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Abstract: Background: Cerebrospinal fluid (CSF) soluble triggering receptor expressed on myeloid
cells 2 (sTREM2) is a potential biomarker and therapy target for neurodegenerative diseases (NDDs).
The purpose of this meta-analysis was to investigate the association between CSF sTREM2 level and
NDDs, and to reveal the dynamic changes in CSF sTREM2 level in Alzheimer’s disease (AD) contin-
uum. Methods: We systematically searched PubMed, Embase, Web of Science, and Cochrane Library
databases for observational studies, which compared the levels of CSF sTREM2 between NDDs
and controls. Sources of heterogeneity were analyzed using sensitivity analysis, subgroup analysis
and meta-regression. We assessed pooled data using a random-effects model. Results: Twenty-two
observational studies which included 5716 participates were identified. Compared with the controls,
the whole AD continuum group showed a significant increase in CSF sTREM2 level (standardized
mean difference [SMD]: 0.41, 95% confidence intervals [CI]: 0.24, 0.58, p < 0.001). The mild cognitive
impairment (MCI) group displayed the largest effect size (SMD, 0.49 [95% CI: 0.10, 0.88], p = 0.014),
followed by the AD cohort (SMD, 0.40 [95% CI: 0.18, 0.63], p < 0.001). The increase in sTREM2 in the
preclinical stage of AD (pre-AD) group was the lowest (SMD, 0.29 [95% CI: 0.03, 0.55], p = 0.031).
Other NDDs also showed an increase in the CSF sTREM2 levels compared with control groups
(SMD, 0.77 [95% CI: 0.37, 1.16], p < 0.001). Conclusions: The pooled data confirmed that NDDs are
associated with increased CSF sTREM2 level, thereby suggesting the CSF sTREM2 as a potential
dynamic biomarker and therapy target for NDDs.

Keywords: soluble TREM2; neurodegenerative diseases; Alzheimer’s disease; meta-analysis

1. Introduction

Triggering receptor expressed on myeloid cells 2 (TREM2) is an innate immune recep-
tor. In the central nervous system (CNS), TREM2 is almost exclusively expressed on the
surface of microglia [1]. It is a cell surface single-pass transmembrane glycoprotein with
three domains: an extracellular immunoglobulin-like domain, a transmembrane domain
and a short cytoplasmic tail [2]. Extracellular ligand binding activates TREM2 and its
adaptor proteins (DNAX activation proteins, DAP10/12), initiates intracellular signaling
cascades and affects a series of biological activities, such as cell survival, proliferation,
metabolism, cytoskeleton remodeling, and phagocytosis [3–7].

Homozygous loss-of-function mutations in TREM2 is associated with an autosomal
recessive form Nasu–Hakola disease that is characterized by early onset dementia, bone
cysts and consequent fractures [8]. Heterozygous rare variants in TREM2 are associated
with increased risk for neurodegenerative diseases (NDDs), including Alzheimer’s disease
(AD), Parkinson’s disease (PD), frontotemporal dementia (FTD) and amyotrophic lateral
sclerosis (ALS) [9–13]. Studies showed that TREM2 is needed for stress-induced activation
of microglial cells in the brain [14,15]. Such activated microglial cells, also called disease-
associated microglia (DAM) are neuroprotective through enhanced phagocytosis in neural
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degenerative conditions [16]. Due to its important role in microglial cell activation, TREM2
is extensively studied as a potential therapeutic target for NDDs.

Four major transcripts of TREM2 have been reported in human brains [17,18]. The N-
terminus extracellular domain of the protein product of canonical TREM2 (ENST00000373113)
can be cleaved by a disintegrin and metalloproteinase 10 and/or 17 (ADAM10/17) at histone
157 and serine 158. This yields soluble TREM2 (sTREM2). sTREM2 is also generated through
the alternative spliced TREM2 isoform (ENST00000338469) lacking exon 4 that contains the
transmembrane domain. It is estimated that the translation of this transcript variant accounts
for 25% of total sTREM2 protein [19]. sTREM2 can be measured in peripheral blood as well as
extracellular fluid, such as the cerebrospinal fluid (Figure 1). Studies have investigated the
concentrations of sTREM2 in the CSF of AD patients at different clinical stages, including
preclinical stage of AD (pre-AD), mild cognitive impairment (MCI) and AD dementia [20–41].
There is evidence suggesting disease stage-dependent changes of sTREM2 in the CSF [39,42].
However, several reports showed conflicting results [21,26,28]. Therefore, pooled data of a
series of clinical trials are needed to determine the dynamic changes of sTREM2 in AD patients.
In this study, we performed a systematic review and meta-analysis of observational studies
to assess the association between CSF sTREM2 levels and AD. Because alterations of CSF
sTREM2 levels were also reported in other NDDs, such as PD, multiple sclerosis (MS), FTD
and dementia with Lewy bodies (DLB) [36,38], albeit not as extensive as in AD, we extended
our analysis to these conditions.
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Figure 1. Schematic diagrams of soluble TREM2 (sTREM2) generation and function. Canonical
transcript (ENST00000373113) consists of five exons; immunoglobulin-like (Ig-like) domain and
transmembrane (TM) domain are present in exon 2 and exon 4, respectively. The locations of
some variants (p.Q33X, p.R47H, p.R62H, p.T66M, p.D87N, p.H157Y and p.L211P) are shown in the
canonical TREM2 domain. ADAM10/ADAM17 sheddase cleave TREM2 receptor on histidine 157,
contributing to the liberation of sTREM2. The C-terminal fragment is further cut by γ-secretase
from the membrane. ENST00000373122 transcript lacks exon 5, and ENST00000338469 transcript
lacks exon 4. TREM2∆e2 transcript lacks exon 2 and retains all other exons. Upon TREM2–ligand
interaction, two tyrosine residues in ITAM of DAP12 are phosphorylated followed by recruiting SYK
that initiates activation of a cascade of signaling events, such as cell survival and proliferation, cell
metabolism, actin cytoskeleton remodeling, and phagocytosis of apoptotic neurons. sTREM2 affects
ligand binding capacity, prevents ligand binding to TREM2, and binds unknown receptors on other
cells, thereby inhibiting TREM2 signaling.
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2. Methods

This meta-analysis was conducted strictly in accordance with the Meta-analysis of
Observational Studies in Epidemiology (MOOSE) guidelines and Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [43,44]. The MOOSE
checklist is included in Table S1 in the Supplement.

2.1. Search Strategy

CSF sTREM2 was first identified and reported in 2008 [36]. Full text articles written
in English and published from 1 January 2008, to 24 February 2022, and collected from
PubMed, Embase, Web of Science and Cochrane Library were searched using key words
“cerebrospinal fluid” and “soluble TREM2”. The complete search used for PubMed was:
(“cerebrospinal fluid” OR “CSF”) AND (“soluble TREM2” OR “sTREM2” OR “sTREM-2”).
The articles retrieved were further manually evaluated to identify additional related studies.
Two investigators conducted the literature searches independently (W.C.Z. and Y.T.Z.).

2.2. Eligibility Criteria

All included studies in the meta-analysis met the following criteria: (1) study design:
observational studies including cohort, case–control or cross-sectional studies; (2) population:
patients with NDDs and healthy controls; (3) CSF sTREM2 levels were measured and re-
ported as mean plus standard deviation (or standard error); (4) NDDs were diagnosed
according to established diagnostic criteria (e.g., National Institute on Aging-Alzheimer’s
Association [NIA-AA]); and (5) outcome variable: CSF sTREM2 levels. The exclusion crite-
ria were (1) studies of low-quality using Newcastle–Ottawa Scale (NOS) and Agency for
Healthcare Research and Quality (AHRQ) tools; (2) duplicate publications; (3) reviews, com-
ments, letters or conference abstracts; and (4) animal studies or studies on cadaver subjects.

2.3. Data Extraction and Quality Assessment

The relevant articles were reviewed and assessed by two investigators (W.C.Z. and
Y.T.Z.) independently. The following information was extracted from each eligible study:
basic data (first author, publication year, location, study design, measurement method of
sTREM2, diagnostic criteria, disease type, number of participants, mean age and gender
distribution) and outcome (CSF sTREM2 levels). The NOS was applicable to assess the
quality of the case–control studies with scores ranged from 0 to 9. A study with an NOS
score ≥ 6 was considered as high quality [45]. The quality of the cross-sectional studies
was evaluated using an 11-item checklist of AHRQ. A study with an AHRQ score ≥ 5 was
considered as high quality (http://www.ncbi.nlm.nih.gov/books/NBK35156/ (accessed
on 26 April 2022)).

2.4. Statistical Analysis

The standardized mean difference (SMD) and 95% confidence interval (CI) were
calculated for the continuous variable (CSF sTREM2 levels). Statistical heterogeneity was
tested using the Cochran Q test and I2 test. If heterogeneity was substantial (p < 0.05,
I2 > 50%), sensitivity analysis was performed to identify the sources of the heterogeneity. If
the heterogeneity could not be eliminated, a random-effect model was then used. Subgroup
analysis was carried out based on the measurement method of CSF sTREM2. We conducted
meta-regression to assess the impact of study characteristics on the CSF sTREM2 levels.
The explanatory variables included mean age, gender ratio, diagnostic criteria of NDDs.
Publication bias was assessed using Begg’s and Egger’s linear regression tests. A p value
greater than 0.5 was defined as no publication bias. For all statistical analyses, p < 0.05 was
considered as statistically significant. StataSE 12.0 statistical software (Stata Corp., College
Station, TX, USA) was used for all statistical analyses.

http://www.ncbi.nlm.nih.gov/books/NBK35156/


J. Clin. Med. 2023, 12, 3589 4 of 15

3. Results
3.1. Study Characteristics and Quality Assessment

We identified 333 studies, of which 22 (with data for 5716 participants) were included
in our analysis. The flow diagram of the search procedure is shown in Figure 2 and the
characteristics of the included studies are described in Table 1 [20–41]. All studies were
published between 2008 and 2021. The mean age of patients with AD continuum (pre-AD,
MCI and AD) was 70.8 (60.4–79.0) years and the mean age of other NDDs (e.g., PD, FTD,
MS and DLB) was 63.5 (38.0–76.5) years. Among these studies, fourteen were carried
out in Europe [20–22,26–30,33,34,37–39,41], three in Asia [31,32,35], and two in the United
States of America [36,40]. Three studies used Alzheimer’s Disease Neuroimaging Initiative
(ADNI) databases [23–25]. Regarding the measurement methods of CSF sTREM2 levels,
thirteen studies used the enzyme-linked immunosorbent assay (ELISA) [23,25,27,29–38], six
studies used the Meso-Scale Discovery (MSD) [20,22,24,26,39,41], three studies used other
methods including NeuroToolKit, ultra-performance liquid chromatography–tandem mass
spectrometer (UPLC–MS) [21,28,40]. Details of the risk of bias assessment are provided in
Tables S2 and S3 in the Supplement.
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Table 1. Baseline characteristics of included studies.

First Author Year Location Design Method
Diagnostic

Criteria
Disease

Case Control

n
Age, y,

Mean (SD)
No. of

Female (%)
sTREM2
(ng/mL)

n
Age, y,

Mean (SD)
No. of

Female (%)
sTREM2
(ng/mL)

Schulz, I. 2021 Germany CS ELISA
NINDS-
ADRDA

AD 11 74.27 (4.64) 5 (45)
7.750

(3.815)
20 68.75 (6.38) 6 (30)

3.218
(1.463)

Van Hulle, C. 2021 US CS NTK NIA-AA
MCI 33 74.1 (7.6) 13 (39) 9.75 (3.68)

70 69.1 (6.6) 45 (64) 8.51 (2.63)
AD 46 72.3 (8.0) 18 (39) 9.95 (3.57)

Franzmeier, N. 2020 ADNI CS ELISA
NINCDS-
ADRDA

MCI 414 71.82 (7.45) 170 (41)
4.095

(2.105)
221 74.25 (6.08) 106 (48)

4.256
(2.184)

AD 73 74.17 (8.37) 35 (48)
4.371

(2.194)

Banerjee, G. 2020 UK CC MSD NIA-AA AD 20 62.5 (4.1) 11 (55)
6.669

(0.664)
10 62.2 (5.4) 5 (50)

7.960
(1.183)

Knapskog, A. B. 2020 Norway CS ELISA NIA-AA
MCI 62 71.0 (5.4) 36 (58.1) 9.9 (4.5)

113 72.3 (6.0) 54 (47.8) 8.8 (3.6)
AD 237 70.1 (6.8) 135 (57) 9.5 (4.8)

Ma, L. Z. 2020 China CS ELISA NIA-AA

pre-AD
stage 1

148 60.39 (10.41) 63 (42.6)
15.12
(6.40)

242 60.81 (9.95) 96 (39.7) 18 (6.34)
pre-AD
stage 2

70 64.19 (11.09) 31 (42.3)
18.28
(7.54)

Morenas-
Rodríguez,

E.
2019 Spain CC ELISA NIA-AA

pre-AD 53 72.3 (6.3) 32 (60.4)
5 (2.4)

(No. = 41)
44 67.4 (5.1) 25 (56.8)

4.2 (2.3)
(No. = 40)

AD 50 74.6 (5.6) 31 (62)
4.3 (2.2)

(No. = 36)

Nordengen, K. 2019 Norway CC ELISA NIA-AA
MCI 40 66.6 (7.4) 23 (57) 4.0 (1.8)

36 61.1 (9.2) 19 (53) 3.1 (0.9)
AD 27 67.6 (5.2) 13 (48) 4.8 (1.7)

Deming, Y. 2019 ADNI CS ELISA
NINCDS-
ADRDA

EMCI 183 71.23 (7.39) 77 (42.1) 3.74 (2.07)

169 74.47 (5.85) 80 (47.3) 3.99 (1.92)LMCI 221 73.06 (7.41) 91 (41.2) 3.92 (1.83)

AD 172 74.39 (8.56) 74 (43.0) 4.02 (1.95)
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Table 1. Cont.

First Author Year Location Design Method
Diagnostic

Criteria
Disease

Case Control

n
Age, y,

Mean (SD)
No. of

Female (%)
sTREM2
(ng/mL)

n
Age, y,

Mean (SD)
No. of

Female (%)
sTREM2
(ng/mL)

Ewers, M. 2019 ADNI CS MSD NIA-AA

MCI 184 72.9 (7.11) 77 (41.8)
4.452

(2.518)
100 72.8 (5.36) 45 (45)

3.762
(1.841)

AD 66 73.6 (8.51) 32 (48.5)
4.608

(2.201)

Brosseron, F. 2018 Germany CC MSD NIA-AA
MCI 130 71 (8) 65 (50) 4.07 (2.54)

85 67 (11) 65 (76) 2.99 (2.27)
AD 116 74 (8) 45 (39) 4.32 (2.24)

Suárez-Calvet,
M.

2016
Multi-
center

CC MSD NIA-AA

pre-AD 63 70.8 (11) 38 (60) 4.09 (2.7)

150 62.4 (11) 89 (59) 3.07 (1.4)MCI 111 74.3 (9) 67 (60) 5.98 (3.2)

AD 200 73.8 (10) 124 (62) 5.33 (3.7)

Gispert, J. D 2016 Spain CC MSD NIA-AA

pre-AD 19 68.53 (7.93) 13 (68.42) 2.70 (1.47)

45 60.98 (6.83) 28 (63.04) 2.40 (1.14)MCI 27 70.30 (7.35) 15 (55.56) 4.16 (1.97)

AD 23 66.78 (9.75) 16 (69.57) 3.34 (1.53)

Heslegrave, A. 2016
UK

Sweden
CC UPLC-MS IWG2

AD 37 70.51 (7.5) 19 (53)
0.231

(0.098)
22 69.2 (8.0) 10(45)

0.196
(0.081)

AD 24 64.3 (6.8) 13 (54)
0.231

(0.097)
16 55.6 (9.7) 9 (56)

0.173
(0.065)

Piccio, L 2016 Italy/US CC ELISA
NINCDS-
ADRDA

AD 73 76.6 (5.2) 36 (49)
1.028

(0.582)
107 70.2 (8.5) 57 (53)

0.832
(0.508)

Henjum, K 2016
Norway
Sweden

CC ELISA
NIA-AA

MCI 21 67.0 (5.0) 12 (57) 4.10 (2.59)
50 66.0 (9.0) 25 (50) 4.40 (2.00)

AD 29 68.0 (4.8) 13 (45) 4.80 (2.67)

NINCDS-
ADRDA

AD 25 79.0 (6.3) 18 (72) 3.80 (2.20) 25 62.0 (9.3) 17 (68) 3.20 (1.63)

Kleinberger G 2014 Germany CS ELISA
NINCDS-
ADRDA

AD 56 70.4 (8.9) 38 (68)
0.3087
(0.191)
(RU)

88 60.7 (9.5) 55 (63)
0.3834
(0.174)
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Table 1. Cont.

First Author Year Location Design Method
Diagnostic

Criteria
Disease

Case Control

n
Age, y,

Mean (SD)
No. of

Female (%)
sTREM2
(ng/mL)

n
Age, y,

Mean (SD)
No. of

Female (%)
sTREM2
(ng/mL)

Schulz, I. 2021 Germany CS ELISA

UKPDSBB PD 151 69.36 (9.55) 51 (34)
6.494

(2.794)

20 68.75 (6.38) 6 (30)
3.218

(1.463)
FTDC FTD 15 70.80 (5.58) 5 (33)

6.486
(3.210)

DLB
consensus

DLB 45 70.51 (6.51) 14 (31)
6.375

(2.620)

Bartl, M. 2021
Multi-
center

CC NTK UKPDSBB PD 252 61 (9.8) 87 (34.5) 6.9 (2.2) 115 62 (11) 41 (35.7) 7.3 (2.7)

Mo, M. 2021 China CC ELISA UKPDSBB PD 80 63.59 (8.50) 32 (40)
0.419

(0.182)
65 62.49 (6.90) 26 (40)

0.290
(0.090)

Peng, G. 2019 China CC ELISA UKPDSBB PD 55 59.8 (8.9) 28 (51)
0.4331

(0.0247)
40 55.6 (13.4) 19 (47.5)

0.2752
(0.0179)

Morenas-
Rodríguez,

E.
2019 Spain CC ELISA

DLB
consensus

DLB 37 76.5 (5) 20 (54.1)
5.3 (2.3)

(No. = 28)
44 67.4 (5.1) 25 (56.8)

4.2 (2.3)
(No. = 40)

Woollacott, I. O.
C.

2018 UK CC MSD FTDC FTD 64 64.6 (6.5) 19 (29.7) 7.4 (3.2) 17 63.7 (6.4) 11 (64.7) 6.8 (1.6)

Piccio, L 2016 Italy/US CC ELISA FTDC FTD 10 - -
1.396

(0.563)
107 70.2 (8.5) 57 (53)

0.832
(0.508)

Piccio, L. 2008 US CC ELISA
McDonald

criteria
MS 52 54 (9) 31 (59.6) 0.9 (0.55) 41 44 (15) 31 (76) 0.43 (0.23)

Abbreviations: CS, cross-sectional; CC, case-control; NINCDS-ADRDA, National Institute of Neurological and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Association; NIA-AA, National Institute on Aging-Alzheimer’s Association; NTK, NeuroToolKit; ADNI, Alzheimer’s
Disease Neuroimaging Initiative; MSD, Meso-Scale Discovery; IWG2, the revised proposed International Working Group; UPLC–MS, ultra-performance liquid
chromatography–tandem mass spectrometer; FTDC, International consensus criteria for behavioral variant FTD; pre-AD, preclinical stage of Alzheimer’s disease;
MCI, mild cognitive impairment; EMCI, early MCI; LMCI, late MCI; AD, Alzheimer’s disease; PD, Parkinson’s disease; FTD, frontotemporal dementia; DLB,
dementia with Lewy bodies; MS, multiple sclerosis; RU, Relative Units; -, not available.
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3.2. CSF sTREM2 Levels in AD Continuum Cohorts

Fifteen studies that included 193 pre-AD, 838 MCI, 1026 AD patients and 1613 controls
measured the CSF sTREM2 levels, for which a random-effect model was used (p < 0.001,
I2 = 84%). There was a significant increase in CSF sTREM2 levels in the whole AD contin-
uum group as compared to controls (SMD, 0.41 [95% CI: 0.24, 0.58], p < 0.001, Figure 3).
Subsequent analyses indicated that the CSF sTREM2 levels of each disease stage (pre-AD,
MCI, and AD) were higher compared with controls. The MCI group displayed the largest
effect size (SMD, 0.49 [95% CI: 0.10, 0.88], p = 0.014, Figure 3), followed by the AD group
(SMD, 0.40 [95% CI: 0.18, 0.63], p < 0.001, Figure 3). The increase in sTREM2 levels in the
pre-AD group was the lowest (SMD, 0.29 [95% CI: 0.03, 0.55], p = 0.031, Figure 3).
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3.3. CSF sTREM2 Levels in Other NDDs

Eight studies that included 752 patients with other NDDs (538 PD, 89 FTD, 73 DLB and
52 MS) and 449 controls measured the CSF sTREM2 levels, for which a random-effect model
was used (p < 0.001, I2 = 87.7%). Among these, 4 reported sTREM2 levels in PD patients,
3 in FTD, 2 in DLB and 1 in MS. Except for one study on the association between sTREM2
and PD by Bartl, M. et al., the rest of the studies reported a higher level of CSF sTREM2
than controls (Figure 4). Collectively, NDDs showed significantly increased levels of CSF
sTREM2 compared with control group (SMD, 0.77 [95% CI: 0.37, 1.16], p < 0.001, Figure 4).
However, one should be aware that each of the three NDDs has its unique pathological
and clinical features. In addition, we combined AD with the rest of NDD studies, and
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performed a pooled analysis. The results also suggested that CSF sTREM2 was elevated in
NDDs with a significant between-study heterogeneity (p < 0.001, I2 = 87.4%) (Figure S1 in
the Supplement).
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3.4. Heterogeneity Analysis and Subgroup Analysis

The pooled results of CSF sTREM2 level were relatively reliable in the pre-AD cohort
(I2 = 51.1%, p = 0.105), while a significant between-study heterogeneity was observed
in the MCI group (I2 = 91.7%, p < 0.001). Therefore, we conducted sensitivity analysis
and then subgroup analysis based on the measurement methods of sTREM2 (Figure S2 in
the Supplement). We excluded studies from Franzmeier, N. et al. and Suárez-Calvet, M.
et al. based on the results of sensitivity analysis, and the I2 value fell from 91.7% to 65%.
There was no significant between-study heterogeneity in the ELISA subgroup (p = 0.096,
I2 = 57.3%, Table 2). Compared with the control group, the levels of CSF sTREM2 in the
non-ELISA subgroup were statistically higher (SMD, 0.63 [95% CI: 0.22, 1.05], p = 0.003,
Table 2), while there was no statistical increase in the ELISA subgroup.

Subsequently, heterogeneity analysis and subgroup analysis were performed in the
AD group. The pooled results showed that the I2 value fell from 74.6% to 0% (p = 0.569,
Figure 5) in the non-ELISA subgroup (SMD, 0.61 [95% CI: 0.48, 0.74], p < 0.001), while there
exists significant between-study heterogeneity in the ELISA subgroup (p < 0.001, I2 = 81.0%,
Figure 5). We then conducted Galbraith plot to identify the sources of the heterogeneity
(Figure S3A in the Supplement). The studies that were distributed outside of parallel lines
were excluded. The pooled results showed that the I2 value fell from 81.0% to 0% (p = 0.758,
Figure S3B in the Supplement) in the ELISA subgroup, and the CSF sTREM2 level were
higher in the AD group (SMD, 0.21 [95% CI: 0.06, 0.36], p = 0.006).
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Table 2. Subgroup analysis of CSF sTREM2 levels in NDDs based on measurement methods.

Diseases No. of Trials Subgroup
Overall Effect Heterogeneity

SMD 95% CI p Value p of I2 I2

MCI
6 Overall 0.45 0.18~0.73 0.001 0.014 65.0%
3 ELISA 0.27 −0.10~0.64 0.157 0.096 57.3%
3 Non-ELISA 0.63 0.22~1.05 0.003 0.037 69.6%

AD
15 Overall 0.47 0.27~0.67 0.000 0.000 75.5%
8 ELISA 0.39 0.06~0.72 0.020 0.000 81.0%
7 Non-ELISA 0.61 0.48~0.74 0.000 0.569 0.0%

Other NDDs 8 ELISA 0.94 0.70~1.19 0.000 0.052 49.8%
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(ELISA and non-ELISA) of sTREM2.

Heterogeneity also existed in CSF sTREM2 levels of other NDDs (I2 = 87.7%). There-
fore, sensitivity analyses were performed to identify the sources (Figure S4A in the Sup-
plement). In all eight studies that reported CSF sTREM2 levels, two studies by Bartl, M.
et al. (NeuroToolKit) and Woollacott, I. O. C. et al. (MSD) used the non-ELISA method
to measure sTREM2 levels. We excluded these studies and found that the I2 value fell
from 87.7% to 49.8%. Compared with the control group, the CSF sTREM2 level of NDDs
(ELISA) was significantly higher (SMD, 0.94 [95% CI: 0.70, 1.19], p < 0.001, Figure S4B in
the Supplement).

3.5. Meta-Regression and Publication Bias

We performed meta-regression on 16 studies comparing CSF sTREM2 levels between
AD patients and control group, and 10 studies between other NDDs and control group.
Our results showed that mean age, gender ratio and diagnostic criteria of AD and other
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NDD groups had no significant impact (p > 0.05) on the effect sizes of the differences of
CSF sTREM2 levels (Table S4 in the Supplement). The number of studies regarding pre-AD
and MCI was not sufficient for meta-regression.

Begg’s and Egger’s tests were carried out to assess the potential publication bias
(t = 1.18, p = 0.248), however, none was found.

4. Discussion

CSF sTREM2 level has been extensively investigated in several NDDs, especially in
AD [21,32,38,40]. Our pooled results showed that CSF sTREM2 is reliably elevated in
NDDs, which is consistent with microglia activation observed in these conditions, sug-
gesting that it is a potential biomarker for NDDs. In AD, dynamic release of sTREM2 is
influenced by disease stage. AD continuum develops with hallmark pathological changes,
such as amyloid beta deposition and accumulation of hyperphosphorylated tau (p-tau)
protein. These pathophysiological changes usually begin many years prior to the spectrum
of AD spans (pre-AD, MCI and AD dementia) from clinically asymptomatic to severely
impaired [46–49]. Previous studies reported the correlations between hallmarks of AD
pathology and increased sTREM2 levels. The increase in CSF sTREM2 occurs before the
onset of symptoms, but after amyloidosis and neuronal injury [42]. Total and phospho-
rylated tau (T-tau and p-tau) in CSF are markers of neurodegeneration subsequent to the
development of Aβ deposition. Several studies found the association between levels of
sTREM2 in CSF and T-tau and p-tau, but not with Aβ in AD [27,28,30,37]. Our analysis
supported their observations. Levels of CSF sTREM2 peaked at early symptomatic stage,
and remained high at AD dementia, without signs of further increase.

The concentration of sTREM2 in CSF is affected not only by AD pathology, but also by
genetic variations of TREM2. For example, carriers of the R47H (rs75932628) mutation of
TREM2 have higher level of CSF sTREM2 than non-carriers, they display strong association
with AD, exhibit early onset and rapid progression of cognitive impairment [11,37,50,51].
On the other hand, carriers of the p.Q33X or p.T66M mutations have lower sTREM2
concentrations than others [37]. The p.H157Y variant of TREM2 enhances ectodomain
shedding, thereby reducing cell surface expression of TREM2 [52,53]. The studies we
included in this analysis did not have the information on TREM2 genetic variations of
the participants. However, one should be aware of the effect of TREM2 mutation on the
secretion of sTREM2.

Our analysis also suggested that CSF sTREM2 level increased significantly in NDDs
other than AD. However, this finding should be interpreted with caution since each NDD
has its own pathological and clinical feature, and studies that reported the association
between sTREM2 and other NDDs were limited. On the other hand, TREM2 variants
are found to be associated with increased risk for these neurological conditions, and CSF
sTREM2 was observed to correlate with neuronal injury markers [21,38,41]. Further studies
are needed to investigate the molecular mechanism of sTREM2 in other NDDs.

While majority of the studies used ELISA to measure sTREM2 level, we also found
several studies which quantitated sTREM2 using other methods. Our analysis showed that
the pooled results from non-ELISA studies had low heterogeneity and the concentration of
sTREM2 was significantly higher than the ELISA group. The non-ELISA group included
studies using several different methods, such as MSD, NeuroToolKit and UPLC–MS. Our
analysis suggested that these methods are also reliable approaches in measuring sTREM2.
On the other hand, multiple factors may cause variations in ELISA results, especially the
choice of antibody and the handling of CSF samples. The antibodies used for sTREM
detection were Polyclonal Goat IgG (His19-Ser174) and Monoclonal Rabbit IgG (Met1-
Ser174) in the included studies. The peptide sequence corresponds to cDNA sequence of
exons 1, 2 and 3. Therefore, the lack of exon 4 should not affect the detection.

There are several strengths in our meta-analysis. Compared with previous ones, we
included more high-quality studies and investigated the associations between sTREM2
and NDDs other than AD [54,55]. In addition, we performed an in-depth analysis on AD
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continuum and attempted to elucidate the underlying pathological mechanisms by which
the results are connected. Furthermore, we identified the sources of heterogeneity, which
made our pooled results reliable.

A limitation of this analysis is that most available studies to date are observational.
The association between sTREM2 and NDDs needs to be investigated in prospective longi-
tudinal studies that include patients with preclinical NDDs to understand the microglial
activation in response to the progression of neuronal injury. Furthermore, the treatment his-
tory of the participant could also affect the CSF sTREM2 concentration. However, detailed
information was not available in most of the studies included in this analysis. Finally, since
this study was designed to include only those which reported the mean concentration of
CSF sTREM2, studies reporting median sTREM2 level were excluded.

5. Conclusions

In conclusion, our pooled data confirmed the robust association between CSF sTREM2
level and NDDs, and suggested that CSF sTREM2 is a dynamic biomarker for microglial
activation during neuroinflammation. In future research, it is essential to investigate the
interrelationship between the levels of sTREM2 and disease pathology and genetic variants,
and further identify the clinical implication of higher sTREM2 in NDDs patients.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm12103589/s1, Table S1. MOOSE Checklist; Table S2. Quality
Assessment of the Case-control Studies using NOS; Table S3. Quality Assessment of the Cross-
sectional Studies using AHRQ; Table S4. Meta-regression Analysis of Baseline Characteristics;
Figure S1. Comparison of CSF sTREM2 between NDDs and control groups; Figure S2. Sensitivity
and subgroup analysis of CSF sTREM2 levels in MCI: (A) The influence of each trial for CSF sTREM2
levels of the meta-analysis; (B) Subgroup of the CSF sTREM2 levels based on measurement methods;
Figure S3. Heterogeneity analysis of CSF sTREM2 levels in AD: (A) The Galbraith plot of CSF sTREM2
levels in this meta-analysis; (B) comparison of the CSF sTREM2 levels measured by ELISA; Figure S4.
Sensitivity analysis of CSF sTREM2 levels in NDDs: (A) The influence of each trial for CSF sTREM2
levels of the meta-analysis; (B) comparison of the CSF sTREM2 levels measured by ELISA.

Author Contributions: W.Z. and J.L. conceived and designed the study. W.Z. and Y.Z. performed the
literature search, data extraction, and methodological assessment. W.Z. conducted the data analysis
and wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by grants from the Ministry of Science and Technology of
China (2018YFA0800801) and from the National Natural Science Foundation of China (81873679).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: There is no conflict of interest related to the submitted paper.

References
1. Ennerfelt, H.E.; Lukens, J.R. The role of innate immunity in Alzheimer’s disease. Immunol. Rev. 2020, 297, 225–246. [CrossRef]

[PubMed]
2. Jay, T.R.; von Saucken, V.E.; Landreth, G.E. TREM2 in Neurodegenerative Diseases. Mol. Neurodegener. 2017, 12, 56. [CrossRef]

[PubMed]
3. Lewcock, J.W.; Schlepckow, K.; Di Paolo, G.; Tahirovic, S.; Monroe, K.M.; Haass, C. Emerging Microglia Biology Defines Novel

Therapeutic Approaches for Alzheimer’s Disease. Neuron 2020, 108, 801–821. [CrossRef] [PubMed]
4. N’Diaye, E.N.; Branda, C.S.; Branda, S.S.; Nevarez, L.; Colonna, M.; Lowell, C.; Hamerman, J.A.; Seaman, W.E. TREM-2 (triggering

receptor expressed on myeloid cells 2) is a phagocytic receptor for bacteria. J. Cell Biol. 2009, 184, 215–223. [CrossRef]
5. Otero, K.; Shinohara, M.; Zhao, H.; Cella, M.; Gilfillan, S.; Colucci, A.; Faccio, R.; Ross, F.P.; Teitelbaum, S.L.; Takayanagi, H.; et al.

TREM2 and β-catenin regulate bone homeostasis by controlling the rate of osteoclastogenesis. J. Immunol. 2012, 188, 2612–2621.
[CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/jcm12103589/s1
https://www.mdpi.com/article/10.3390/jcm12103589/s1
https://doi.org/10.1111/imr.12896
https://www.ncbi.nlm.nih.gov/pubmed/32588460
https://doi.org/10.1186/s13024-017-0197-5
https://www.ncbi.nlm.nih.gov/pubmed/28768545
https://doi.org/10.1016/j.neuron.2020.09.029
https://www.ncbi.nlm.nih.gov/pubmed/33096024
https://doi.org/10.1083/jcb.200808080
https://doi.org/10.4049/jimmunol.1102836
https://www.ncbi.nlm.nih.gov/pubmed/22312126


J. Clin. Med. 2023, 12, 3589 13 of 15

6. Takahashi, K.; Rochford, C.D.; Neumann, H. Clearance of apoptotic neurons without inflammation by microglial triggering
receptor expressed on myeloid cells-2. J. Exp. Med. 2005, 201, 647–657. [CrossRef]

7. Wang, Y.; Cella, M.; Mallinson, K.; Ulrich, J.D.; Young, K.L.; Robinette, M.L.; Gilfillan, S.; Krishnan, G.M.; Sudhakar, S.;
Zinselmeyer, B.H.; et al. TREM2 lipid sensing sustains the microglial response in an Alzheimer’s disease model. Cell 2015, 160,
1061–1071. [CrossRef]

8. Paloneva, J.; Manninen, T.; Christman, G.; Hovanes, K.; Mandelin, J.; Adolfsson, R.; Bianchin, M.; Bird, T.; Miranda, R.;
Salmaggi, A.; et al. Mutations in two genes encoding different subunits of a receptor signaling complex result in an identical
disease phenotype. Am. J. Hum. Genet. 2002, 71, 656–662. [CrossRef]

9. Borroni, B.; Ferrari, F.; Galimberti, D.; Nacmias, B.; Barone, C.; Bagnoli, S.; Fenoglio, C.; Piaceri, I.; Archetti, S.; Bonvicini, C.; et al.
Heterozygous TREM2 mutations in frontotemporal dementia. Neurobiol. Aging 2014, 35, 934.e7–934.e10. [CrossRef]

10. Cady, J.; Koval, E.D.; Benitez, B.A.; Zaidman, C.; Jockel-Balsarotti, J.; Allred, P.; Baloh, R.H.; Ravits, J.; Simpson, E.;
Appel, S.H.; et al. TREM2 variant p.R47H as a risk factor for sporadic amyotrophic lateral sclerosis. JAMA Neurol. 2014, 71,
449–453. [CrossRef]

11. Guerreiro, R.; Wojtas, A.; Bras, J.; Carrasquillo, M.; Rogaeva, E.; Majounie, E.; Cruchaga, C.; Sassi, C.; Kauwe, J.S.; Younkin, S.; et al.
TREM2 variants in Alzheimer’s disease. N. Engl. J. Med. 2013, 368, 117–127. [CrossRef] [PubMed]

12. Jonsson, T.; Stefansson, H.; Steinberg, S.; Jonsdottir, I.; Jonsson, P.V.; Snaedal, J.; Bjornsson, S.; Huttenlocher, J.; Levey, A.I.;
Lah, J.J.; et al. Variant of TREM2 associated with the risk of Alzheimer’s disease. N. Engl. J. Med. 2013, 368, 107–116. [CrossRef]
[PubMed]

13. Rayaprolu, S.; Mullen, B.; Baker, M.; Lynch, T.; Finger, E.; Seeley, W.W.; Hatanpaa, K.J.; Lomen-Hoerth, C.; Kertesz, A.;
Bigio, E.H.; et al. TREM2 in neurodegeneration: Evidence for association of the p.R47H variant with frontotemporal dementia
and Parkinson’s disease. Mol. Neurodegener. 2013, 8, 19. [CrossRef] [PubMed]

14. Kawabori, M.; Kacimi, R.; Kauppinen, T.; Calosing, C.; Kim, J.Y.; Hsieh, C.L.; Nakamura, M.C.; Yenari, M.A. Triggering receptor
expressed on myeloid cells 2 (TREM2) deficiency attenuates phagocytic activities of microglia and exacerbates ischemic damage
in experimental stroke. J. Neurosci. 2015, 35, 3384–3396. [CrossRef] [PubMed]

15. Ulland, T.K.; Song, W.M.; Huang, S.C.; Ulrich, J.D.; Sergushichev, A.; Beatty, W.L.; Loboda, A.A.; Zhou, Y.; Cairns, N.J.;
Kambal, A.; et al. TREM2 Maintains Microglial Metabolic Fitness in Alzheimer’s Disease. Cell 2017, 170, 649–663.e613. [CrossRef]

16. Keren-Shaul, H.; Spinrad, A.; Weiner, A.; Matcovitch-Natan, O.; Dvir-Szternfeld, R.; Ulland, T.K.; David, E.; Baruch, K.; Lara-
Astaiso, D.; Toth, B.; et al. A Unique Microglia Type Associated with Restricting Development of Alzheimer’s Disease. Cell 2017,
169, 1276–1290.e1217. [CrossRef]

17. Jin, S.C.; Benitez, B.A.; Karch, C.M.; Cooper, B.; Skorupa, T.; Carrell, D.; Norton, J.B.; Hsu, S.; Harari, O.; Cai, Y.; et al. Coding
variants in TREM2 increase risk for Alzheimer’s disease. Hum. Mol. Genet. 2014, 23, 5838–5846. [CrossRef]

18. Kiianitsa, K.; Kurtz, I.; Beeman, N.; Matsushita, M.; Chien, W.M.; Raskind, W.H.; Korvatska, O. Novel TREM2 splicing isoform
that lacks the V-set immunoglobulin domain is abundant in the human brain. J. Leukoc. Biol. 2021, 110, 829–837. [CrossRef]

19. Del-Aguila, J.L.; Benitez, B.A.; Li, Z.; Dube, U.; Mihindukulasuriya, K.A.; Budde, J.P.; Farias, F.H.G.; Fernández, M.V.; Ibanez, L.;
Jiang, S.; et al. TREM2 brain transcript-specific studies in AD and TREM2 mutation carriers. Mol. Neurodegener. 2019, 14, 18.
[CrossRef]

20. Banerjee, G.; Ambler, G.; Keshavan, A.; Paterson, R.W.; Foiani, M.S.; Toombs, J.; Heslegrave, A.; Dickson, J.C.; Fraioli, F.;
Groves, A.M.; et al. Cerebrospinal Fluid Biomarkers in Cerebral Amyloid Angiopathy. J. Alzheimers Dis. 2020, 74, 1189–1201.
[CrossRef]

21. Bartl, M.; Dakna, M.; Galasko, D.; Hutten, S.J.; Foroud, T.; Quan, M.; Marek, K.; Siderowf, A.; Franz, J.; Trenkwalder, C.; et al.
Biomarkers of neurodegeneration and glial activation validated in Alzheimer’s disease assessed in longitudinal cerebrospinal
fluid samples of Parkinson’s disease. PLoS ONE 2021, 16, e0257372. [CrossRef] [PubMed]

22. Brosseron, F.; Traschütz, A.; Widmann, C.N.; Kummer, M.P.; Tacik, P.; Santarelli, F.; Jessen, F.; Heneka, M.T. Characterization
and clinical use of inflammatory cerebrospinal fluid protein markers in Alzheimer’s disease. Alzheimers Res. Ther. 2018, 10, 25.
[CrossRef] [PubMed]

23. Deming, Y.; Filipello, F.; Cignarella, F.; Cantoni, C.; Hsu, S.; Mikesell, R.; Li, Z.; Del-Aguila, J.L.; Dube, U.; Farias, F.G.; et al. The
MS4A gene cluster is a key modulator of soluble TREM2 and Alzheimer’s disease risk. Sci. Transl. Med. 2019, 11, 2291. [CrossRef]

24. Ewers, M.; Franzmeier, N.; Suárez-Calvet, M.; Morenas-Rodriguez, E.; Caballero, M.A.A.; Kleinberger, G.; Piccio, L.; Cruchaga, C.;
Deming, Y.; Dichgans, M.; et al. Increased soluble TREM2 in cerebrospinal fluid is associated with reduced cognitive and clinical
decline in Alzheimer’s disease. Sci. Transl. Med. 2019, 11, 6221. [CrossRef] [PubMed]

25. Franzmeier, N.; Suárez-Calvet, M.; Frontzkowski, L.; Moore, A.; Hohman, T.J.; Morenas-Rodriguez, E.; Nuscher, B.; Shaw, L.;
Trojanowski, J.Q.; Dichgans, M.; et al. Higher CSF sTREM2 attenuates ApoE4-related risk for cognitive decline and neurodegener-
ation. Mol. Neurodegener. 2020, 15, 57. [CrossRef] [PubMed]

26. Gispert, J.D.; Suárez-Calvet, M.; Monté, G.C.; Tucholka, A.; Falcon, C.; Rojas, S.; Rami, L.; Sánchez-Valle, R.; Lladó, A.;
Kleinberger, G.; et al. Cerebrospinal fluid sTREM2 levels are associated with gray matter volume increases and reduced diffusivity
in early Alzheimer’s disease. Alzheimers Dement. 2016, 12, 1259–1272. [CrossRef] [PubMed]

27. Henjum, K.; Almdahl, I.S.; Årskog, V.; Minthon, L.; Hansson, O.; Fladby, T.; Nilsson, L.N. Cerebrospinal fluid soluble TREM2 in
aging and Alzheimer’s disease. Alzheimers Res. Ther. 2016, 8, 17. [CrossRef] [PubMed]

https://doi.org/10.1084/jem.20041611
https://doi.org/10.1016/j.cell.2015.01.049
https://doi.org/10.1086/342259
https://doi.org/10.1016/j.neurobiolaging.2013.09.017
https://doi.org/10.1001/jamaneurol.2013.6237
https://doi.org/10.1056/NEJMoa1211851
https://www.ncbi.nlm.nih.gov/pubmed/23150934
https://doi.org/10.1056/NEJMoa1211103
https://www.ncbi.nlm.nih.gov/pubmed/23150908
https://doi.org/10.1186/1750-1326-8-19
https://www.ncbi.nlm.nih.gov/pubmed/23800361
https://doi.org/10.1523/JNEUROSCI.2620-14.2015
https://www.ncbi.nlm.nih.gov/pubmed/25716838
https://doi.org/10.1016/j.cell.2017.07.023
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1093/hmg/ddu277
https://doi.org/10.1002/JLB.2HI0720-463RR
https://doi.org/10.1186/s13024-019-0319-3
https://doi.org/10.3233/JAD-191254
https://doi.org/10.1371/journal.pone.0257372
https://www.ncbi.nlm.nih.gov/pubmed/34618817
https://doi.org/10.1186/s13195-018-0353-3
https://www.ncbi.nlm.nih.gov/pubmed/29482610
https://doi.org/10.1126/scitranslmed.aau2291
https://doi.org/10.1126/scitranslmed.aav6221
https://www.ncbi.nlm.nih.gov/pubmed/31462511
https://doi.org/10.1186/s13024-020-00407-2
https://www.ncbi.nlm.nih.gov/pubmed/33032659
https://doi.org/10.1016/j.jalz.2016.06.005
https://www.ncbi.nlm.nih.gov/pubmed/27423963
https://doi.org/10.1186/s13195-016-0182-1
https://www.ncbi.nlm.nih.gov/pubmed/27121148


J. Clin. Med. 2023, 12, 3589 14 of 15

28. Heslegrave, A.; Heywood, W.; Paterson, R.; Magdalinou, N.; Svensson, J.; Johansson, P.; Öhrfelt, A.; Blennow, K.; Hardy, J.;
Schott, J.; et al. Increased cerebrospinal fluid soluble TREM2 concentration in Alzheimer’s disease. Mol. Neurodegener. 2016, 11, 3.
[CrossRef]

29. Kleinberger, G.; Yamanishi, Y.; Suárez-Calvet, M.; Czirr, E.; Lohmann, E.; Cuyvers, E.; Struyfs, H.; Pettkus, N.; Wenninger-
Weinzierl, A.; Mazaheri, F.; et al. TREM2 mutations implicated in neurodegeneration impair cell surface transport and phagocyto-
sis. Sci. Transl. Med. 2014, 6, 243ra286. [CrossRef]

30. Knapskog, A.B.; Henjum, K.; Idland, A.V.; Eldholm, R.S.; Persson, K.; Saltvedt, I.; Watne, L.O.; Engedal, K.; Nilsson, L.N.G.
Cerebrospinal fluid sTREM2 in Alzheimer’s disease: Comparisons between clinical presentation and AT classification. Sci. Rep.
2020, 10, 15886. [CrossRef]

31. Ma, L.Z.; Tan, L.; Bi, Y.L.; Shen, X.N.; Xu, W.; Ma, Y.H.; Li, H.Q.; Dong, Q.; Yu, J.T. Dynamic changes of CSF sTREM2 in preclinical
Alzheimer’s disease: The CABLE study. Mol. Neurodegener. 2020, 15, 25. [CrossRef]

32. Mo, M.; Tang, Y.; Wei, L.; Qiu, J.; Peng, G.; Lin, Y.; Zhou, M.; Dai, W.; Zhang, Z.; Chen, X.; et al. Soluble Triggering Receptor
Expressed on Myeloid Cells 2 From Cerebrospinal Fluid in Sleep Disorders Related to Parkinson’s Disease. Front. Aging Neurosci.
2021, 13, 753210. [CrossRef] [PubMed]

33. Morenas-Rodríguez, E.; Alcolea, D.; Suárez-Calvet, M.; Muñoz-Llahuna, L.; Vilaplana, E.; Sala, I.; Subirana, A.; Querol-
Vilaseca, M.; Carmona-Iragui, M.; Illán-Gala, I.; et al. Different pattern of CSF glial markers between dementia with Lewy bodies
and Alzheimer’s disease. Sci. Rep. 2019, 9, 7803. [CrossRef] [PubMed]

34. Nordengen, K.; Kirsebom, B.E.; Henjum, K.; Selnes, P.; Gísladóttir, B.; Wettergreen, M.; Torsetnes, S.B.; Grøntvedt, G.R.;
Waterloo, K.K.; Aarsland, D.; et al. Glial activation and inflammation along the Alzheimer’s disease continuum. J. Neuroinflamm.
2019, 16, 46. [CrossRef] [PubMed]

35. Peng, G.; Qiu, J.; Liu, H.; Zhou, M.; Huang, S.; Guo, W.; Lin, Y.; Chen, X.; Li, Z.; Li, G.; et al. Analysis of Cerebrospinal Fluid
Soluble TREM2 and Polymorphisms in Sporadic Parkinson’s Disease in a Chinese Population. J. Mol. Neurosci. 2020, 70, 294–301.
[CrossRef]

36. Piccio, L.; Buonsanti, C.; Cella, M.; Tassi, I.; Schmidt, R.E.; Fenoglio, C.; Rinker, J., 2nd; Naismith, R.T.; Panina-Bordignon, P.;
Passini, N.; et al. Identification of soluble TREM-2 in the cerebrospinal fluid and its association with multiple sclerosis and CNS
inflammation. Brain 2008, 131, 3081–3091. [CrossRef]

37. Piccio, L.; Deming, Y.; Del-Águila, J.L.; Ghezzi, L.; Holtzman, D.M.; Fagan, A.M.; Fenoglio, C.; Galimberti, D.; Borroni, B.;
Cruchaga, C. Cerebrospinal fluid soluble TREM2 is higher in Alzheimer disease and associated with mutation status. Acta
Neuropathol. 2016, 131, 925–933. [CrossRef]

38. Schulz, I.; Kruse, N.; Gera, R.G.; Kremer, T.; Cedarbaum, J.; Barbour, R.; Zago, W.; Schade, S.; Otte, B.; Bartl, M.; et al. Systematic
Assessment of 10 Biomarker Candidates Focusing on α-Synuclein-Related Disorders. Mov. Disord. 2021, 36, 2874–2887. [CrossRef]

39. Suárez-Calvet, M.; Kleinberger, G.; Araque Caballero, M.; Brendel, M.; Rominger, A.; Alcolea, D.; Fortea, J.; Lleó, A.; Blesa, R.;
Gispert, J.D.; et al. sTREM2 cerebrospinal fluid levels are a potential biomarker for microglia activity in early-stage Alzheimer’s
disease and associate with neuronal injury markers. EMBO Mol. Med. 2016, 8, 466–476. [CrossRef]

40. Van Hulle, C.; Jonaitis, E.M.; Betthauser, T.J.; Batrla, R.; Wild, N.; Kollmorgen, G.; Andreasson, U.; Okonkwo, O.; Bendlin, B.B.;
Asthana, S.; et al. An examination of a novel multipanel of CSF biomarkers in the Alzheimer’s disease clinical and pathological
continuum. Alzheimers Dement. 2021, 17, 431–445. [CrossRef]

41. Woollacott, I.O.C.; Nicholas, J.M.; Heslegrave, A.; Heller, C.; Foiani, M.S.; Dick, K.M.; Russell, L.L.; Paterson, R.W.; Keshavan, A.;
Fox, N.C.; et al. Cerebrospinal fluid soluble TREM2 levels in frontotemporal dementia differ by genetic and pathological subgroup.
Alzheimers Res. Ther. 2018, 10, 79. [CrossRef] [PubMed]

42. Suárez-Calvet, M.; Araque Caballero, M.; Kleinberger, G.; Bateman, R.J.; Fagan, A.M.; Morris, J.C.; Levin, J.; Danek, A.; Ewers, M.;
Haass, C. Early changes in CSF sTREM2 in dominantly inherited Alzheimer’s disease occur after amyloid deposition and
neuronal injury. Sci. Transl. Med. 2016, 8, 369ra178. [CrossRef] [PubMed]

43. Shamseer, L.; Moher, D.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P.; Stewart, L.A. Preferred reporting items for
systematic review and meta-analysis protocols (PRISMA-P) 2015: Elaboration and explanation. BMJ 2015, 350, g7647. [CrossRef]
[PubMed]

44. Stroup, D.F.; Berlin, J.A.; Morton, S.C.; Olkin, I.; Williamson, G.D.; Rennie, D.; Moher, D.; Becker, B.J.; Sipe, T.A.; Thacker, S.B.
Meta-analysis of observational studies in epidemiology: A proposal for reporting. Meta-analysis Of Observational Studies in
Epidemiology (MOOSE) group. JAMA 2000, 283, 2008–2012. [CrossRef] [PubMed]

45. Stang, A. Critical evaluation of the Newcastle-Ottawa scale for the assessment of the quality of nonrandomized studies in
meta-analyses. Eur. J. Epidemiol. 2010, 25, 603–605. [CrossRef]

46. Dubois, B.; Villain, N.; Frisoni, G.B.; Rabinovici, G.D.; Sabbagh, M.; Cappa, S.; Bejanin, A.; Bombois, S.; Epelbaum, S.;
Teichmann, M.; et al. Clinical diagnosis of Alzheimer’s disease: Recommendations of the International Working Group. Lancet
Neurol. 2021, 20, 484–496. [CrossRef]

47. Jack, C.R., Jr.; Bennett, D.A.; Blennow, K.; Carrillo, M.C.; Dunn, B.; Haeberlein, S.B.; Holtzman, D.M.; Jagust, W.; Jessen, F.;
Karlawish, J.; et al. NIA-AA Research Framework: Toward a biological definition of Alzheimer’s disease. Alzheimers Dement.
2018, 14, 535–562. [CrossRef]

https://doi.org/10.1186/s13024-016-0071-x
https://doi.org/10.1126/scitranslmed.3009093
https://doi.org/10.1038/s41598-020-72878-8
https://doi.org/10.1186/s13024-020-00374-8
https://doi.org/10.3389/fnagi.2021.753210
https://www.ncbi.nlm.nih.gov/pubmed/34658845
https://doi.org/10.1038/s41598-019-44173-8
https://www.ncbi.nlm.nih.gov/pubmed/31127154
https://doi.org/10.1186/s12974-019-1399-2
https://www.ncbi.nlm.nih.gov/pubmed/30791945
https://doi.org/10.1007/s12031-019-01424-7
https://doi.org/10.1093/brain/awn217
https://doi.org/10.1007/s00401-016-1533-5
https://doi.org/10.1002/mds.28738
https://doi.org/10.15252/emmm.201506123
https://doi.org/10.1002/alz.12204
https://doi.org/10.1186/s13195-018-0405-8
https://www.ncbi.nlm.nih.gov/pubmed/30111356
https://doi.org/10.1126/scitranslmed.aag1767
https://www.ncbi.nlm.nih.gov/pubmed/27974666
https://doi.org/10.1136/bmj.g7647
https://www.ncbi.nlm.nih.gov/pubmed/25555855
https://doi.org/10.1001/jama.283.15.2008
https://www.ncbi.nlm.nih.gov/pubmed/10789670
https://doi.org/10.1007/s10654-010-9491-z
https://doi.org/10.1016/S1474-4422(21)00066-1
https://doi.org/10.1016/j.jalz.2018.02.018


J. Clin. Med. 2023, 12, 3589 15 of 15

48. McKhann, G.; Drachman, D.; Folstein, M.; Katzman, R.; Price, D.; Stadlan, E.M. Clinical diagnosis of Alzheimer’s disease:
Report of the NINCDS-ADRDA Work Group under the auspices of Department of Health and Human Services Task Force on
Alzheimer’s Disease. Neurology 1984, 34, 939–944. [CrossRef]

49. McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T.; Jack, C.R., Jr.; Kawas, C.H.; Klunk, W.E.; Koroshetz, W.J.; Manly, J.J.;
Mayeux, R.; et al. The diagnosis of dementia due to Alzheimer’s disease: Recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 2011, 7,
263–269. [CrossRef]

50. Korvatska, O.; Leverenz, J.B.; Jayadev, S.; McMillan, P.; Kurtz, I.; Guo, X.; Rumbaugh, M.; Matsushita, M.; Girirajan, S.;
Dorschner, M.O.; et al. R47H Variant of TREM2 Associated With Alzheimer Disease in a Large Late-Onset Family: Clinical,
Genetic, and Neuropathological Study. JAMA Neurol. 2015, 72, 920–927. [CrossRef]

51. Suárez-Calvet, M.; Morenas-Rodríguez, E.; Kleinberger, G.; Schlepckow, K.; Araque Caballero, M.; Franzmeier, N.; Capell, A.;
Fellerer, K.; Nuscher, B.; Eren, E.; et al. Early increase of CSF sTREM2 in Alzheimer’s disease is associated with tau related-
neurodegeneration but not with amyloid-β pathology. Mol. Neurodegener. 2019, 14, 1. [CrossRef] [PubMed]

52. Schlepckow, K.; Kleinberger, G.; Fukumori, A.; Feederle, R.; Lichtenthaler, S.F.; Steiner, H.; Haass, C. An Alzheimer-associated
TREM2 variant occurs at the ADAM cleavage site and affects shedding and phagocytic function. EMBO Mol. Med. 2017, 9,
1356–1365. [CrossRef] [PubMed]

53. Thornton, P.; Sevalle, J.; Deery, M.J.; Fraser, G.; Zhou, Y.; Ståhl, S.; Franssen, E.H.; Dodd, R.B.; Qamar, S.; Gomez Perez-Nievas, B.; et al.
TREM2 shedding by cleavage at the H157-S158 bond is accelerated for the Alzheimer’s disease-associated H157Y variant. EMBO Mol.
Med. 2017, 9, 1366–1378. [CrossRef] [PubMed]

54. Hu, S.; Pan, N.; Liu, C.; Wang, Y.; Zhang, T. Age Matching Is Essential for the Study of Cerebrospinal Fluid sTREM2 Levels and
Alzheimer’s Disease Risk: A Meta-Analysis. Front. Aging Neurosci. 2021, 13, 775432. [CrossRef]

55. Liu, D.; Cao, B.; Zhao, Y.; Huang, H.; McIntyre, R.S.; Rosenblat, J.D.; Zhou, H. Soluble TREM2 changes during the clinical course
of Alzheimer’s disease: A meta-analysis. Neurosci. Lett. 2018, 686, 10–16. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1212/WNL.34.7.939
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1001/jamaneurol.2015.0979
https://doi.org/10.1186/s13024-018-0301-5
https://www.ncbi.nlm.nih.gov/pubmed/30630532
https://doi.org/10.15252/emmm.201707672
https://www.ncbi.nlm.nih.gov/pubmed/28855300
https://doi.org/10.15252/emmm.201707673
https://www.ncbi.nlm.nih.gov/pubmed/28855301
https://doi.org/10.3389/fnagi.2021.775432
https://doi.org/10.1016/j.neulet.2018.08.038

	Introduction 
	Methods 
	Search Strategy 
	Eligibility Criteria 
	Data Extraction and Quality Assessment 
	Statistical Analysis 

	Results 
	Study Characteristics and Quality Assessment 
	CSF sTREM2 Levels in AD Continuum Cohorts 
	CSF sTREM2 Levels in Other NDDs 
	Heterogeneity Analysis and Subgroup Analysis 
	Meta-Regression and Publication Bias 

	Discussion 
	Conclusions 
	References

