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Abstract.
Background: Recent genetic research identified a protective factor against late-onset Alzheimer’s disease (AD) in Caucasians,
a variant called rs3747742-C in the TREML2 gene. However, the roles of other TREML2 variants in AD have not been fully
explored.
Objective: We conducted a focused analysis of 16 TREML2 variants, examining their connection to AD by studying their
correlation with cerebrospinal fluid (CSF) proteins, neuroimage, and cognition in the Alzheimer’s Disease Neuroimaging
Initiative database (ADNI).
Methods: A multiple linear regression model was utilized to estimate potential associations between TREML2 genotypes
and various endophenotypes in the entire ADNI sample at baseline, with age, gender, years of education, and APOE �4 status
included as covariates. To examine changes in clinical outcomes over time, linear mixed-effects models were employed.
Results: We found that the SNP rs17328707-A was associated with higher ADNI-VS scores, smaller ventricles, and larger
middle temporal volume at baseline. The SNP rs6915083-G was linked to lower CSF t-tau and p-tau levels, and higher
CSF A� levels. The SNP rs9394766-G was associated with a smaller hippocampus and larger ventricles at baseline. In
longitudinal cohorts, the rs6915083-G SNP was associated with changes in ADNI-MEM and ADNI-EF scores, as well as
the rate of hippocampal and middle temporal atrophy.
Conclusions: Our findings reveal that TREML2 gene variants have different effects on AD. Two variants are protective, while
one may be a risk factor. This enhances our understanding of AD genetics and could guide future research and personalized
treatments.
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INTRODUCTION

Alzheimer’s disease (AD) is a prevalent neurode-
generative disorder, impacting around 5% of the
global population over 65 years [1]. It is characterized
by presence of intracellular tau tangles and extracellu-
lar amyloid-� plaques in the brain [2]. AD is typically
diagnosed in individuals over 65 years, referred to as
late-onset AD (LOAD), with only a 1% incidence of
early onset cases (before the age of 65) [3]. The heri-
tability of LOAD ranges from 60% to 80% based on
evidence from twin studies [4]. Previous studies have
identified many genetic variants to be associated with
the process of AD pathology [5]. However, a large
fraction of genetic variants remains unidentified.

Triggering receptor expressed on myeloid cells
like 2 (TREML2) is a protein-coding gene expressed
on lymphoid and myeloid/granuloid cells, which has
recently been linked to AD susceptibility [6]. Its
expression is elevated in neutrophils, macrophages,
and microglia in response to inflammatory signals
[7–9]. TREML2 rs3747742 was identified as a pro-
tective factor against AD in both Caucasians [10] and
Han Chinese population [11]. Moreover, the missense
variant has been linked to lower cerebrospinal fluid
(CSF) levels of total tau (t-tau) [12] and phosphory-
lated tau (p-tau) [10], as well as the volume of both
right hippocampus CA1 subfield [13] and white mat-
ter hyperintensities [14]. These findings suggest that
TREML2 may reduce AD risk by mitigating process
of neurodegeneration. To date, there is no compre-
hensive study on the correlation between TREML2
gene and AD.

In the present study, we conducted a targeted
analysis of 16 TREML2 variants using tagger meth-
ods and analyzed the roles of TREML2 variants in
AD pathogenesis by investigating the correlation
of these variants with CSF proteins, neuroimaging
biomarkers and cognition in the Alzheimer’s Disease
Neuroimaging Initiative database (ADNI).

MATERIALS AND METHODS

ADNI dataset

We undertook cross-sectional and longitudinal
analyses of participants enrolled in the ADNI
database (http://adni.loni.usc.edu). The ADNI, estab-
lished in 2003 as a public-private partnership, is a
large, multicenter, longitudinal neuroimaging study,
aimed to evaluate the combination of magnetic reso-

nance imaging (MRI), positron emission tomography
scans, biological markers, and clinical assessments
for measuring the progression of mild cognitive
impairment (MCI) and early AD. For up-to-date
information on ADNI, see http://www.adni-info.org.
ADNI was approved by the institutional review
boards of all participating centers and written
informed consent was obtained from all participants
or authorized representatives. We utilized the lat-
est version of sequencing data from ADNI-1/2,GO/3
cohort.

Genotyping

For this version, GenomeStudio v2009.1 (Illu-
mina), an updated version of BeadStudio, was used
to reprocess the array data for all samples. We
extracted TREML2 genotypes from the ADNI PLINK
data format. Filtering criteria applied to individ-
uals and single nucleotide polymorphisms (SNPs)
were as follows: minimum call rates > 90%, min-
imum minor allele frequencies (MAF) > 0.05, and
Hardy-Weinberg equilibrium test p > 0.001. Finally,
using tagger methods in Haploview 4.2 platform,
we extracted other 15 common variants (Table 1).
We downloaded genotype data separately from
the ADNI-1, ADNI-2, ADNI-GO, and ADNI-3
databases. Subsequently, we extracted the genotypes
for the 15 common variants using the PLINK soft-
ware from the respective databases mentioned above.
Among them, four loci were found to have available
sequencing data in ADNI.

CSF proteins

Methods for collection and processing of CSF sam-
ple were reported in previous study [15]. The CSF
proteins, including A�1–42, T-tau, and P-tau, were
calculated using the multiplex xMAP Luminex plat-
form (Luminex Corp, Austin, TX) with Innogenetics
(INNO-BIA AlzBio3; Ghent, Belgium; for research
use-only reagents) immunoassay kit–based reagents.
Additional analysis details and quality control pro-
cedures are showed at site (http://adni.loni.ucla.edu).
The measurements of CSF biomarker for this article
were cross-sectional from the baseline evaluation.

Cognition

General cognition was assessed by Mini-Mental
State Examination (MMSE). Composite scores
for executive functioning (ADNI-EF) and mem-

http://adni.loni.usc.edu
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http://adni.loni.ucla.edu
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Table 1
The characteristics of tagger SNPs

SNP Location Position Allele change MAF H-W (p)

rs6915083 6 : 41196267 Intron variant A−→C 0.46 0.0036
rs9394766 6 : 41192063 UTR variant 3 prime A−→G 0.233 0.2044
rs7453883 6 : 41199357 Intron variant C−→G 0.0783 0.154
rs62396355 6 : 41198411 Intron variant A−→G 0.064 0.0522
rs6929995 6 : 41193744 Intron variant A−→C 0.0824 0.422
rs62396356 6 : 41200025 Intron variant A−→G 0.077 0.1981
rs56302558 6 : 41197533 Intron variant G−→A 0.215 0.4454
rs17328707 6 : 41191415 UTR variant 3 prime G−→A 0.077 0.0962
rs6902672 6 : 41198102 Intron variant T−→C 0.228 0.2425
rs3800342 6 : 41191794 UTR variant 3 prime C−→A 0.333 0.5211
rs11759347 6 : 41199359 Intron variant C−→A 0.154 0.0783
rs34346157 6 : 41198572 Intron variant G−→A 0.387 0.0021
rs4714431 6 : 41200599 Intron variant A−→C 0.337 0.3712
rs4711657 6 : 41194977 Intron variant G−→A 0.387 0.0713
rs13207171 6 : 41198081 Intron variant C−→T 0.108 0.0407

SNP, single nucleotide polymorphism; MAF, minimum minor allele frequencies; H-W, Hardy-Weinberg equilibrium test; UTR, Untranslated
Regions.

ory (ADNI-MEM) using data from the ADNI
neuropsychological battery using item response
theory (IRT) methods. IRT was used to cre-
ate composite scores for ADNI-MEM, ADNI-EF,
and ADNI-LAN from ADNI neuropsychological
data. It considers item difficulty and discrimina-
tion to better estimate individuals’ latent abilities.
By modeling responses to various items and
their characteristics, IRT offers a nuanced assess-
ment of cognitive abilities and memory, enhancing
the validity and reliability of composite scores.
The ADNI-EF composite score computation model
encompassed contributions from various cognitive
tasks: Category Fluency-animals (6.63%), Category
Fluency-vegetables (6.84%), Trails A (9.92%) and
B (14.44%), Digit Span Backwards (5.43%), WAIS-
R Digit Symbol Substitution (14.74%), as well as
five Clock Drawing items (circle, symbol, numbers,
hands, time) (41.98%). The development of ADNI-
MEM was influenced by the utilization of distinct
word lists in the Rey Auditory Verbal Learning
Test (RAVLT) and the ADAS-Cog, as well as the
deliberate absence of data in Logical Memory I.
The final model for ADNI-LAN (language) included
the following components from the ADNI neu-
ropsychological battery: Category Fluency–Animals,
Category Fluency–Vegetables, and Boston Naming
(Total). Additionally, language-related tasks from
the MMSE included Repeating a sentence, read-
ing a sentence, writing a sentence, and following a
Series of Instructions (items 4 and 5). Furthermore,
the Montreal Cognitive Assessment contributed six
language items: Letter F Fluency, three animal
naming items, and two sentence repetition tasks.

There are seven items related to VS (visuospa-
tial functioning) Neuropsychological Battery: Clock
copy–Circle, Symmetry, Numbers, Hands, Time;
ADAS- Cognitive Behavior: Constructional praxis;
MMSE: Copy design.

Brain structures on MRI

The MR acquisition protocol used in the ADNI
subjects has been described in detail in [13]. In brief,
structural MRI was performed using a Siemens Trio
3.0 T scanner (n 5 507) or Vision 1.5 T scanner (n
5 131) (GE, Siemens, and Philips). Regional volume
estimates were processed using Free-surfer software
package version 4.3 and 5.1 image processing frame-
work for the 1.5 and 3.0 T MRI images, respectively.
Regions of interest (ROIs) included the hippocampus,
entorhinal, middle tempol and ventricles.

Statistical analysis

All statistical analyses were conducted using R
4.2.3 and PLINK 1.9. The Kruskal-Wallis test was
used to assess differences across different genotypes
for continuous variables, while chi-squared tests were
employed for categorical data. A multiple linear
regression model was utilized to estimate potential
associations between TREML2 genotypes and var-
ious endophenotypes in the entire ADNI sample at
baseline, with age, gender, years of education, and
APOE �4 status included as covariates. Genotypes
were treated as continuous variables, where they were
converted into a scale of “0, 1, 2”. The genotype cor-
responding to the rarer allele frequency was assigned
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Table 2
Baseline Clinical Characteristics

Characteristic rs6915083 and rs4714431 rs9394766 and rs17328707
CN (n = 615) MCI (n = 780) AD (n = 241) CN (n = 281) MCI (n = 484) AD (n = 47)

Age, y 73.25 (6.12) 73.09 (7.61) 75.26 (8.07) 74.51 (5.56) 72.30 (7.46) 75.36 (9.27)
Gender, Male, n (%) 279 (45.4) 469 (60.1) 134 (55.6) 136 (48.4) 283 (58.5) 29 (61.7)
Education, y 16.56 (2.54) 15.89 (2.85) 14.95 (3.08) 16.41 (2.66) 15.98 (2.82) 15.72 (2.65)
APOE4 (0/1/2) 428/167/20 401/302/77 77/117/46 204/70/7 263/180/41 13/25/9
MMSE 29.12 (1.09) 27.59 (1.81) 23.15 (2.05) 29.07 (1.15) 27.89 (1.69) 22.85 (1.91)
CSF A�, pg/ml 1015.28 (389.75) 839.42 (351.99) 637.18 (266.67) 1037.23 (389.12) 872.99 (348.38) 691.23 (318.44)
CSF p-Tau, pg/ml 22.31 (9.07) 27.26 (13.51) 36.40 (14.73) 22.33 (8.95) 26.28 (13.24) 36.69 (13.87)
CSF Tau, pg/ml 241.97 (89.38) 282.01 (120.03) 362.92 (128.40) 243.57 (89.63) 274.13 (118.46) 370.02 (125.62)
Hippocampus, mm3 7461.26 (881.71) 6809.99 (1143.15) 5647.26 (1076.01) 7331.91 (878.43) 6965.58 (1110.61) 5768.31 (986.12)

The data in the table is presented in the form of means and standard deviations.

a value of 2, while the genotype corresponding to
the higher allele frequency was assigned a value of
0. To examine changes in clinical outcomes over
time, linear mixed-effects models were employed.
All variables entering the regression models were
standardized by Z-scale beforehand using the “scale”
function in R software, where z = (x-u)/s, u repre-
sents the sample mean and s represents the sample
standard deviation. To control for multiple hypoth-
esis testing, the false discovery rate (FDR) method
developed by Hochberg and Benjamini was applied.
Statistical significance was defined as FDR-corrected
p < 0.05.

RESULTS

Table 2 presents the characteristics of the sub-
jects included in the study. The SNP rs6915083 and
rs4714431 data were extracted from three cohorts:
ADNI-1, ADNI-2/GO, and ADNI-3. These cohorts
consisted of a total of 615 individuals with CN,
780 individuals with MCI, and 241 individuals with
AD. The average age of the participants was 73.48
(± 7.19) years, and 882 (53.91%) of them were
males. Furthermore, 84.94% of the participants had
more than 12 years of education. Differences were
observed in age, gender ratio, years of education,
APOE �4 carriers ratio, CSF biomarkers, and volume
of ROIs among the different diagnosis groups. The
SNP rs9394766 and rs17328707 data were extracted
specifically from the ADNI-2/GO cohort, which
included 281 CN individuals, 484 MCI individuals,
and 47 AD individuals. The mean age of the partic-
ipants in this cohort was 73.24 (± 7.07) years, with
448 (55.17%) of them being males. Similarly, 85.61%
of the participants had more than 12 years of educa-
tion. Apart from the years of education, there were
differences in age, gender ratio, APOE �4 carriers

ratio, CSF biomarkers, and ROIs volume among the
different diagnosis groups.

In cross-sectional cohorts, we observed that the
SNP rs17328707-A was correlated with higher
ADNI-VS scores (� = 0.23, p = 0.001), smaller ven-
tricles (� = –0.13, p = 0.04), and larger middle
temporal (� = 0.16, p = 0.03) volume at baseline.
The SNP rs6915083-G was linked to lower lev-
els of CSF t-tau (� = –0.11, p = 0.01) and p-tau
(� = –0.11, p = 0.02), as well as higher levels of
CSF A� (� = 0.11, p = 0.04). Additionally, the SNP
rs9394766-G was associated with a smaller hip-
pocampus (� = –0.13, p = 0.02) and larger ventricles
(� = 0.11, p = 0.02) at baseline (Fig. 1 and Supple-
mentary Table 1).

In longitudinal cohorts, we discovered that the
rs6915083-G SNP was linked to changes in ADNI-
MEM (� = 0.01, p = 0.03) and ADNI-EF scores
(� = 0.01, p = 0.05). It was also associated with the
rate of hippocampal (� = 0.009, p = 0.01) and mid-
dle temporal (� = 0.01, p = 0.02) atrophy (Fig. 2 and
Supplementary Table 2).

DISCUSSION

Our study explores the association of TREML2
rs17328707, rs6915083, rs9394766 and rs4714431
with CSF protein levels, neuroimaging biomark-
ers and cognitive function in total participants. We
found that the SNP rs17328707-A was associated
with higher ADNI-VS scores, smaller ventricles,
and larger middle temporal volume at baseline. The
SNP rs6915083-G was linked to lower CSF t-tau
and p-tau levels, and higher CSF A� levels. The
SNP rs9394766-G was associated with a smaller
hippocampus and larger ventricles at baseline. In
longitudinal cohorts, the rs6915083-G SNP was asso-
ciated with changes in ADNI-MEM and ADNI-EF
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Fig. 1. Distributions of clinical indicators across various genotypes. A) The distribution of ADNI VS across different genotypes of
SNPrs17328707. B) The distribution of middle temporal lobe volume across different genotypes of SNPrs17328707. C) The distribution of
ventricular volume across different genotypes of SNPrs17328707. D) The distribution of hippocampal volume across different genotypes of
SNPrs9394766. E) The distribution of CSF A� across different genotypes of SNPrs6915083. F) The distribution of CSF p-tau across different
genotypes of SNPrs6915083. G) The distribution of CSF t-tau across different genotypes of SNPrs6915083. H) The distribution of ventricular
volume across different genotypes of SNPrs9394766. I) The heat map showed correlations of clinical indicators and various genotypes at
baseline, with colors representing the correlation coefficients (�) of multiple linear regressions. The color bar represents the range of �
values. Models were adjusted for age, gender, and education. Controlling for multiple comparisons was performed with false-discovery-rate
(FDR) method of Benjamini and Hochberg. Significance: ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05, -p ≥ 0.05.
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Fig. 2. The longitudinal variation of different clinical indicators across various genotypes. A) The longitudinal variation of ADNI-MEM in
the rs6915083 genotype. B) The longitudinal variation of ADNI-EF in the rs6915083 genotype. C) The longitudinal variation of hippocampal
volume in the rs6915083 genotype. D) The longitudinal variation of middle temporal lobe volume in the rs6915083 genotype. E) The heat
map showed correlations of clinical indicators and various genotypes longitudinal, with colors representing the correlation coefficients (�) of
multiple linear regressions. The color bar represents the range of � values. Models were adjusted for age, gender, and education. Controlling
for multiple comparisons was performed with false-discovery-rate (FDR) method of Benjamini and Hochberg. Significance: ∗∗∗p < 0.001,
∗∗p < 0.01, ∗p < 0.05, -p ≥ 0.05.

scores, as well as the rate of hippocampal and mid-
dle temporal atrophy. These findings suggest that
different loci on the TREML2 gene may have vary-
ing effects on AD, with two tagger SNPs acting as
protective factors and one as a risk factor.

TREML2, mainly expressed by microglia [8, 10,
16], is thought to play a crucial role in the mod-

ulation of immune functions [7, 17]. As for the
correlation between TREML2 and AD pathogenesis,
evidence from animal models showed that treatment
of microglia with interleukin-1� (IL-1�) increased
expression of TREML2 in primary mice microglia
[10]. Consistent with previous findings, Zheng et
al. found that lipopolysaccharide stimulation signifi-
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cantly increased TREML2 expression in mice brain,
and knock-down of TREML2 resulted in a reduction
of proinflammatory responses in microglia [8]. In
light of these findings, it appears that in the context
of AD, TREML2 might induce neuroinflammation
by activate pro-inflammatory responses, facilitate the
proliferation of microglia and involve in the patho-
genesis and progression of AD. Our study revealed an
association between TREML2 variants and A� levels,
which has never been reported before. The associa-
tion between TREML2 and A� might be achieved
through the modulation of microglial functions.
Recent findings show that microglia act as a shield
around amyloid deposits, compressing them into a
potentially less harmful form, which can prevent new
A� from sticking to existing plaques and decrease
damage to nearby neuropil [18]. Research involv-
ing TREM2, a substrate necessary for microglial
phagocytosis, demonstrated microglia’s safeguard-
ing role against toxic A� accumulation and AD
development: soluble A� clearance, insoluble fibril-
lar A� phagocytosis, activation state and chemotaxis
induction, and amyloid plaques compression and
corralling [19]. On the other hand, aggregated A�
triggers the activation of microglia, which in turn
results in elevated production and release of multi-
ple cytokines [20]. Microglia surrounding amyloid
deposits endeavor to engulf and break down the
insoluble amyloid, ultimately leading to its degrada-
tion [21, 22]. The exhaustion of microglial immune
response in turn could cause aggregation of A� and
contribute to pathogenesis of AD. As for the corre-
lation between neuroinflammation and tau protein,
studies have shown that proinflammatory cytokines
released by activated microglia can trigger the patho-
logical modification of tau protein [23–25], which can
lead to neurodegeneration. Furthermore, microglia-
mediated neuroinflammation can disrupt intracellular
mitochondrial function, thereby causing damage
and even deaths to neurons [26]. Additionally, tau
proteins within cells might be released into the extra-
cellular space after neurodegeneration [27]. Soluble
extracellular tau can enhance neurotoxicity [28, 29]
and trigger the release of proinflammatory cytokines
[30]. The interplay among A�, tau protein, microglial
immune responses, and neurodegeneration contribute
to the development of AD pathology, and TREML2
can expand the immune-related neuroinflammatory
phase to exacerbate this pathological process.

Besides evidence from animal models, the rela-
tionship between TREML2 and AD pathogenesis was
further consolidated in cohort studies. The 2018 NIA-

AA research framework proposes a classification
system with A� deposition, pathologic tau, and neu-
rodegeneration (ATN) for diagnosis and staging of
AD [31]. In our study, we found that TREML2 vari-
ants exhibited significant associations with all the
ATN biomarkers including CSF A� (A), p-tau (T), t-
tau (N) and brain structures (N). Previous studies have
observed that TREML2 missense variant rs3747742-
C was significantly associated with decreased risk of
AD in both Caucasians and Han Chinese [10, 11].
Moreover, TREML2 rs3747742-C was observed to
be associated with CSF p-tau and t-tau levels [10,
12], which is in line with our findings. Wang et al.
explored the possible association between TREML2
rs3747742 and volumes of AD-related brain struc-
tures including entorhinal cortex, middle temporal
gyrus, parahippocampal gyrus, amygdala, and hip-
pocampus in ADNI cohort, and found that TREML2
rs3747742-C was associated with a larger right hip-
pocampal CA1 sub-field volume [13]. Consistent
with the previous findings, Kühn and his colleagues
found that rs3747742-C was significantly associated
with a reduced AD-related brain atrophy and AD
scores [32]. While in our study, TREML2 variants
were observed to be associated with AD-related brain
structures including hippocampus and middle tem-
poral volume, as well as AD scores. Despite the
consistent findings of association between TREML2
and AD biomarkers, the specific mechanism by which
TREML2 variants affects the expression of related
proteins and volume of AD-related brain structures
needs further research.

There are limitations in our study. Firstly, while
we examined 19 tagger SNPs in our study, we were
only able to extract data for 4 of them from the ADNI
database. This implies that we could not comprehen-
sively analyze all potential functions of the TREML2
gene. Secondly, our analysis was conducted exclu-
sively within the Caucasian population, which may
impose limitations on the generalizability of our
findings. Therefore, we strongly recommend further
research in other populations to validate and expand
upon our findings, in order to obtain a more compre-
hensive understanding of cognitive and neuroimaging
outcomes related to TREML2 variants.
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