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ARTICLE INFO ABSTRACT
Articlg history: Excessive microglial activation might be a central pathological process in GRN-related frontotemporal
Received 18 December 2020 dementia (FTD-GRN). We measured soluble triggering receptor expressed on myeloid cells 2 (STREM2),
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- h which is shed from disease-associated microglia following cleavage of TREM2, in cerebrospinal fluid of
Available online xxx

34 presymptomatic and 35 symptomatic GRN mutation carriers, 6 presymptomatic and 32 symptomatic

Keywords: C9orf72 mutation carriers and 67 healthy noncarriers by ELISA. Although no group differences in STREM2
Frontotemporal dementia levels were observed (GRN: symptomatic (median 5.2 ng/mL, interquartile range [3.9-9.2]) vs. presymp-
Biomarker tomatic (4.3 ng/mL [2.6-6.1]) vs. noncarriers (4.2 ng/mL [2.6-5.5]): p = 0.059; C9orf72: symptomatic (4.3
Cerebrospinal fluid [2.9-7.0]) vs. presymptomatic (3.2 [2.2-4.2]) vs. noncarriers: p = 0.294), high levels were seen in a sub-
]\'/ll'il:lf:(l)v%a set of GRN, but not C9orf72, mutation carriers, which might reflect differential TREM2-related microglial
S

activation. Interestingly, 2 presymptomatic carriers with low sTREM2 levels developed symptoms after 1
year, whereas 2 with high levels became symptomatic after >5 years. While sTREM2 is not a promis-
ing diagnostic biomarker for FTD-GRN or FTD-C9orf72, further research might elucidate its potential to
monitor microglial activity and predict disease progression.

© 2021 The Authors. Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction Although the exact mechanisms by which GRN mutations
lead to FTD are poorly understood, accumulating evidence

Frontotemporal dementia (FTD) is frequently caused by suggests a role for dysregulation of microglial homeostasis
autosomal dominant genetic mutations in granulin (GRN). (Bright et al, 2019; Chitramuthu et al, 2017). GRN-/~ mice
display excessive microglial activation with subsequent re-

—_— ) lease of proinflammatory factors and neuronal loss (Lui et al,
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(Gotzl et al., 2019), whereas GRN overexpression reduces mi-
croglial recruitment following nerve injury (Altmann et al., 2016).
Biomarkers that accurately reflect microglial activity in vivo are
currently lacking and might provide more insight into disease
pathogenesis, as well as measure treatment effect in clinical trials
aiming to restore immune dysregulation.

Triggering receptor expressed on myeloid cells 2 (TREM2)
is a membrane-bound receptor expressed by microglia which
regulates the transition from homeostatic to disease-associated
microglia (Keren-Shaul et al, 2017; Kleinberger et al., 2014;
Schlepckow et al., 2017). Cleavage of its extracellular domain pro-
duces a soluble fragment, STREM2, which is measurable in cere-
brospinal fluid (CSF) (Piccio et al., 2008). CSF sTREM2 levels likely
reflect cerebral TREM2 expression and TREM2-triggered microglial
activity (Ewers et al., 2020; Ewers et al., 2019; Keren-Shaul et al.,
2017; Suarez-Calvet et al., 2019). Elevated STREM2 levels have been
observed mainly in the prodromal stages of Alzheimer’s disease
(AD) (Liu et al., 2018; Ma et al., 2020; Suarez-Calvet et al., 2019).
Reports of STREM2 levels in FTD are inconsistent (Heslegrave et al.,
2016; Kleinberger et al., 2014; Piccio et al., 2016), but high lev-
els have been reported in a few FTD-GRN cases (Woollacott et al.,
2018).

In the present study, we measured CSF sTREM2 in an interna-
tional cohort of presymptomatic and symptomatic GRN mutation
carriers and noncarriers to determine its value as a biomarker in
FTD-GRN. To study potential gene-specificity, we additionally mea-
sured sTREM2 in carriers of a C9orf72 repeat expansion, the most
common genetic cause of FTD.

2. Methods

Subjects were recruited from 8 research centers in Europe and
the USA through familial FTD studies. We included 34 presymp-
tomatic and 35 symptomatic GRN mutation carriers, 6 presymp-
tomatic and 32 symptomatic C9orf72 mutation carriers, and 67
healthy noncarriers from GRN or C9orf72 mutation families. Sub-
jects were classified as symptomatic if they met international
consensus criteria for behavioral variant FTD, primary progressive
aphasia or amyotrophic lateral sclerosis (ALS) (Brooks et al., 2000;
Gorno-Tempini et al., 2011; Rascovsky et al., 2011). Symptom onset
and disease duration were based on caregivers’ estimations of the
emergence of first symptoms. Subjects had no known neurological
or immunological co-morbidities. Global cognitive functioning was
scored using the Mini Mental State Examination (MMSE).

CSF was collected in polypropylene tubes, centrifuged and
stored at -80°C within 2 hours after withdrawal. sSTREM2 lev-
els were measured using an ELISA as previously described
(Kleinberger et al., 2014). Samples were randomly distributed
across plates and measured in duplicate; the median coefficient of
variation (CV) of duplicate samples was 3.6%. One sample with a
duplicate CV > 15% was excluded. Samples were measured in 2
batches (median between-batch CV 4%) in the German Center for
Neurodegenerative Diseases (DZNE), Munich, Germany. Laboratory
technicians were blinded to all clinical and genetic information.

Statistical analyses were performed in IBM SPSS Statistics 24
applying a significance level of 0.05 (2-sided). Demographic vari-
ables were compared using Kruskal-Wallis tests for numerical vari-
ables and x?2 tests for categorical variables. Group comparisons
of sSTREM2 levels were performed by Mann Whitney U tests or
Kruskal-Wallis tests as the data were not normally distributed. Af-
ter log-transformation, STREM2 levels were normally distributed,
as confirmed by the Shapiro-Wilk test, and group comparisons
were additionally performed by ANCOVA with correction for age,
gender and assay batch. Spearman’s rho was used for correlative
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Fig. 1. STREM2 levels in presymptomatic and symptomatic mutation carriers and
noncarriers. Error bars represent median + interquartile range. Red and blue tri-
angles indicate subjects with isolated or concomitant amyotrophic lateral sclero-
sis, respectively. Green squares indicate subjects who developed symptoms after
CSF collection; subject 1 developed FTD with corticobasal syndrome after 7 years;
subject 2 suffered cognitive decline after 5 years; subject 3 developed memory-
predominant FTD after 1.2 years; subject 4 developed behavioral variant FTD after
1 year. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

analyses. Bonferroni correction for multiple testing was applied
where appropriate.

3. Results
3.1. Demographics

Subject characteristics are shown in Table 1. In both genetic
groups (GRN and C9orf72), symptomatic mutation carriers were
older at CSF collection than presymptomatic carriers and noncar-
riers (p < 0.001). STREM2 levels were positively correlated with
age across the entire cohort (rs = 0.271, p < 0.001) and in non-
carriers alone (rs = 0.247, p = 0.044) but not in symptomatic GRN
or C9orf72 mutation carriers (GRN: rs = 0.020, p = 0.911; C90rf72:
rs = 0.206, p = 0.258) (supplementary Fig. 1). No differences were
found in sSTREM2 levels between males and females (p = 0.470).

3.2. STREM2 levels in GRN mutation carriers

No significant differences in STREM2 levels were seen in symp-
tomatic GRN mutation carriers (median 5.2 ng/mlL, interquartile
range [3.9-9.2]) compared to presymptomatic carriers (4.3 ng/mL
[2.6-6.1]) and noncarriers (4.2 ng/mL [2.6-5.5]) (p = 0.059 by
Kruskal-Wallis test; p = 0.513 by ANCOVA) (Fig. 1). sSTREM2 lev-
els did not correlate with disease duration (rs = 0.210, p = 0.226)
or MMSE score (rs = -0.364, p = 0.057, n = 28) among symp-
tomatic carriers. Furthermore, no significant differences in STREM2
levels were seen between the various FTD phenotypes (p = 0.830)
(Table 1).

Three presymptomatic GRN mutation carriers developed FTD re-
spectively 1 year, 1.2 years, and 7 years after CSF collection (Fig. 1).
In addition, one presymptomatic GRN carrier developed mild be-
havioral abnormalities and cognitive deficits 5 years after CSF col-
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Table 1
Subject characteristics. All continuous variables are reported as medians (interquartile range).
GRN mutation carriers C9orf72 mutation carriers Noncarriers p
Symptomatic? Presymptomatic Symptomatic® Presymptomatic
N 35 34 32 6 67 -
Gender, male (%) 16 (46%) 15 (44%) 18 (56%) 0 (0%) 27 (40%) 0.132¢
Age at CSF collection, years 61 (57-65) 51 (41-59) 62 (54-67) 34 (26-43) 54 (42-59) <0.001¢
Disease duration, years 2.0 (1.5-3.1) - 1.9 (0.7-5.1) - - 0.672
MMSE 23 (18-27) 29 (29-30) 26 (22-28) 29 (29-30) 30 (29-30) <0.001¢
SsTREM2 (ng/mL) 5.2 (3.9-9.2) 4.3 (2.6-6.1) 4.3 (2.9-7.0) 3.2 (2.2-42) 4.2 (2.6-5.5) 0.090¢

Abbreviations: CSF, cerebrospinal fluid; MMSE, mini mental state examination.

2 Phenotypes: behavioral variant FTD (bvFTD) (n = 20), primary progressive aphasia (PPA) (n = 8), dementia not otherwise specified (n = 4), memory-predominant FTD

(n = 2), and FTD with corticobasal syndrome (CBS) (n = 1).

b Phenotypes: bvFTD (n = 13), PPA (n = 3), FTD with amyotrophic lateral sclerosis (ALS) (n = 9), ALS (n = 5), memory-predominant FTD (n = 1), and FTD with CBS (n = 1).

¢ By x? test.

4 In both genetic groups, symptomatic mutation carriers were older and had lower MMSE scores than presymptomatic carriers and noncarriers (all comparisons p < 0.001).
There were no significant differences in age or MMSE between symptomatic GRN and C9orf72 carriers (by Mann-Whitney U tests).

¢ By Kruskall-Wallis test across all groups.

lection, although clinical diagnostic criteria for FTD were not ful-
filled.

Visual inspection of Fig. 1 revealed high sTREM2 levels in 8
symptomatic GRN mutation carriers (>10 ng/mL). We did not iden-
tify any association with specific clinical or genetic features in
these subjects (i.e., disease severity or duration, phenotype, age at
symptom onset, genetic mutation) (supplementary Table 1).

3.3. STREM2 levels in C9orf72 mutation carriers

No significant differences in STREM2 levels were seen between
symptomatic (median 4.3 ng/mL [2.9-7.0])) and presymptomatic
(3.2 ng/mL [2.2-4.2]) C9orf72 mutation carriers or noncarriers
(p = 0.294 by Kruskal-Wallis test; p = 0.433 by ANCOVA) (Fig. 1).
Results were unchanged after exclusion of subjects with isolated
ALS (n = 4) or FTD with ALS (n = 9). STREM2 levels did not corre-
late with disease duration (rs = 0.199, p = 0.275) or MMSE score
(rs = -0.037, p = 0.856, n = 27) among symptomatic carriers.

3.4. Comparison between GRN and C9orf72 mutation carriers

STREM2 levels did not differ between symptomatic GRN and
C9orf72 mutation carriers (p = 0.196) or between presymptomatic
GRN and C9orf72 mutation carriers (p = 0.288) (both by Mann-
Whitney U tests).

4. Discussion

The present study revealed no significant differences in CSF
STREM2 levels between presymptomatic and symptomatic GRN or
C9orf72 mutation carriers and noncarriers. Although the lack of
group differences and overlap in STREM2 levels between groups
preclude its value as a diagnostic biomarker, a remarkable degree
of variability in STREM2 levels was observed among GRN mutation
carriers, which warrants further study.

Several GRN mutation carriers had very high sTREM2 levels,
whereas sTREM2 levels among C9orf72 carriers and noncarriers ap-
peared to be more consistent, which is in line with previous find-
ings (Woollacott et al., 2018). These high levels are unlikely to
be measurement errors given the favorable assay characteristics
(Kleinberger et al., 2014) and low inter-plate and duplicate CVs. El-
evated CSF sTREM2 levels are thought to reflect increased TREM2-
dependent microglial activation, a hypothesis that is supported by
more convincingly elevated levels in typical neuroinflammatory
diseases such as multiple sclerosis (Piccio et al., 2008) and by a

correlation between brain STREM2 levels and microglial activity
on TSPO-PET imaging in mouse models (Brendel et al., 2017). Our
findings might therefore reflect a variable degree of microglial in-
volvement specifically among GRN mutation carriers. The identifi-
cation of subsets of carriers with more or less microglial activation
would be highly valuable for patient stratification in inflammation-
directed clinical trials. Interestingly, much variability has also been
observed for the microglia-derived proteins YKL-40 and chitotriosi-
dase (CHIT-1) in FTD (Abu-Rumeileh et al., 2019; Oeckl et al., 2019;
Woollacott et al.,, 2020) and future studies that elucidate the rela-
tionship between these proteins in FTD-GRN would be of interest.

Three presymptomatic GRN mutation carriers developed FTD
after CSF collection, and cognitive decline was reported in one.
Interestingly, 2 of these subjects with very high sSTREM2 levels
only developed symptoms several years after CSF collection, while
2 subjects with low sTREM2 levels declined within 2 years. It is
tempting to speculate that increased microglial activity and ac-
cordingly, high sTREM2 levels, in the late-presymptomatic stage
might delay disease onset. In mild cognitive impairment and AD,
higher CSF sTREM2 levels have been associated with reduced rates
of clinical decline and attenuated amyloid-f8 accumulation on amy-
loid PET imaging, suggesting that TREM2-related processes might
play a protective role (Ewers et al., 2020; Ewers et al., 2019;
Franzmeier et al., 2020). In line with these findings, increased mi-
croglial activation on TSPO-PET imaging predicted slower disease
progression in (prodromal) AD (Hamelin et al., 2018). Such associ-
ations require further study in a much larger cohort of FTD-GRN
patients, and could be highly relevant for clinical trial design as
they could potentially confound outcome measures, i.e., slow pro-
gression rates could falsely be attributed to the study drug.

The positive correlation between STREM2 levels and age is
in line with previous studies (Ma et al, 2020; Piccio et al.,
2016; Suarez-Calvet et al., 2016; Suarez-Calvet et al, 2019;
Woollacott et al., 2018) and is thought to reflect physiological age-
related microglial activity (Heneka et al., 2014; Kleinberger et al.,
2017). Although we cannot rule out that co-existence of other
(asymptomatic) neurodegenerative diseases such as AD might
have affected sTREM2 levels in our cohort, several studies have
found no correlation between sTREM2 levels and CSF amyloid-8
(Piccio et al., 2016; Suarez-Calvet et al., 2016; Suarez-Calvet et al.,
2019); therefore, the effect of concomitant amyloid pathology on
STREM2 levels in the present study is probably limited.

Neuroinflammation is thought to be the result of a highly com-
plex and dynamic interaction between many factors (Bright et al.,
2019). Different disease stages might be characterized by variable
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degrees of microglial activation and subsequent sSTREM2 shedding,
making group comparisons difficult to interpret. This is exemplified
by findings of elevated sTREM2 levels in preclinical and early-stage
AD, followed by slightly attenuated levels in later disease stages
(Liu et al., 2018; Ma et al., 2020; Suarez-Calvet et al., 2019). Lon-
gitudinal measurements of STREM2 in FTD-GRN might provide in-
sights into its dynamics over the course of disease as well as de-
termine its value as a disease monitoring marker.

A major strength of this study is the inclusion of presymp-
tomatic and symptomatic carriers of GRN and C9orf72 mutations,
as opposed to clinically diagnosed FTD patients, enabling investi-
gation of well-defined, pathologically homogeneous cohorts. Lim-
itations include the relatively small sample size, which may have
affected statistical power to detect group differences. Furthermore,
the MMSE score might not be an optimal measure of disease sever-
ity in FTD, however it is a highly standardized instrument which
we feel provides a suitable cognitive screening for this multicen-
ter study. Finally, we cannot rule out that some subjects may have
carried rare genetic variants in TREM2, which are known to affect
STREM2 levels (Kleinberger et al., 2014; Suarez-Calvet et al., 2019).

In conclusion, while sTREM2 is of limited diagnostic utility in
FTD-GRN, its further study might help to elucidate the role of neu-
roinflammation in FTD pathogenesis. It would be interesting to fur-
ther characterize the small number of GRN mutation carriers with
very high sTREM2 levels and to investigate STREM2 dynamics over
the course of disease through longitudinal measurements.
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