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Abstract

Background Rare variants of the triggering receptor expressed on myeloid cell 2 (TREM?2) gene are strong risk factors
for Alzheimer’s disease (AD), and drugs targeting the TREM2 protein are being developed. However, it is unknown
what the effect of TREM?2 variants is on the AD phenotype.

Methods Here we studied a full range of clinical and biomarker measures in a large cohort of TREM2 variant car-
riers (n=123,7.8%, i.e., R62H n=66, R47H n=26,T96K n= 16, other TREMZ2 variants n=17) compared to confirmed
non-carriers (n=1,459) with biomarker confirmed symptomatic AD from Amsterdam Dementia Cohort. Secondly, we
explored whether specific TREM2 variants were associated with distinct clinical measures compared to the reference
group, i.e. non-carriers, within the same cohort.

Results TREM?2 variant carriers (64 + 7 years, 54% female) did not show distinct clinical measures of AD at presenta-
tion compared to AD patients not carrying a TREM?2 variant (64 + 7 years, 52% female). We observed no differences

in MMSE, neuropsychological domains (except less impaired visuospatial functioning in TREM2 carriers), MRI scores,
CSF biomarkers, EEG, structural MRI (41 ROIs) and Tau-PET scans of four carriers (R62H, R47H, G58A, D87N). Carriers
did show faster cognitive decline (MMSE points per year 0.6+ 0.3, P¢,,=0.099) compared to non-carriers. Notably,
both R47H and T96K carriers exhibited faster cognitive decline (P<0.05), and R47H carriers even showed an increased
rate of death after diagnosis (P=0.034). In contrast to the shared cognitive decline, these variants showed different
results for other measures at baseline.

Conclusions This study shows that while carriers of TREM2 risk variants cannot be distinguished based on clinical
presentation at baseline compared to non-carriers, they do exhibit a faster global cognitive decline. Variant-specific
analyses indicate that especially R47H and T96K carriers drive this association. These results highlight the importance
of considering variant-specific effects for understanding the role of TREM2 biology in AD. The rich phenotype informa-
tion can inform clinical stage drug development.
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Background

Rare TREM?2 variants are strong risk factors for Alz-
heimer’s disease (AD) [1-6]. The triggering receptor
expressed on myeloid cell 2 (TREM?2) gene is situated on
chromosome 6, it encodes a transmembrane protein of
230 amino acids, and it is expressed exclusively in micro-
glia within the brain [7]. The TREM2 protein appears to
be important in microglial function and AD development
[8-14], and is a target of disease-modifying therapies that
are currently in clinical trials [15, 16].

To date, it is unknown what the effect of TREM?2 vari-
ants is on the AD phenotype. In a retrospective study
of autopsied cases, TREM?2 variant carriers more often
had non-amnestic syndromes compared to non-carriers,
faster cognitive decline [17], more tau accumulation, high
hippocampal plaque burden [18], but no altered regional
beta-amyloid (AP) burden [17, 18]. Another study did not
find a distinct neuropsychological profile when compar-
ing TREM2 R47H carriers with AD non-carriers [19]. A
murine R47H model indicated neuronal hyperexcitability
patterns due to microglial dysfunction [20], which could
manifest as increased deviations on EEG. All these stud-
ies were small with a maximum number of 31 TREM?2
variant carriers. Therefore, the variability of results
between studies may be explained by small samples [21,
22] and heterogeneity of effects introduced by studying
populations of different ancestry [4, 22], both making it
more difficult to find associations.

Another explanation why associations with clinical
measures are preliminary could be the variant-specific
effects. At a molecular level, TREM?2 risk variants impair
TREM2 activity differently [7, 23-25]. Most TREM2 risk
variants are situated on exon 2 where the coding cor-
responds to the Ig-like V type domain [26], suggesting
an alteration in the interaction between TREM2 and its
ligands [22, 26]. R47H is located near the exon 2 junc-
tion, whereas T96K is located near a conserved part of
the protein; thus, these variants could affect distinct
functional regions on TREM2’s surface [24]. Several
studies indicated that TREM2 proteins resulting from
R47H showed reduced ligand binding and signalling,
while conversely proteins resulting from T96K showed
enhanced ligand binding [23, 25]. In addition, the vari-
ants R62H and R47H associated with two different AD
subtypes based on CSF proteomics [27], which further
indicates variant-specific mechanisms. Hence, TREM?2
variant-specific mechanisms necessitate variant-specific
studies. Studying this hypothesis requires large clini-
cal sample sizes to be able to observe adequate numbers
for variant-specific analyses. Previous research indicated
that TREM2 R47H carriers seem to show a typical clini-
cal AD profile [28], elevated CSF-Tau [29], and lower grey
matter volume in right orbitofrontal regions compared to
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non-carriers [19]. However, another study did not find a
significant effect on cross-sectional brain volumes [30].
TREM?2 R62H and T96K carriers have not yet been stud-
ied well.

Here we hypothesize that TREM2 risk variants may
have an effect on clinical measures. Hence, we studied
the association of TREM2 carriership with a full range of
clinical measures at baseline (neuropsychological profile,
visual MRI rating, CSF AD biomarkers, and visual EEG
rating) and in follow-up (cognitive decline and survival
status) in a large clinical cohort of biomarker confirmed
AD patients, followed by an exploratory analysis of neu-
roimaging measures (structural MRI, and Tau-PET) and
an analysis of the specific TREM?2 variants (R47H, R62H,
T96K and others).

Methods

Amsterdam dementia cohort

We included 1,582 patients with Mild Cognitive Impair-
ment (MCI) (#=218) or dementia due to AD (n=1,364)
[31], based on confirmed AD biomarkers (in CSF 95%
and amyloid PET 5%), and with available genetic data
who visited the Alzheimer Centre Amsterdam memory
clinic (Fig. 1) [32]. We identified a TREM2 risk variant in
123 AD patients, representing 7.8% of the total cohort,
while 1,459 AD patients were confirmed to not carry a
TREM? risk variant. All patients underwent a standard-
ized diagnostic trajectory [32]. Information was collected
on demographics, medical history, family history, neu-
ropsychological investigation, MRI, cerebrospinal fluid
(CSF), and blood. Diagnoses were determined by consen-
sus in a multidisciplinary meeting, ensuring that diagnos-
tic criteria were met. Patients were followed over time for
reassessments and/or research purposes. Patients with
a revised diagnosis at follow-up (n=22) were excluded.
Mortality data was collected from the Central Pub-
lic Administration. Patients consented to be part of the
Amsterdam Dementia Cohort (ADC) to use their medi-
cal information for research and to allow their DNA to be
stored in a dedicated biobank.

Genotyping, imputation of 6 selected SNPs, and genetic
selection

Whole exome sequencing, single-nucleotide polymorphism
(SNP) arrays and targeted TagMan assay

After DNA collection, most samples were genotyped
with whole exome sequencing (WES) data using Illumina
sequencers (n=1,569 of total 1,956). Some samples did
not have WES but were genotyped on Illumina Global
Screening Array (n=359). We included six missense
variants that were imputed with high quality (R*>0.37)
(R47H, R62H, T96K, T66M, C51Y, and Q33X) [33].
Standard quality control was performed. Samples were
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Amsterdam Dementia Cohort

Genetic data available n=6,446

v

Exome sequencing
n=1,569
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Biomarker confirmed symptomatic AD patients: n=1,956

Excl. autosomal dominant AD carriers {n=23)
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I
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Fig. 1 Flowchart of population from the Amsterdam Dementia Cohort. Patients were included from the Amsterdam Dementia Cohort. TREM2
carriership was determined by whole exome sequencing (WES), SNP array, and targeted TagMan assay (including TREM2 variants R47H and R62H);
and TREM2 non-carriership was determined by WES. Patients were included with an amyloid confirmed diagnosis of mild cognitive impairment
(MCI) or dementia based on Alzheimer’s disease. Abbreviations: A105V = p.Ala105Val; AD = Alzheimer's disease; ADAD = Autosomal dominant
Alzheimer's disease; C51Y = p.Cys51Tyr; CSF = Cerebrospinal Fluid; D87N = p.Asp87Asn; G58A = p.Gly58Ala; MRl = Magnetic Resonance Imaging;
SNP = Single-Nucleotide Polymorphism; Q33X = p.GIn33Ter; S31F = p.Ser31Phe; R47G = p.Arg47Gly; R47H = p.Arg47His; R62H = p.Arg62His; TO6K =
p.Thro6Lys; TREM2 =Triggering Receptor Expressed on Myeloid Cells 2; WES = Whole Exome Sequencing

imputed with the Trans-Omics for Precision Medicine
(TOPMeD) reference panel [34, 35]. Processing, qual-
ity control and variant calling has been described previ-
ously [3, 36]. For patients without WES or SNP array data
available, made-to-order TagMan assays were targeted
on variants R47H and R62H (17 =28). Patients with auto-
somal dominant AD, i.e., carriers of genetic mutations in
PSEN1, PSEN2 and APP, were excluded (n=29).

Genetic selection

A schematic overview of the population is presented in
Fig. 1. Whole exome sequencing (WES) (n=110), SNP
array (n=10), and TagMan assays (n=3) identified 123
TREM?2 carriers, and WES confirmed that 1,459 AD
patients did not carry a TREM?2 variant (i.e., non-carri-
ers). We included TREM2 missense variants proven to
be associated with AD. These are R47H (NC_000006.12:
g.41161515G>C, OR 3.1, p<0.5x10°7°) [1, 6], R62H
(NC_000006.12: g.41161470G> A, OR 1.7, p<0.5% 10°75)
[6], and T96K (NC_000006.12: g.41129105 C>A, OR 1.2

in African GWAS, p<0.5x10°"°) [4]. One single variant
was selected based on biological evidence, being D87N
[37]. Other rare damaging variants, including splice
variants, were selected based on the burden test associa-
tion. This test included a Rare Exome Variant Ensemble
Learner (REVEL) score>0.25 [3, 38], protein truncating
variants, or frameshift deletion variants.

Clinical measures

Neuropsychological assessment

Global cognitive functioning was assessed using the
Mini-Mental State Examination (MMSE) [39]. MMSE
data was available for 1,564 (99%) patients (Supplemen-
tary Table 1). In addition, neuropsychological data was
available for 1,519 (96%) patients. We measured five neu-
ropsychological domains, ie., episodic memory, execu-
tive functioning, attention and speed, language, and
visuospatial functioning using a standardized neuropsy-
chological assessment comprising eight cognitive tests
[32]. Classification was based on a total of 16 variables as
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previously reported by Dubbelman et al. (2022) [40]. Sup-
plementary Data gives an overview of the variables used
per domain. In short, each domain was assessed when at
least two cognitive tests were available (range of availa-
ble data per domain: 69-91%). Z-scores for each variable
were calculated per cognitive domain scaled on the base-
line mean and standard deviation of the total cohort. The
combined domains gave a summarized z-score of global
cognition. Longitudinally, we studied cognitive decline
using the MMSE. MMSE data had a median follow-up of
1.0 years (interquartile range (IQR) 0.0-2.4); 42% had one
measure, 21% had two measures, 15% had three meas-
ures, and 22% had more than three measures.

CSF biomarkers

CSF data was available for 1,522 (96%) patients. CSF
AB42, pTau-181 and total tau were assessed with the
Innotest enzyme-linked immunosorbent assay (ELISA)
and AP42 was drift corrected, or on Elecsys [41]. Amy-
loid status for AD was confirmed if the Innotest tau/
AP42 ratio exceeded 0.46 [42], or the Elecsys pTau-181/
ApP42 ratio exceeded 0.20 [43]. If an (additional) amyloid-
PET scan was available, amyloid status was confirmed
by positive amyloid-PET scan (n=85). To correct for
variance between these assays, Elecsys results were con-
verted based on established equations in biomarker asso-
ciations [44]. In addition, we employed available CSF-NfL
measurements described in a previous paper defining
reference values for the SIMOA NF-light assay [45]. To
calculate age-adjusted z-scores in CSF, we approached
the reference range percentile formula with a linear
model with outcome log2(NfL) and age as the predictor
in the reference. This resulted in the following formula
for calculating age-adjusted NfL z-scores in CSF: [log2(N
fL) — (6.661 + (age X 0.045))] / 0.736.

MRI clinical ratings

Brain-MRI data was available for 1,210 (76%) patients.
Three visual rating scales as used in clinical assessment
were employed: Medial Temporal lobe Atrophy (MTA)
[46], Posterior Cortical Atrophy (PCA) [47], and Fazekas
score for white matter hyperintensities [48].

Electroencephalogram (EEG)

EEG data was available for 1,304 (82%) patients. Details
of the acquisition, processing, and visual assessment of
the EEG recordings have been described previously [49].
The assessment was conducted utilizing a standardized
severity scale (1 to 4), representing the spectrum from
no abnormalities to severe abnormalities [50]. We stud-
ied ‘normal’ versus ‘abnormal’ EEG scans. ‘Normal was
defined as 1-2 on the severity scale, with or without focal
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abnormalities. ‘Abnormal’ were all other possibilities,
including epileptiform activity and diffuse abnormalities.

Neuroimaging measures

MRI structural brain imaging

Structural MRI data was available for 1,069 (67%)
patients. Quantitative image analysis was done for sev-
eral regions of interest based on Desikan Kiliany Atlas by
FreeSurfer v7.1 [51]. Details of the MRI data processing
[52] and quality check process [53] have been described
previously. MRI data were from 12 scanners. The scan-
ner-related effects were removed using a procedure
called ComBat [54]. We studied 34 cortical thickness
measures (mm) and seven subcortical volumes (mm?).
We averaged measures of the left and right hemisphere
per region.

["®F] flortaucipir PET

Tau-PET data was available for 67 (4%) patients, includ-
ing four TREM?2 variant carriers (R47H, R62H, G58A,
and D87N). Details on the acquisition and processing
of the ['®F]flortaucipir PET images have been described
previously [55-58]. For semi-quantification, we calcu-
lated standardized uptake value ratio (SUVr) using the
gray matter cerebellum as reference region in six differ-
ent composite regions of interest from the Hammers and
Svarer templates: 1) a medial temporal region (including
the entorhinal cortex, parahippocampal gyrus, amygdala,
and fusiform gyrus), 2) a lateral temporal region (includ-
ing the superior, middle and inferior temporal gyrus, and
the posterior temporal lobe), 3) a medial parietal region
(including the posterior cingulate), 4) a lateral parietal
region (including the superior parietal gyrus and the infe-
rolateral remainder of the parietal lobe), 5) an occipital
region (including the cuneus, lingual gyrus and lateral
remainder of the occipital lobe), and 6) a frontal region
(including the superior, middle and inferior frontal gyrus,
gyrus rectus, and orbitofrontal gyrus). In line with previ-
ous work [59], we contrasted the SUVRs for the AD cases
with a TREM2 variant against the observed distribution
of the AD cases without a TREM2 variant. Hippocampi
could not be adequately assessed with this tracer due to
off-target binding.

Statistical analyses

Analyses were performed in R version 4.3.0 [60] and
Python version 3.9 [61]. Education level was converted
from the Dutch Verhage scale [62] to the Standard Clas-
sification of Education, i.e., low, medium, and high [63].
For individuals with missing education level (n=7), the
median level was imputed, i.e., high education. Base-
line characteristics of TREM?2 variant carriers and
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Table 1 Genetic descriptives of TREM?2 variants identified in the cohort at baseline

Abbrev  Location* Exon HGVSc HGVSp R? Consequence GMAF REVEL CADD  OR**  n***
R62H 6:41,161,469  2/5 c185G>A  p.Arg62His Genotyped  Missense variant ~ 0.0089 0.039 114 1.7 66
R47H 6:41,161514  2/5 c.140G>A  p.Arg47His 0.852 Missense variant ~ 0.0028 0335 26.1 3.09 26
T96K 6:41,161367  2/5 c287C>A  p.Thro6lys 0.975 Missense variant ~ 0.0073 0.261 22.7 122 16
D87N 641,161,395 2/5 c.259G>A p.Asp87Asn 0.816 Missense variant ~ 9.9x10™% 02 19.8 1712 8
Q33X 6:41,161,557  2/5 c97C>T p.GIn33Ter 0.465 Stop-gained 36x107 NA 320 139 3
G58A 641,161,481 2/5 c173G>C p.Gly58Ala NA Missense variant ~ 50x10° 0363 18.0 UNK 2
cs1y 6:41,161502  2/5 c152G>A  p.Cys51Tyr 0.379 Missense variant ~ 9.9x107° 0602 26.5 UNK 1
R47G 6:41,161515  2/5 c139C>G  p.Argd7Gly NA Missense variant ~ 3.7x10° 0416 239 UNK 1
S31F 641,161,562 2/5 c92C>T p.Ser31Phe NA Missense variant 1.1%x107 0.49 24.1 UNK 1
A105V 6:41,161,340 2/5 c314C>T p.Ala105Val NA Missense variant 16x10% 0381 UNK UNK 1

" GRCh38 assembly, EnsGENE database annotation from 2023.0316, MANE SELECT: NM_018965.4

" Based on 1. Sims et al. [6], 2. Holstege et al. (3), and 3. Sherva et al. (4)

" total n=123; n=4 carriers with double mutation: one R62H/R47H carrier, one R62H/Q33X carrier, and two T96K homozygote carriers

Abbreviations AD Alzheimer’s Disease, CADD Combined Annotation Dependent Depletion, HGVSc Human Genome Variation Society coding, HGVSc Human Genome
Variation Society protein, GMAF Global Minor Allele Frequency, miss missense, OR Odd’s Ratio, p. protein; R? imputation quality, REVEL Rare Exome Variant Ensemble

Learner, TREM2 Triggering Receptor Expressed on Myeloid Cells 2, UNK Unknown

non-carriers were compared with Chi-squared tests for
categorical variables, and with t-tests for continuous
variables.

In the main analysis, all TREM?2 variants were com-
bined to study the effect of TREM2 mutation status
with clinical measures relative to the reference group,
i.e., non-carriers. Linear regression models were used to
associate TREM?2 mutation status with MMSE at base-
line, the five neuropsychological domains and combined
global cognition, MRI features, and CSF biomarkers. All
measurements were scaled for comparability. Logistic
regression models were used to associate TREM?2 muta-
tion status with an EEG abnormality score. Regression
analyses were conducted separately and were adjusted
for age and sex as dependent variables, and MMSE at
baseline, neuropsychological profiles and EEG scores
were also adjusted for education level (i.e., low, mid-
dle, high) [63] and disease stage (i.e., MCI or dementia).
Using Cox proportional hazards models, we associated
TREM?2 mutation status with two outcomes: [1] the time
in years from diagnosis to death, adjusted for age at diag-
nosis, sex, education level, disease stage, and MMSE at
baseline (n=1,564, 99% of total cohort), and [2] the time
in years from MCI to dementia conversion, adjusted
for age at diagnosis, sex, education level, and MMSE at
baseline (#=218, 14%). Linear mixed models were used
to study associations of TREM2 variants and change in
MMSE scores over time, and were adjusted for age at
diagnosis, sex, education level, and disease stage. The
models included a random intercept and interaction
effect over time. A p-value corrected for a false discovery
rate (FDR)<0.10 was considered statistically significant.
Given the high dimensionality of this part of the study,

we found a relaxed threshold necessary to maintain
potentially meaningful associations.

In the exploratory analysis of neuroimaging outcomes,
we tested with linear regression models the effect of
TREM?2 status with 41 regions of interest (ROI) from
structural MRI, and models were adjusted for age, sex,
and estimated intracranial volume.

In the subsequent exploratory analysis, TREM?2 vari-
ants were grouped to associate variant-specific TREM?2
effects with each clinical measure relative to the refer-
ence group, comparing (i) R62H carriers vs. non-carriers,
(ii) R47H carriers vs. non-carriers, (iii) T96K carriers
vs. non-carriers, and (iv) other TREM?2 carriers vs. non-
carriers. In the cox regression models and linear mixed
models, we tested a separate TREM?2 effect relative to
the reference group comparing categorical (R62H, R47H,
T96K, other) carriers vs. non-carriers. Carriers of two
different mutations were categorized for the variant con-
ferring the highest risk. A p-value<0.05 was considered
statistically significant.

In the sensitivity analysis, we excluded patients of
non-European descent (determined through 1000
Genomes clustering) [64] and patients who had a famil-
ial relationship (identity-by-descent >0.2). All the models
described above were further adjusted for three principal
components.

Results

Population and TREM2 characteristics

Ten different TREM2 risk variants were identified
(Table 1). All genetic variants were located on exon 2
(of 5 exons). The most prevalent mutations were R62H
(n=66, 54%), R47H (n=26, 21%; among which one also
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Table 2 Demographics of cohort at baseline stratified by TREMZ2 variant carriership
Main analysis Exploratory analysis
TREM?2 variant carriers
Total Non-carriers All TREM?2 carriers p-value R62H R47H To6K Other?
Total 1582 (100) 1459 (92) 123 (8) 66 (4) 26 (2) 16 (1) 17 (1)
AD-dementia 1364 (86) 1263 (87) 101 (82) 0.215 53 (80) 23 (88) 15 (94) 12.(71)
MCI-AD 218 (14) 196 (13) 22 (18) 13 (20) 3(12) 1(6) 5(29)
Female 824 (52) 757 (52) 67 (54) 0.647 36 (55) 11(42) 12(75) 9(53)
Education, median (IQR) 1(0-2) 1(0-2) 1(0-2) 0.697 1(0-2) 1(0-2) 1(0.75-1) 1(0-2)
Positive family history®® 691 (46) 623 (45) 68 (57) 0.021% 35(53) 15 (62) 9 (56) 11 (69)
ApoE-g4 carrier” 1076 (69) 990 (69) 86 (71) 0.708 47 (72) 16 (62) 13(87) 11 (65)
Age at diagnosis, mean +SD 644+7.0 644+7.0 644+7. 0.924 652+6.5 64.6+9 614+6.7 644+58
Died 949 (60) 878 (60) 71 (58) 0.662 35(53) 22 (85) 7 (44) 8(47)
Age at death®, mean +SD 71+77 711+77 704+79 0.496 704+6.8 705+9.7 69.9+9.7 71.7+65

Table shows n (%) unless otherwise specified. TREM2 variant carriers and non-carriers were compared with Chi-squared tests for categorical variables, and with t-tests

for continuous variables

" p-value <0.05

Total n:a=1497, b=1556, c=948; d =Other TREM2 variants include: D87N, G58A, Q33X, C51Y, R47G, S31F, and A105V; e =Positive family history, i.e. affected first-

degree relative

Abbreviations AD Alzheimer’s Disease, ApoE-g4 Apolipoprotein E €4, IQR Interquartile Range, MCI Mild Cognitive Impairment, NA Not Available, R47H p.Arg47His,
R62H p.Arg62His, T96K p.Thr96Lysm SD Standard Deviation, TREM2 Triggering Receptor Expressed on Myeloid Cells 2

carried R62H) and T96K (n=16, 13%, among which two
were homozygous). We further observed rare muta-
tions in seventeen patients (14% of TREM?2 carriers)
that carried one of the following heterozygous missense,
or protein truncating mutations: p.Ser31Phe (S31F),
p-GIn33Ter (Q33X; among which one also carrier R62H),
p-Argd7Gly (R47G), p.Cys51Tyr (C51Y), p.Gly58Ala
(G58A), p.Asp87Asn (D87N), and p.Alal05Val (A105V).

Cohort characteristics

TREM?2 variant carriers had a mean age at diagnosis of
64.4 years (standard deviation (SD) +7.1), 67 were female
(54%), and 71 died (58%) with a mean age at death of
70.4+7.9 years (Table 2). Non-carriers had a mean age
at diagnosis of 64.4+7.0 years, 757 were female (52%),
and 878 died (60%) with a mean age at death of 71.1+7.7
years. In addition, 57% of TREM?2 variant carriers had
a positive family history (i.e., having an affected first-
degree relative) compared to 45% of non-carriers (Chi-
squared (X% P=0.021), and 71% of TREM?2 carriers
carried an APOE-¢4 allele compared to 69% of non-carri-
ers (x*P=0.71). Furthermore, 82% of TREM2 variant car-
riers were diagnosed with dementia and 18% with MCI,
compared to 87% of non-carriers with dementia and 13%
with MCI (x*P=0.215).

For baseline clinical measures, non-carriers had a
mean MMSE score of 21.2 (+5.3), an average MTA score
of 1.2 (+0.8), and a mean CSF-AP42 level of 587.9 pg/
mL (£119.6; Supplementary Data). TREM?2 carriers
showed similar metrics, with a mean MMSE score of 21.4

(+5.2), an average MTA score of 1.2 (+0.7), and a mean
CSE-ApP42 level of 577.8 pg/mL (+133.2).

In terms of additional phenotyping, we checked
whether our cohort included individuals with neuro-
inflammatory comorbidities, such as multiple sclerosis
(n=2), amyotrophic lateral sclerosis (#=0), encephalitis
(n=6), and traumatic brain injury (TBI), which could
potentially trigger neuroinflammation (n=40). All these
cases were non-carriers, except for two TBI cases.

Main analysis

Effects of all TREM2 variants combined on clinical outcomes
Figure 2 shows a heatmap of all outcomes from the main
analysis and Fig. 3 summarizes all findings. TREM?2 vari-
ant carriers did not associate with MMSE at baseline
or most neuropsychological domains compared to AD
patients not carrying a TREM?2 variant, however they
did show less impaired scores in visuospatial function-
ing (standardized S (stdf) 0.21, + standard error (se) 0.08,
Py, =0.099; Supplementary Table 2). TREM2 carriership
did not associate with MRI clinical ratings or CSF AD
biomarker levels. In the longitudinal analysis, TREM2
carriers showed a faster cognitive decline compared
to non-carriers; non-carriers declined on average 1.80
points on MMSE per year of follow-up, whereas TREM?2
carriers declined on average 2.43 points (S-difference
—0.63£0.25, Pfd,=0.099) (Table 3, Fig. 4A). TREM?2 car-
riers did not show an increased risk of mortality (Hazard
Ratio (HR) 1.12, 95% Confidence Interval (CI) 0.9-1.4,
Py, =0.706; Supplementary Table 3A, Supplementary
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Fig. 2 TREMZ effect on AD clinical measures comparing TREM?Z risk variant carriers vs. non-carriers. Shown here are standardized betas of linear
regression models adjusted for age and sex; MMSE at baseline and neuropsychological domains are also adjusted for education level and disease
stage. Also shown here are betas of logistic regression models for EEG, cox regression models (Cox), and linear mixed models (LMM) adjusted

for age, sex, education level, and disease stage; cox regression models are also adjusted for MMSE at baseline. Total n: non-TREM2-carriers=1459;
TREM?2risk variant carriers=123; R62H=66, R47H=26; TO6K=16; other variants=17. OtherTREM2 variants include: D87N, G58A, Q33X, C51Y, R47G,
S31F, and A105V. Abbreviations: AB42 = Beta-Amyloid 42; AD = Alzheimer’s Disease; CSF = Cerebrospinal Fluid; Cox = Cox regression models;

EEG = Electroencephalogram; FDR = False Discovery Rate; LMM = Linear Mixed Models; MMSE = Mini-Mental State Examination; pTau-181 =
phosphorylated Tau-181; R47H = p.Arg47His; R62H = p.Arg62His; TO6K = p.Thro6Lys; TREM2= Triggering Receptor Expressed on Myeloid Cells 2

Fig. 1), or a different conversion rate from MCI to demen-
tia (HR 1.33, 95% CI 0.7-2.6, P,;,=0.727; Supplementary
Table 3B).

Exploratory analysis of neuroimaging measures

Effects of TREM2 variants combined on structural MRI

and tau-PET imaging

On structural MRI, TREM?2 variant carriers had smaller
amygdala (std 0.19+0.10, P=0.047) compared to AD
patients not carrying a TREM?2 variant (Fig. 5, Supple-
mentary Table 4). There was no difference in 34 cortical
thickness regions or the six other subcortical volumes.
Figure 6A shows the tau-PET scans of each of the TREM?2
variant carriers as well as the average tau-PET scan of
the non-carrier group. On visual inspection, each of the
TREM?2 carriers showed clear increased tracer binding
in temporoparietal regions, similarly to the average non-
carrier AD group.

Exploratory analysis of specific TREM2 variants

Effects of TREM2 R62H

Carriers of the R62H variant (=66, 54% of TREM?2 car-
riers) showed less impaired scores in attention and speed
compared to AD patients not carrying a TREM?2 variant
(std —0.28 £0.14, P=0.042). R62H carriers did not show
different CSF core AD biomarker levels. On MRI, R62H

carriers had less white matter intensities, and less atrophy
in the temporal pole compared to non-carriers (Fazekas
stdf —0.27+0.13, P=0.035; std 0.29£0.14, P=0.037),
but no difference in other atrophy measures (i.e., MTA,
PCA, 40 ROIs). R62H carriership did not associate with
EEG abnormality. Longitudinally, the R62H variant
did not show a significant effect on cognitive decline as
measured by MMSE (5 —0.54+0.31, P=0.085), on time
between diagnosis and death (HR 1.06, 95% CI 0.8-1.5,
P=0.76), or on the conversion rate from MCI to demen-
tia (HR 1.29, 95% CI 0.6-3.0, P=0.55).

Effects of TREM2 R47H

Carriers of the R47H variant (n=26, 21% of TREM?2
carriers) showed more impaired scores in language and
global cognition compared to AD patients not carrying
a TREM2 variant (stdf —0.38+0.17, P=0.027 and stdfS
—0.56+0.16, P=4.4x107%). R47H carriers had higher
CSF-pTaul8l and t-tau levels compared to non-carri-
ers (stdB 0.60+0.20, P=2.7x107° and stdB 0.47 0.20,
P=0.018). No effect was found in AP42 or NfL levels. On
MRI, R47H carriers had less atrophy in the hippocam-
pus and amygdala (stdf 0.49+0.20, P=0.016, and stdS
0.69+0.21, P=9.5%x10"%), whereas the global temporal
regions tended to show (non-significantly) more atro-
phy compared to non-carriers. The lingual and cuneus
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Fig. 3 Main findings in this study. * CSF-NfL total n=165, TREM2 mutation carriers=10: R62H=4, R47H=3, T96K=2, other variants=1. Other TREM?2
variants include: D87N, G58A, Q33X, C51Y, R47G, S31F, and A105V. Abbreviations: AB42 = Beta-Amyloid 42; CSF = Cerebrospinal fluid; HC =
Hippocampus; MMSE = Mini-Mental State Examination; MRI = Magnetic Resonance Imaging; NA = Not Available; pTau-181: Phosphorylated
Tau-181; TREM2 = Triggering Receptor Expressed on Myeloid Cells 2; = increased; ™ = decreased

Table 3 Effect of TREM?2 variants on cognitive decline (in MMSE) stratified by TREM2 mutation carriers compared to non-carriers

Estimate Standard Error p-value p-value

FDR-
corrected+

Model 1

Time * TREM2 mutation carrier -0.63 0.25 1.10x107% 937x107%*

Model 2

Time * R62H 0.58 0.62 035 NA

Time * R47H -14 0.61 207x107% NA

Time * T96K -0.54 0.31 852x1072 NA

Time * Other TREM2 variants -1.75 0.74 1.82x 107 NA

Shown here are betas derived from linear mixed models with standard error adjusted for age, sex, education level, and disease stage (MCl/dementia), and represent
the group * time interaction with non-carriers serving as the reference group. Model 1 is TREM2 mutation carriers versus non-carriers. Model 2 is categories of TREM2
mutation carriers versus non-carriers

+ FDR-corrected p<0.10, *p <0.05
Other TREM2 variants include: D87N, G58A, Q33X, C51Y, R47G, S31F, and A105V

Abbreviations: FDR False Discovery Rate, MMSE Mini-Mental State Examination, NA Not Available, R47H p.Arg47His, R62H p.Arg62His, T96K p.Thro6Lys, TREM2 Triggering
Receptor Expressed on Myeloid Cells 2

regions in the occipital lobe showed less cortical atrophy  associate with MRI visual ratings or EEG visual scores.
compared to non-carriers (stdf 0.47+0.24, P=0.049, Longitudinally, R47H carriers showed a faster cognitive
and stdf 0.49+0.24, P=0.037). R47H carriership did not  decline compared to non-carriers (—3.2 points decline
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Fig. 4 Effect of TREM2 variants on cognitive decline in symptomatic AD patients compared to non-carriers. a) b) Shown here are linear mixed
models with 95% confidence interval, adjusted for age, sex, education level, disease stage (MCl/dementia). a TREM2 mutation carriers vs.
non-carriers. b TREM2 mutation carriers stratified by mutations vs. non-carriers. Total n: non-TREM2-carriers=1444; TREM?2 risk variant carriers=120;
R62H=66, R47H=24: T96K=15; other variants=17. OtherTREM?2 variants include: D87N, G58A, Q33X, C51Y, R47G, S31F, and A105V. Abbreviations:
MMSE = Mini-Mental State Examination; R47H = p.Arg47His; R62H = p.Arg62His; TO6K = p.Thr96Lys; TREMZ2 = Triggering Receptor Expressed

on Myeloid Cells 2.

per year of follow-up, S-difference —1.4+0.61, P=0.021,
Fig. 4B). Moreover, R47H carriers were at increased risk
of mortality (HR 1.60, 95% CI 1.0-2.5, P=0.034). R47H
carriers did not show an effect on conversion rate from
MCI to dementia (HR 3.50, 95% CI 0.8-15.3, P=0.096).
However, raw data indicated a faster conversion rate
among R47H carriers (n=3), with two converting after
a mean of 0.9 years, compared to a mean of 2.2 years in
non-carriers (Supplementary Data and Supplementary
Fig. 2).

Effects of TREM2 T96K

Carriers of the T96K variant (=16, 13% of TREM2 car-
riers) had more impaired memory and language com-
pared to AD patients not carrying a TREM2 variant (std
—0.42+0.18, P=0.018, and std —0.37 £0.18, P=0.034).
T96K carriership was associated with lower levels of
CSF-AB42, pTau-181, and t-tau (stdf —0.64+0.21,
P=28x1073 stdf —0.50+0.21, P=0.019, and stdp
—0.45+0.21, P=0.035), but not with different NfL levels
compared to non-carriers. On MRI, we observed that
T96K carriers had better parietal cortical atrophy scores
(stdf —0.56£0.23, P=0.013). T96K carriers showed more
hippocampal atrophy (stdf —0.64+0.22, P=3.3x107%),
which tended to expand (non-significantly) into

the temporal lobe. T96K carriership did not associ-
ated with EEG abnormality. Longitudinally, carriers
of T96K showed faster cognitive decline (S-difference
—1.75+0.74, P=0.018). The T96K variant did not show
a significant effect on time between diagnosis and death
(HR 0.66, 95% CI 0.3—1.5, P=0.31). An effect on conver-
sion rate from MCI to dementia could not be calculated
due to a sample size of one individual.

Effects of other TREM2 risk variants

Carriers of other TREM2 variants (n=17, 14% of TREM?2
carriers; D87N, G58A, Q33X, C51Y, R47G, S31F, and
A105V) were grouped due to small sample sizes. These
carriers were not significantly different on neuropsycho-
logical domains, MRI visual ratings, or the CSF core AD
biomarker levels than AD patients not carrying a TREM?2
variant. On structural MRI, carriers of other TREM2
variants showed more atrophy in the frontal region (pars
orbitalis: stdf —0.59+0.27, P=0.033, frontal pole: stdfs
—0.56+0.28, P=0.042) and posterior cingulate region
than non-carriers (isthmus cingulate: stdf —0.61+0.28,
P=0.027). Carriers of other TREM?2 variants were not
associated with EEG abnormality. Longitudinally, other
TREM?2 variants did not show a significant effect on cog-
nitive decline (8-difference 0.58 +0.62, P=0.35), on time
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between diagnosis and death (HR 0.66, 95% CI 0.6-2.3,
P=0.71), or on the conversion rate from MCI to demen-
tia (HR 1.26, 95% CI 0.3-5.2, P=0.75).

Sensitivity analysis

After removal of population outliers, familial relations,
and adjusting the models for three principal components,
the cohort consisted of #=103 TREM?2 variant carri-
ers and #=1,341 non-carriers. In the main analysis, the
TREM?2 effect of less impaired visuospatial functioning
and faster cognitive decline remained, albeit non-sig-
nificantly (stdf 0.22+0.1, Py;,=0.14, and B -0.52+0.3,
Py;,=0.26; Supplementary Table 5). In the exploratory
analysis, the association of R62H (n=60 carriers) with
less white matter intensities remained (stdf —0.30+0.1,
P=0.025). The less impaired attention and speed, and
less atrophy in the temporal pole were non-significant
but in the same direction (stdf 0.08 + 0.1; stdf 0.25+0.1).
The effects seen in R47H (n=26 carriers) remained,
i.e., more impaired global cognition (stdf —0.56+0.2,
P=4.4x107%), higher pTau-181 and t-tau levels (stdp
0.60+0.2, P=2.6x107%, stdB 0.46+0.2, P=0.020), less
atrophy in the hippocampus and amygdala, and less atro-
phy in the posterior lobe (stdf 0.47+0.2, P=0.023, stdS
0.70+0.2, P=0.010, cuneus: stdf 0.48+0.2, P=0.041),
faster cognitive decline (8 —1.4+0.6, P=0.022), and
less time between diagnosis and death (8 0.46+0.2,
P=0.038). The effects seen in T96K (n=3) were non-
significant (Supplementary Table 5). This was anticipated
as T96K is more prevalent in individuals with an African
genetic ancestry (Supplementary Fig. 3). The effects seen
in other TREM?2 variants (n=16 carriers) with atrophy in
the frontal region (pars orbitalis: std —0.55+0.28, and
frontal pole: stdf —0.54+0.28, albeit non-significantly)
and posterior cingulate region (isthmus cingulate: stdS
—0.61 £0.28) remained.

Discussion

This study gives an overview of TREM2-associated and
variant-specific clinical measures in symptomatic Alzhei-
mer’s disease (n=1,582 including 7.8% TREM?2 variant
carriers). Our primary finding was that TREM?2 variant
carriers do not show a clinically distinct profile at base-
line measures compared to patients with AD who do not
carry a TREM2 variant, however they do show faster
cognitive decline in follow-up. This was most obvious
in R47H and T96K carriers who progress nearly twice
as fast as non-carriers. The more pronounced cogni-
tive decline in R47H carriers (n=26) was accompanied
by a shorter time between diagnosis and death, more
impaired global cognition, higher CSF-pTaul81 and t-tau
levels, but with relative sparing of the hippocampal vol-
ume, as was previously observed in post-mortem studies
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[17]. The more pronounced cognitive decline in T96K
carriers (n=16) was accompanied by more impaired lan-
guage, lower levels of the core AD biomarkers CSF-Ap42,
pTau-181 and t-tau, and more hippocampal and temporal
atrophy. In summary, TREM?2 variants carriers, especially
R47H and T96K, seemed to have a more aggressive form
of AD and the underlying biological mechanism of faster
progression could differ between TREM?2 variants. This
knowledge could help us understand the effects of the
TREM?2 gene, enrich clinical trials for fast progressors,
and inform the development of future TREM2 therapies.

TREM?2 variant carriers with faster cognitive decline

Our findings support that TREM2 variation is involved
in processes relevant for cognitive decline. Already in the
discovery of TREM2, R47H showed worse cognition as a
function of age than non-carriers [1], although this study
did not differentiate between progression after a diagno-
sis of AD dementia. Another study by Kim et al. [17] also
reported faster cognitive decline in TREM?2 variant car-
riers (n=12 of whom n=8 R47H carriers) compared to
AD non-carriers [17]. R47H and T96K carriers showed
twice as fast cognitive decline than non-carriers. Hence,
this suggests that specifically R47H and T96K carriers,
as individuals with relatively faster cognitive decline, are
interesting candidates for enrichment in TREM?2-tar-
geting clinical trials for AD. Additionally, these carriers
may contribute to a better understanding of biomarker
data in distinguishing slow from rapid decliners [65]. As
T96K carriership is common in African ancestry (12.5%
of the African population) [66], targeting this subgroup
could serve as a valuable enrichment strategy and pro-
vide insights from diverse populations affected by AD. To
conclude, the observed TREM?2 effects should be consid-
ered in studies of disease progression such as clinical tri-
als. This is particularly important when treatment groups
are enriched with individuals of African ancestry, as the
faster decline induced by the T96K variant, present in
over 12% of this population, may even mask a treatment
effect.

TREM_2 carriers present as typical AD

The pattern and severity of cognitive impairments can
vary among individuals with AD [67]. Our study did not
identify any distinct patterns of AD. However, we did
observe less impaired visuospatial functioning among
carriers of a TREM?2 variant compared to non-carriers.
One possible explanation for this discrepancy could be
that visuospatial difficulties manifest later in the disease
progression of TREM?2 variant carriers compared to non-
carriers. The mechanism underlying the observed differ-
ences in visuospatial functioning among TREM?2 variant
carriers with AD remains unclear and warrants further
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research, especially considering the complex interplay of
brain regions and networks involved in visuospatial func-
tioning [68] and the borderline significance of the FDR-
corrected p-value. Lastly, while microglial mutations are
known to cause leukodystrophies such as Nasu-Hakola
disease [69], we did not observe any evidence of this con-
dition within our cohort.

TREM2 R47H effect on tau

R47H carriers in our cohort showed higher CSF-
pTaul8l and t-tau levels compared to other variants in
TREM?2. This is in line with a GWAS study on CSF, which
reported a strong association between AD patients carry-
ing this variant and higher levels of CSF-pTaul81 and tau
compared to AD non-carriers [70]. Our tau-PET results,
however, were inconclusive due to the limited number of
scans of TREM?2 variant carriers (R47H, R62H, G58A,
and D87N). In terms of brain atrophy, we found pre-
served volumes of hippocampus and amygdala and less
occipital atrophy than non-carriers. Pathology findings
on TREM?2 variant carriers align with our R47H findings
and reported an overall higher tau burden than AD non-
carriers, no altered AP burden, and a significantly lower
tau burden in hippocampal regions [17, 18]. Together,
this could suggest faster tau accumulation in the brain of
R47H carriers than non-carriers [71], as well as a stronger
down-stream effect of amyloid.

As tau is a predictor of disease progression as shown
in tau-PET studies [72, 73], this makes TREM2 an inter-
esting target for disease-modifying therapies to slow
progression of disease by enhancing TREM2 activation
[11]. However, even though R47H carriers showed higher
CSF-pTaul81 and t-tau levels, T96K carriers showed
lower pTaul81 and t-tau levels suggesting another mech-
anism of tau processing. As TREM2 variants impact tau,
this genetic factor could modify the effect of disease-
modifying therapies. Hence, TREM2 variants could be
considered when evaluating the effect of such therapies.

Strengths and limitations

The main strength of the study is the use of a large mono-
centre clinical dataset of TREM2 variant carriers with
available data from all clinical measures. This dataset
facilitated precise estimations of TREM2 effects on mul-
tilayered phenotypes and disease progression. The large
sample also enabled exploratory analyses of the separate
TREM?2 variants. In addition, the consistency of the diag-
nostic trajectory across all patients from 2000 to 2023
prevents ascertainment bias [32]. Moreover, the strict
inclusion criteria, limited to amyloid-confirmed AD
patients, and the thorough identification of non-carriers
through WES of the TREM2 gene increased the homo-
geneity of the data and likely the reliability of results.
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Notably, due to the exploratory nature of the variant-
specific analyses and their smaller sample sizes, we used
a less stringent p-value cutoff. In addition, the combined
group of other TREM2 variants included seven differ-
ent variants, making the interpretation of results an
aggregate of these variants and not a result of variant-
specific effects. Combining additional datasets could
enable a more detailed investigation of these variant-
specific effects. Furthermore, replication in an independ-
ent cohort could not be performed in this study. Moving
forward, the results of the exploratory analysis should be
replicated in other cohorts including more diverse popu-
lations. Specifically, the T96K effect on cognitive decline
should be replicated by comparing carriers and non-car-
riers of African ancestry.

Our findings suggest that specific TREM2 variants can
influence the disease phenotype and progression, high-
lighting the importance of genetic factors in AD. This
knowledge can enhance the understanding of the molec-
ular mechanisms underlying AD and support the devel-
opment of targeted therapies. Additionally, the observed
TREM?2 variant-specific effects could be considered as
a factor to be included in inclusion criteria to improve
clinical trial design and evaluation of the effect of such
therapies, potentially leading to more personalized treat-
ment approaches.
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