phenotypes. Furthermore, when focusing on PMC GRN
and C9orf72 close to expected symptom onset, we have
identified five proteins (TARDBP, KNG1, HBEGF, MBP,
CLSTN1) in addition to GRN, with the potential to con-
tribute to the separation between PMC and NC. Contin-
ued exploration of these proteins, in independent
cohorts, is needed in order to elucidate their potential
association to FTD pathology.
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