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Abstract
Previous post-mortem assessments of TREM2 expression and its association with brain pathologies have been limited by 
sample size. This study sought to correlate region-specific TREM2 mRNA expression with diverse neuropathological meas-
ures at autopsy using a large sample size (N = 945) of bulk RNA sequencing data from the Religious Orders Study and Rush 
Memory and Aging Project (ROS/MAP). TREM2 gene expression of the dorsolateral prefrontal cortex, posterior cingulate 
cortex, and caudate nucleus was assessed with respect to core pathology of Alzheimer’s disease (amyloid-β, and tau), cer-
ebrovascular pathology (cerebral infarcts, arteriolosclerosis, atherosclerosis, and cerebral amyloid angiopathy), microglial 
activation (proportion of activated microglia), and cognitive performance. We found that cortical TREM2 levels were posi-
tively related to AD diagnosis, cognitive decline, and amyloid-β neuropathology but were not related to the proportion of 
activated microglia. In contrast, caudate TREM2 levels were not related to AD pathology, cognition, or diagnosis, but were 
positively related to the proportion of activated microglia in the same region. Diagnosis-stratified results revealed caudate 
TREM2 levels were inversely related to AD neuropathology and positively related to microglial activation and longitudinal 
cognitive performance in AD cases. These results highlight the notable changes in TREM2 transcript abundance in AD and 
suggest that its pathological associations are brain-region-dependent.

Keywords  Alzheimer’s disease · TREM2 · Microglia · Amyloid-β

Abbreviations
TREM2	� Triggering receptor expressed on myeloid 

cells-2
AD	� Alzheimer’s disease
MCI	� Mild cognitive impairment
ROS/MAP	� Religious orders study and rush memory and 

aging project
Aβ	� Amyloid-beta
APOE-ε4	� Apolipoprotein E epsilon 4
dlPFC	� Dorsolateral prefrontal cortex
PCC	� Posterior cingulate cortex
CN	� Head of caudate nucleus
PAM	� Proportion of activated microglia

Introduction

The discovery of increased Alzheimer’s disease (AD) risk in 
carriers of rare Triggering Receptor Expressed on Myeloid 
Cells-2 (TREM2) mutations from genome-wide association 
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studies [24, 31] jump-started the interest in characterizing 
the potential roles of TREM2 protein, and more generally 
innate immune function, in the progression of the disease. 
Since then, dysregulation of TREM2 expression has also 
been documented in AD and other neuroinflammatory dis-
eases. TREM2 signaling has been tied to mechanisms of 
phenotypic switching of microglia, regulation of neuropa-
thology, and cognition [29, 30, 63]. However, there has yet 
to be a comprehensive evaluation of regional brain TREM2 
gene expression with all three of these critical components 
of AD in the human brain. The following analyses expand 
upon our understanding of how post-mortem TREM2 mRNA 
levels in brain relate to disease by investigating regional, 
neuropathological, and retrospective cognitive functioning 
associations.

In addition to rare mutations in TREM2 associated with 
increased late-onset AD (LOAD) risk, dysregulation of 
TREM2 expression is found in the AD brain. TREM2 mRNA 
and protein expression are upregulated in severe AD fron-
tal cortex versus aged control [42]. Furthermore, mRNA 
expression of TREM2 has been found to track with both pro-
tein levels in the cortex as well as with clinical progression 
of the disease [42]. However, TREM2 expression changes in 
AD may be regionally dependent as contrasting reports of 
TREM2 protein expression changes in the hippocampus—
a region vulnerable early-on to the accumulation of AD-
related pathology—yielded differential findings depending 
on the study and form of TREM2 measured [16, 42, 61]. A 
lack of differential expression changes in the frontal cortex 
was found between individuals with normal cognition and 
mild AD, which is consistent with the hypothesis that upreg-
ulation of TREM2 expression is a late event which reflects 
a response to the accumulation of disease pathology [42].

Additionally, from transgenic mouse models of AD, sev-
eral important findings were gleaned concerning expression 
changes of TREM2 with respect to disease pathology. For 
example, TREM2 protein is enriched in brain regions asso-
ciated with high levels of amyloid-β accumulation in mice 
similar to humans [21]. Specifically, TREM2 was highly 
expressed in microglia in temporal cortex surrounding 
plaques. This observation supports the most characterized 
role of TREM2 in microglia regulating pathological Aβ 
development [34, 57, 64, 65]. It was since determined that 
plaque-associated microglia upregulate levels of TREM2 
and accompanying signaling adapter DAP12, indicating an 
essential role of this pathway is regulating amyloid-β plaque 
deposition in the brain parenchyma [21].

Accompanying the response of TREM2 protein to plaque 
development is a transcriptional and phenotypic transition 
from a maintenance to an activated microglial cell. The 
proportion of activated microglia (PAM) has been found to 
be elevated in AD compared to age-matched non-AD sub-
jects [17, 20]. This increase in glial activation in disease is 

thought to include a reduction of microglial cell arboriza-
tion without a reduction in total microglial cell density [48]. 
Furthermore, PAM in cortical tissue at autopsy has been tied 
most closely to increased Aβ neuropathology, and to a lesser 
extent increased tau neuropathology, among ROS/MAP par-
ticipants [20]. In the same ROS/MAP study, authors found 
that PAM in subcortical regions did not relate to classical 
AD neuropathology or cognitive decline such as in corti-
cal regions. We wonder, given these previous findings, 
whether TREM2 transcription may relate to PAM in post-
mortem tissue and whether this association is dependent on 
the presence of classical AD neuropathology. Additionally, 
we investigate whether PAM corresponds to TREM2 levels 
in subcortical areas and if this may reflect age- or disease-
related cerebrovascular changes as these areas contain 
smaller blood vessels residing in deep brain areas which are 
particularly vulnerable to injury from inflammation, arterio-
sclerosis, and ischemic lesions [45].

TREM2 expression changes are associated with several 
neurodegenerative and inflammatory diseases [14, 26, 28, 
44, 59]. Its non-specific immunological functions, includ-
ing but not limited to those of microglial cells, suggests 
TREM2 dysregulation may be associated with post-mortem 
amyloid-β levels as well as other concomitant pathology 
related to underlying immune dysregulation. Strong evi-
dence links chronic inflammation to the development of 
small vessel disease and dementia. Effects of immune acti-
vation on blood vessels, such as proinflammatory cytokine, 
complement, or reactive oxygen species release by myeloid 
cells (microglia, dendritic cells, and monocytes), may mani-
fest as localized infarcts, diffuse white matter hyperinten-
sities, or microbleeds, increasing blood–brain barrier per-
meability in old age and disease [50]. This oxidative and 
inflammatory stress may affect blood vessels themselves 
and surrounding neurovascular unit components that aid in 
maintaining their structural and metabolic integrity. Several 
studies link TREM2 to these important neurovascular unit 
mechanisms [5, 15, 43, 56, 58, 59]. For example, loss of 
TREM2 disrupted the response of endothelial cell gene net-
works to vascular endothelial growth factor, suggesting an 
impairment in cell–cell networks related to vascular homeo-
stasis known to lead to dysfunction in small vessel disease 
[15, 43]. Furthermore, the TREM2 variant rs6918289 has 
been associated with increased risk of atherosclerosis [22].

The present analyses investigated the relationship 
between TREM2 bulk transcript levels with cognitive func-
tioning, microglial activation, and AD-related neuropathol-
ogy, including measures of cerebrovascular pathology. We 
evaluated expression in the dorsolateral prefrontal cortex 
(dlPFC), the posterior cingulate cortex (PCC), and the head 
of the caudate nucleus (CN) to investigate the neuropatho-
logical correlates of TREM2 levels across multiple brain 
regions. We hypothesized that higher expression of TREM2 
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mRNA at autopsy will correspond to increases in AD neu-
ropathology, microglial activation, cerebrovascular injury, 
and worse cognitive performance.

Methods

Participants

Autopsy and cognitive data from the Religious Orders Study 
(ROS) and the Rush Memory and Aging Project (MAP), or 
ROS/MAP, were leveraged to conduct this study [6]. Data 
collection began in 1994 and 1997, respectively, contribut-
ing to rich longitudinal clinical-pathologic information con-
cerning risk factors in aging and AD. ROS enrolls religious 
clergy members from across the United States, while MAP 
enrolls lay persons from northeastern regions of Illinois. 
Participants are older, free of known dementia at baseline, 
and are predominantly of non-Hispanic white ancestry (see 
cohort demographics in Table 1). Importantly, all partici-
pants consented to organ donation. A Rush University Medi-
cal Center Institutional Review Board approved each study, 
and guidelines for data sharing within Institutional Review 
Board protocols. All participants signed informed and 
repository consents, and an Anatomic Gift Act. Additionally, 

analyses were approved by the Vanderbilt University Medi-
cal Center IRB.

Genotyping

Whole blood lymphocytes or frozen brain tissue was used 
to extract DNA and previously defined quality control (QC) 
measures were employed [40]. APOE genotyping was per-
formed by investigators blinded to cohort data at Polymor-
phic DNA Technologies. The APOE gene was sequenced 
defining differential isoforms of APOE- ε2, APOE- ε3, and 
APOE- ε4 by codons 112 and 158 on exon 4.

Neuropsychological composites

Neuropsychological testing details are previously published 
[6, 8, 9]. There are 19 neuropsychological tests across 5 cog-
nitive domains (episodic, semantic, and working memory, 
visuospatial ability/perceptual orientation, and perceptual 
speed) used in the calculation of a composite global cogni-
tion variable in ROS/MAP. This variable is meant to repre-
sent a participant’s overall cognitive functioning. Raw scores 
from each test were converted to z-scores using the mean 
and standard deviation. The final composite score is calcu-
lated by converting each test within each domain to a z-score 
and averaging all z-scores.

Table 1   Participant 
characteristics by brain region

Values are presented as mean ± standard deviation, unless otherwise indicated
Consortium to Establish a Registry for Alzheimer’s disease (CERAD) protocol for neuritic amyloid plaque 
density scores: (“none”, “sparse”, “moderate”, or “frequent”). Braak staging for neurofibrillary tangle dis-
tribution and severity (from 0; least severe, to VI; most severe)
AD Alzheimer’s disease, MCI mild cognitive impairment, APOE-ε4 apolipoprotein E epsilon 4, dlPFC 
Dorsolateral prefrontal cortex, CN caudate nucleus, PCC posterior cingulate cortex
† Thal phasing of amyloid-β deposition phase (from 0, to 5) was available for a subset of participants as 
indicated by the fraction

Characteristic dlPFC PCC CN

N 945 523 718
AD pathological diagnosis, no. (%) 574 (61) 306 (59) 442 (62)
AD clinical diagnosis, no. (%) 397 (42) 192 (37) 279 (39)
Other dementia clinical diagnosis, no. (%) 15 (2) 9 (2) 9 (1)
MCI clinical diagnosis, no. (%) 234 (25) 134 (26) 193 (27)
No cognitive impairment, no. (%) 299 (32) 188 (36) 237 (33)
APOE-ε4 carrier, no. (%) 241 (26) 131 (25) 191 (27)
Male, no. (%) 323 (34) 197 (38) 251 (35)
Non-Hispanic white, no. (%) 930 (98) 514 (98) 712 (99)
Age at death (years) 89.5 ± 6.6 89.4 ± 6.5 89.3 ± 6.5
Education (years) 16.4 ± 3.6 16.4 ± 3.5 16.3 ± 3.6
Global cognition − 0.8 ± 1.1 − 0.7 ± 1.0 − 0.8 ± 1.1
Post-mortem interval (hours) 7.6 ± 4.3 7.0 ± 4.0 7.6 ± 4.4
CERAD “moderate” or “frequent”, no. (%) 619 (66) 327 (63) 474 (66)
Braak III-VI, no. (%) 786 (83) 427 (82) 599 (83)
†Thal 3–5, no. (%) 594/772 (77) 321/415 (77) 458/588 (78)
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Final summary clinical diagnosis

A clinical diagnosis was made at each participant visit based 
on the combination of cognitive tests scores, clinical judge-
ment by a neuropsychologist, and diagnostic classification 
by a clinician (neurologist, geriatrician, or geriatric nurse 
practitioner) as previously described [6, 8, 9]. Clinical diag-
nosis of AD or other dementia followed criteria suggested 
by the joint working group of the National Institute of Neu-
rological and Communicative Disorders and Stroke and the 
Alzheimer’s Disease and Related Disorders Association 
(NINCDS/ADRDA). Diagnosis of mild cognitive impair-
ment (MCI) was rendered for persons who are judged to 
have cognitive impairment by the neuropsychologist but 
are classified as not meeting criteria for dementia by the 
clinician. The final summary clinical diagnosis was made at 
the time of death, blinded to post-mortem data, based upon 
review of select clinical data from all years by a neurologist.

Neuropathological measures

Core AD pathology

All neuropathological marker quantifications have been 
previously described [6, 8, 9]. Briefly, quantification of 
neuritic plaques and neurofibrillary tangles was based on 
silver staining of five brain regions (midfrontal cortex, mid-
temporal cortex, inferior parietal cortex, entorhinal cortex, 
and hippocampus) averaged to obtain a summary score of 
the overall burden. In addition, immunohistochemistry was 
performed to calculate semi-quantitative scores for both 
amyloid-β and phospho-tau abundance in the cortex using 
antibodies specific to Aβ1-42 and abnormally phosphoryl-
ated tau, AT8 epitope, respectively, based off the average 
of eight regions (hippocampus, entorhinal cortex, midfron-
tal cortex, inferior temporal cortex, angular gyrus, calcar-
ine cortex, anterior cingulate cortex, and superior frontal 
cortex). Braak staging of neurofibrillary tangle distribution 
and severity along with complimentary measures of neuritic 
plaque abundance by Consortium to Establish a Registry for 
Alzheimer’s disease (CERAD) scoring and spatial–temporal 
Aβ deposition capturing both neuritic and diffuse plaque 
progression by Thal phasing were also included as neuro-
pathological outcomes and described elsewhere [7, 12, 39].

Cerebrovascular pathology

Rating of large vessel cerebral atherosclerosis was per-
formed by visual inspection of the vertebral, basilar, poste-
rior cerebral, middle cerebral, and anterior cerebral arteries 
of the circle of Willis, as well as their proximal branches and 
graded based on severity including the number of arteries 
involved and extent of artery involvement (0 = no pathology, 

to 4 = severe pathology). Additionally, given visual identi-
fication of occlusion, an artery was bisected to assess the 
degree of occlusion which would then be incorporated into 
the final score [1]. Arteriolosclerosis severity was classi-
fied by a semi-quantitative grading scale (0 = no pathology, 
to 3 = severe pathology) after characterization of histologic 
changes in the vascular lumen. These changes included but 
were not limited to the following in small vessels: intimal 
deterioration, smooth muscle degeneration, and fibrohyali-
notic thickening of arterioles with consequent narrowing of 
the vascular lumen [13]. Macro infarcts were visualized on 
fixed slabs and dissected for confirmation [2, 46]. Microin-
farcts were examined on 6 µm paraffin-embedded sections, 
stained with hematoxylin/eosin. Gross and micro-infarcts 
were categorized as present (1) or absent (0) based upon 
visual inspection in nine brain regions (midfrontal, middle 
temporal, entorhinal, hippocampal, inferior parietal and 
anterior cingulate cortices, anterior basal ganglia, midbrain, 
and thalamus) [2]. A semi-quantitative score for cerebral 
amyloid angiopathy (CAA) was measured by amyloid-β 
immunostaining in neocortical regions (midfrontal, mid-
temporal, angular, and calcarine cortices), and was scored 
on a scale from 0 to 4 (0 = no pathology, 4 = severe pathol-
ogy). For each brain region, a meningeal and parenchymal 
vessel score was obtained, and the maximum of these was 
then used in each case. Final scores were averaged across 
regions [10].

Autopsy measures of TREM2 mRNA expression

A standard post-mortem biological specimen protocol was 
utilized across centers where autopsies were performed and 
has been previously described [8]. RNA extraction from 
individual brain regions was performed using a Qiagen 
miRNeasy mini kit and a RNase free DNase Set for quan-
tification on a Nanodrop. An Agilent Bioanalyzer assessed 
integrity and purity. A RIN score greater than five was used 
as inclusion criteria for next-generation RNA sequencing 
in bulk.

Sequencing was carried-out in multiple phases; phase 
one included the dorsolateral prefrontal cortex (dlPFC) 
while phase two added additional dlPFC samples as well 
as samples from the posterior cingulate cortex (PCC) and 
head of the caudate nucleus (CN). Phase three ran addi-
tional participant samples from the dlPFC. Detailed infor-
mation on RNA processing and sequencing can be found 
on synapse (syn3388564). In summary, phase one utilized 
poly-A selection, strand-specific dUTP library preparation, 
and Illumina HiSeq with 101 bp paired-end reads achiev-
ing a coverage of 150 million reads of the first 12 refer-
ence samples. The deep sequencing of these 12 reference 
samples included 2 males and 2 females of non-impaired, 
mild cognitive impaired, and Alzheimer’s disease cases. The 



737Acta Neuropathologica (2023) 145:733–747	

1 3

remaining samples underwent sequencing with a coverage 
of 50 million reads. Phase two, library preparation utilized 
KAPA Stranded RNA-Seq Kit with RiboErase (kapabiosys-
tems) with which ribosomal depletion and fragmentation 
was performed. Sequencing of this phase was performed on 
an Illumina NovaSeq6000 using 2 × 100 bp cycles targeting 
30 million reads per sample. Phase three, RNA was extracted 
with a Chemagic RNA tissue kit (Perkin Elmer, CMG-
1212) using a Chemagic 360 instrument and ribosomal 
RNA was depleted using RiboGold (Illumina, 20,020,599). 
Sequencing of phase three was performed on an Illumina 
NovaSeq6000 with 40-50 M 2 × 150 bp paired-end reads.

Data processing and QC of RNA sequencing runs was 
performed by the Vanderbilt Memory and Alzheimer’s 
Center Computational Neurogenomics Team using an 
automated pipeline [49]. This included harmonizing the 
three dlPFC phases (N = 631, N = 278, and N = 104, 1–3, 
respectively) and independently processing the other brain 
regions (PCC; N = 571 and CN; N = 745). In brief, all sam-
ples with a RIN score below 4 and/or a post-mortem interval 
greater than 24 h were removed. Alignment was made to 
the hg38 reference genome using STAR. Read counts per 
million (CPM) values were quantile normalized to adjust 
for global variability between samples using the R package, 
cqn (version 1.30.0), controlling for GC-content and gene 
length. The R package, limma, was used to adjust for batch 
effects. In addition, principal component outliers outside five 
standard deviations as well as genes missing covariates of 
interest or those necessary for normalization were removed. 
Statistical outliers of gene expression outside four standard 
deviations from the mean were removed.

Cellular fraction data

A deconvolution technique was previously employed to 
obtain cellular fraction data on a subset of ROS/MAP par-
ticipants [38]. This method consisted of a subset of bulk 
RNA samples from the dlPFC also having single-nucleus 
data (N = 48 individuals and 80,660 single-nucleus transcrip-
tomes) which was used to find the best predictors of each 
cellular component (i.e., excitatory neuron, microglia, oligo-
dendrocyte, etc.) using all of the genes in the RNAseq data 
to build models with the most optimized set of genes. The 
isolation and extraction of nuclei from frozen tissue has been 
described previously [25]. Briefly, analysis of single-nucleus 
data (snRNA-seq) followed high-throughput droplet technol-
ogy and massively parallel sequencing following the DroNc-
seq protocol [25] with modification for the 10 × Genomics 
Chromium platform. Gene counts were obtained by align-
ment of reads to the hg38 reference genome (GRCh38.p5) 
using CellRanger software. Unspliced nuclear transcripts 
were accounted for by counting reads mapped to pre-mRNA. 
Each individual library was quantified for pre-mRNA and 

then aggregated to equalize read depth between libraries to 
generate a gene count matrix.

Quality control for cell inclusion has been previously 
described in detail [38]. The final dataset consisted of 17,926 
genes in 75,060 nuclei. This snRNA-seq data were utilized 
in a regression-based approach for the generation of a ref-
erence expression profile and decomposition of bulk RNA 
sequencing data yielding cellular fraction estimates for each 
sample across eight cell types (microglia, astrocytes, inhibi-
tory neurons, excitatory neurons, oligodendrocytes, oligo-
dendrocyte progenitors, and endothelial or pericyte cells).

Microglial density data

Microglial density measurements were previously obtained 
from brain samples using immunohistochemistry per-
formed by an Automated Leica Bond immunostainer (Leica 
Microsystems Inc.) and anti-human HLA-DP, DQ, and DR 
antibodies (clone CR3/43; DakoCytomation; 1:100) [19]. 
A blinded investigator sampled 4% of an ROI with fixed 
magnification (400x) marking microglia counts and identi-
fying their phenotypic activation stage. Stage 1 being least 
or not activated and having thin, ramified processes. Stage 2 
being activated with a rounded cell body > 14um in size with 
thickened processes. Stage 3 being activated with criteria 
as in stage 2 but in addition having a macrophage appear-
ance. Total counts for different stages were counted sepa-
rately from adjacent blocks of tissue (0.5–1 cm apart) then 
summed, divided by the area of the sample, and multiplied 
by 106 yielding a composite average density.

Statistical analyses

Statistical analyses were performed in R v3.6.1 using R Stu-
dio IDE (https://​www.​rstud​io.​com/). To evaluate the data, a 
multiple linear regression model (for cross-sectional cogni-
tion and AD-related pathology) as well as a linear mixed-
effects model (for longitudinal cognition) were used. Mod-
els were run separately by regional TREM2 expression. For 
binomial and multinomial cerebrovascular outcome varia-
bles, generalized linear and proportional odds models were 
substituted, respectively. Linear regression models covaried 
for age at death, sex, post-mortem interval, education, and 
the interval from the last visit to death. In mixed-effects 
regression models, time was modeled as years from final 
visit with an additional covariate for the time between final 
visit and death. Both time and intercept were entered as fixed 
and random effects in the model. Immunohistochemistry and 
silver staining measurements of AD pathology were square 
root transformed to better approximate a normal distribution. 
Secondary analyses were conducted to account for possible 
variation in model predictions due to microglial cell-type 
fraction by including this estimate as a covariate as well as 

https://www.rstudio.com/
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analyses assessing differences in results between AD cases 
and controls by stratifying the data.

All primary models were corrected for multiple compari-
sons using the Benjamini and Hochberg (1995) false dis-
covery rate based on the total number of tests completed, 
accounting for all gene-tissue combinations across main 
effect models assessing neuropathological outcome meas-
ures (N = 30). Among the 945 participants with TREM2 
mRNA measurement from the dlPFC, 505 participants also 
had TREM2 measurement from the PCC and 670 partici-
pants also had measurement from the CN. There were 430 
participants with TREM2 measurement from all three brain 
regions.

Results

Participant demographics

Participant characteristics are summarized in Table 1. The 
percentage of male compared to female participants was sig-
nificantly less in all tissue cohorts. Participants were long-
lived (mean age at death > 89 years), predominantly non-
Hispanic white (≥ 98%) and female (> 65%) and were highly 
educated (mean > 16 years of education). The percentage 
of participants with greater severity and/or progression of 
neuropathology as measured by Braak staging, Thal phasing, 
or CERAD scoring was similar across brain regions.

TREM2 mRNA expression across demographic 
characteristics

TREM2 mRNA in the dlPFC and PCC was higher in indi-
viduals with a clinical diagnosis of AD compared to those 
with no cognitive impairment (NCI) (Fig. 1A; p = 0.030, 
and p = 0.043, respectively) but no different across APOE-ε4 
carrier status (Supplementary Figure 1A-B; p = 0.095 and 
p = 0.071, respectively). Levels of TREM2 mRNA in the CN 
neither differed across clinical diagnosis nor APOE-ε4 car-
rier status (Fig. 1A and Supplementary Figure 1C). When 
restricting to autopsy confirmed AD diagnosis, dlPFC and 
PCC TREM2 levels were higher in individuals with neuro-
pathologically confirmed clinical AD (high or intermediate 
likelihood of AD) as compared to NCI individuals without 
or with low likelihood of AD as classified by NIA-Reagan 
criteria (Fig. 1B; p = 8.6e-05, and p = 3.9e-4, respectively). 
In contrast, caudate TREM2 levels did not differ across 
clinical or neuropathologically confirmed AD (Fig. 1B; 
p = 0.780). As expected, TREM2 mRNA was found to be 

significantly correlated with the microglial cell-type frac-
tion compared to other fractions (Supplementary Figure 2; 
representative data from dlPFC, r = 0.7).

TREM2 mRNA associations with amyloid

As expected, TREM2 mRNA levels were associated with 
higher amyloid burden in both cortical regions and across 
both amyloid measures (Table 2 and Fig. 2). TREM2 levels 
in the CN were not associated with either amyloid outcome 
measure (Table 2 and Fig. 2). Results were similar when 
models were adjusted for microglial fraction (Supplemen-
tary Table 1). Positive cortical associations were largely 
driven by AD cases (Supplementary Figure 3A, B, D and 
E), while there were notable negative associations between 
caudate TREM2 and amyloid in AD cases only (Supple-
mentary Figure 3C, F). Main effect results per regional 
measurement of amyloid yielded similar outcomes and are 
provided in Supplementary Table 2. PCC and dlPFC but 
not CN TREM2 expression was higher in participants with 
higher amyloid burden as determined by CERAD scor-
ing (Supplementary Figure 4). In contrast, when assessed 
across Thal phases considering spatial–temporal distribu-
tion, there are significant increases in PCC TREM2 only 
(Supplementary Figure 5).

TREM2 mRNA associations with Tau

Primary association results across the entire cohort for 
TREM2 mRNA expression and tau neuropathology were 
weak. TREM2 mRNA was negatively associated with tau 
burden in the CN, albeit nominally (Fig. 3C; β = − 0.17; 
p = 0.02), and positively associated with the two cortical 
regions (Fig. 3A, B, D and E). However, Table 3 shows 
that these results do not survive correction for multiple 
comparisons.

In post-hoc models adjusting for Aβ1-42 levels, cortical 
TREM2 associations with tau were attenuated, while the 
caudate TREM2 association became significant (Table 3). 
When plotting the effect in the CN, it appears that TREM2 
associations with tau burden may depend on disease state 
whereby the association is present in amyloid positive 
but not amyloid negative individuals (Supplementary 
Figure 6) and AD cases but not controls (Supplementary 
Figure 7). Tau results were similar in sensitivity analyses 
adjusting for microglial fraction (Supplementary Table 3). 
Main effect results per regional measurement of phospho-
rylated tau are provided in Supplementary Table 2. Subtle 
increases in cortical TREM2 levels were observed across 
Braak staging supporting the linear regression results with 
tau (Supplementary Figure 8A, B). Interestingly, decreases 
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in CN TREM2 mRNA are shown in later Braak stages 
which may help explain the negative model estimates in 
this region (Supplementary Figure 8C).

TREM2 mRNA associations with cerebrovascular 
pathology

Despite the initial hypothesis that upregulation of TREM2 
mRNA at autopsy may reflect concomitant cerebrovascu-
lar pathology, this was largely unsupported by results using 
cross-sectional data from ROS/MAP. Supplemental Table 4 
summarizes the main effects analyses. Cell-type sensitivity 
analyses using dlPFC data yielded insignificant results and 
are reported in Supplementary Table 5.

Fig. 1   TREM2 expression 
across diagnosis. Cortical 
TREM2 expression is higher 
in AD compared to control 
while caudate TREM2 expres-
sion does not differ across 
diagnosis. a Final summary 
clinical diagnosis; no cognitive 
impairment (NCI), mild cogni-
tive impairment (MCI) and 
Alzheimer’s disease dementia 
(AD). b Pathological diagnosis 
according to neuropathologic 
staging (CERAD and Braak) 
NIA-Reagan criteria. Positive; 
AD present (high or intermedi-
ate likelihood) and Negative; 
AD not present (low likelihood 
or no AD). Significance values 
are derived from the results of 
student’s t-tests. NS: p > 0.05. 
*p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001

Table 2   Main effects of TREM2 on amyloid

Boldface signifies p < 0.05
dlPFC Dorsolateral prefrontal cortex, CN caudate nucleus, PCC pos-
terior cingulate cortex

Predictor (Tis-
sue)

Outcome β SE P value P.fdr

dlPFC Aβ1-42 0.179 0.044 5.62e-05 1.69e-03
dlPFC Neuritic 

plaque
0.080 0.021 1.28e-05 1.92e-03

PCC Aβ1-42 0.236 0.073 0.002 0.016
PCC Neuritic 

plaque
0.118 0.035 7.27e-04 7.27e-03

CN Aβ1-42 0.012 0.066 0.852 0.896
CN Neuritic 

plaque
− 0.030 0.030 0.330 0.459
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TREM2 associations with microglial density 
and activation

Next, it was investigated whether the associations between 
TREM2 and AD neuropathology described above were 
accompanied by TREM2 associations with microglial den-
sity and/or activation in the same regions. A subset of par-
ticipants (N = 156 cortical and N = 104 caudate) had tran-
script and microglial activation data available for analysis 
(see Supplementary Table 6 for participant characteristics). 
Interestingly, TREM2 measurements from cortical regions 
were not correlated with microglial outcome measures as 
we anticipated. However, TREM2 levels were significantly 
correlated with the activated component of microglial den-
sity cis-regionally in the caudate (Fig. 4A). This associa-
tion survived adjustment for covariates in a multiple linear 
regression model (stages 2–3 caudate microglia ~ age at 
death + sex + education + post-mortem interval, + cau-
date TREM2; β = 2.84, se = 1.10, p = 0.011; Fig.  4B), 
but did not survive correction for multiple comparisons. 

Diagnosis-stratified results show that this association is sig-
nificant in AD cases but not controls, suggesting caudate 
microglial dynamics may change in AD (Supplementary 
Figure 9). A scatter plot of CN TREM2 and PAM stratified 
by diagnosis is provided in Supplementary Figure 10. Next, 
it was investigated whether levels or severity of concomi-
tant neuropathology interacted with TREM2 expression on 
this activated microglial state. There was a lack of evidence 
that select AD neuropathology, including morphological 
substrates of small vessel disease, modified the association 
between TREM2 and microglial activation density in the 
caudate suggesting this signal may represent a collection of 
diverse biological processes beyond the scope of individual 
AD neuropathologies examined herein (Supplementary 
Table 7).

Next, we explored potential TREM2 mRNA expression 
associations with composite global cognition scores. Cross-
sectional results revealed TREM2 mRNA levels were not 
significantly associated with cognition prior to death in any 
brain region (p > 0.15). However, TREM2 mRNA levels 

Fig. 2   TREM2 associations with amyloid. Cortical but not cau-
date TREM2 mRNA positively associates with amyloid neuropathol-
ogy. a–c Regional TREM2 mRNA levels by Aβ1-42 burden as meas-
ured by immunohistochemistry. d–f Regional TREM2 mRNA levels 

by neuritic plaque burden as measured by silver stain. Unadjusted 
scatter plots and statistical results from linear regression models 
adjusting for age at death, sex, education, and post-mortem interval
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Fig. 3   TREM2 associations with tau. TREM2 mRNA associa-
tions with tau are weak in primary analyses of unstratified data. a–c 
Regional TREM2 mRNA levels by phosphorylated tau (AT8 epitope, 
Ser202/Thr305) burden as measured by immunohistochemistry. d–f 

Regional TREM2 mRNA levels by neurofibrillary burden as meas-
ured by silver stain. Unadjusted scatter plots and statistical results 
from linear regression models adjusting for age at death, sex, educa-
tion, and post-mortem interval

Table 3   Main effects of TREM2 
on Tau

Boldface signifies p < 0.05
dlPFC Dorsolateral prefrontal cortex, CN caudate nucleus, PCC posterior cingulate cortex

Predictor (Tissue) Outcome B SE P value P.fdr

dlPFC p-Tau, AT8 0.095 0.052 0.069 0.147
dlPFC neurofibrillary tangles 0.039 0.016 0.016 0.061
PCC p-Tau, AT8 0.168 0.083 0.043 0.118
PCC neurofibrillary tangles 0.047 0.026 0.074 0.147
CN p-Tau, AT8 − 0.173 0.075 0.020 0.061
CN neurofibrillary tangles − 0.044 0.024 0.062 0.142
Models Adjusting for Aβ1-42 level
 dlPFC neurofibrillary tangles 0.009 0.014 0.546 0.630
 PCC p-Tau, AT8 0.053 0.075 0.478 0.594
 CN p-Tau, AT8 − 0.180 0.067 0.008 0.045
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Fig. 4   TREM2 correlations with microglial density components. a 
Caudate but not cortical TREM2 mRNA is significantly correlated 
with several components of microglial density including the activated 
component cis-regionally. Midfrontal cortex (mfCx); ventral medial 
caudate (vmCaudate). A Pearson’s correlation coefficient (r) is dis-
played for each comparison. An asterisk denotes significance set to 

an a priori threshold of p  <  0.05. b Caudate TREM2 mRNA levels 
by the proportion of activated microglial density (PAM) stages 2–3. 
Unadjusted scatter plots and statistical results from linear regression 
models adjusting for age at death, sex, education, and post-mortem 
interval

Fig. 5   TREM2 associations with global cognition. TREM2 corti-
cal but not caudate mRNA at autopsy is a predictor of retrospective 
global cognitive decline in primary unstratified analyses. Unadjusted 
scatter plots and statistical results from linear regression models 
adjusting for age at death, sex, education, phosphorylated tau level, 

and post-mortem interval. a Dorsolateral prefrontal cortex (dlPFC) 
TREM2 mRNA levels by annual change in global cognitive perfor-
mance. b Posterior cingulate cortex (PCC) TREM2 mRNA levels and 
c head of caudate nucleus (CN) TREM2 mRNA levels
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related to faster decline in longitudinal analysis from the 
dlPFC (Fig. 5A; p = 0.04). TREM2 mRNA levels in the PCC 
and CN were not significantly associated with longitudinal 
global cognition (Fig. 5B, C; p = 0.09 and p = 0.97, respec-
tively). Interestingly, diagnosis-stratified graphs revealed 
positive relationship between TREM2 and cognition in AD 
cases only when TREM2 was measured from the CN (Sup-
plementary Figure 11C).

Finally, we tested whether amyloid status interacted 
with TREM2 levels on longitudinal cognition scores. 
TREM2 levels did not significantly interact with amyloid 
positivity on cognitive trajectory (p > 0.08), plots strati-
fied by amyloid status are presented in Supplementary 
Figure 12.

Discussion

This work evaluated the effects of TREM2 gene expression 
on AD neuropathology, cognition, and concomitant path-
ways of injury in the human brain. We found striking evi-
dence that TREM2 transcript associations are region-spe-
cific, with high cortical TREM2 relating to both amyloid 
pathology and clinical AD, while high caudate TREM2 
was associated with microglial activation, less AD neuro-
pathology, and a slower rate of global cognitive decline in 
AD cases. These findings highlight the regional complex-
ity of TREM2 and suggest that changes in cortical TREM2 
signaling may be particularly relevant to amyloid deposi-
tion while changes in caudate TREM2 signaling may be 
relevant at the onset of AD diagnosis.

Amongst neuropathology outcome measures, perhaps 
the most robust was the association between TREM2 and 
Aβ burden. This is consistent with the fact that functional 
responses of microglia to plaque have been shown to reflect 
increases in transcription of TREM2 which, in turn, is vital 
to microglial barrier formation and subsequent compaction 
of the plaque residue. These associations were consistent in 
cortical brain tissues and supported by previous work show-
ing post-mortem immunoreactivity of cortical TREM2 in 
microglia, particularly those surrounding plaque [36]. Fur-
thermore, in APP23 transgenic mice, microglia surrounding 
Aβ increased expression of TREM2 corresponding with the 
progression of amyloid pathology [21]. The CN is also a 
region shown to be vulnerable to amyloid pathology, albeit a 
subcortical region thought to be affected later-on in the spa-
tial–temporal pattern of plaque progression in AD as com-
pared to neocortical regions [23]. Yet, TREM2 mRNA levels 
from the CN did not relate to Aβ burden (Fig. 5). This is 
perhaps explained by the methods of amyloid quantification 
which incorporated an average amyloid burden score from 
mostly cortical subregions without any calculations from 
the basal ganglia. Therefore, subcortical TREM2 expression 

did not predict Aβ pathology transregionally. This lack of 
association may be explained by the lack of neuritic plaques 
within the caudate relative to the cortex [4, 11, 54]. That 
said, TREM2 levels in the caudate were relatively similar 
across Thal stages (which include basal ganglia; Supplemen-
tary Figure 5C) and across CERAD scores (Supplementary 
Figure 4C).

Cortical TREM2 expression also related to cognitive 
decline, although this association was weak and limited to 
the dlPFC in primary analyses. We expand upon this result 
by showing that the association with cognition is likely 
related to neuropathological tissue status, as differences 
between AD cases and controls were most pronounced when 
using a neuropathologically confirmed diagnosis (Fig. 2B). 
If higher levels in TREM2 mRNA reflect a microglial-
mediated response to neuropathology, then the association 
between TREM2 and cognition is likely driven by individu-
als with a higher burden of neuropathology. While our amy-
loid status-stratified plots further support this interpretation 
(Supplementary Figure 12), it should be noted that we did 
not observe a statistically significant interaction between 
amyloid burden and TREM2 abundance on cognitive decline. 
Ultimately further work is needed, perhaps focusing on 
cell-specific expression, to better understand how and when 
TREM2 changes with disease.

To better understand how other microglial inflammatory 
markers relate to amyloid, we employed a post-hoc analysis 
of a small panel of transcripts (CD44, CD45, CD11B, SPP1, 
and LGALS3) and observed that their expression levels, like 
those of TREM2, differ regionally; more pronounced posi-
tive associations were found in the dlPFC (with the excep-
tion of LGALS3), while none of these markers were sig-
nificantly associated with amyloid when measured from the 
CN (Supplementary Table 8). TREM2 and other microglial 
transcripts were positively correlated amongst each other 
regardless of region (Supplementary Figure 13). These 
results highlight the need to further investigate differences 
in microglial activation and subpopulation heterogeneity 
using multiple markers between cortical and subcortical 
brain regions and their potential differing roles in neurode-
generation in the presence of amyloid.

In contrast to amyloid, there was weaker evidence of 
cortical TREM2 expression association with tau burden in 
primary unstratified analyses. In fact, there is a flip in the 
direction of association of TREM2 with tau when TREM2 
is measured from caudate tissue (Fig. 3C). This result mir-
rors the same flip in direction between caudate TREM2 and 
amyloid (Supplementary Figure 3C, F) as well as caudate 
TREM2 and cognition (Supplementary Figure 11C), when 
the associations are limited to AD cases only, suggesting 
the negative relationship between caudate TREM2 and neu-
ropathology may be relevant in disease. However, these 
stratified results need replication in an independent cohort. 
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Previous work has found a similar positive association 
between TREM2 expression in human temporal cortex and 
phosphorylated tau [36]. This may be explained by several 
factors. Unlike the direct functional relationship between 
TREM2 binding Aβ ligand [62], there is currently a lack 
of evidence of a direct functional relationship between 
TREM2 and phosphorylated tau or other intraneuronal 
pathological process leading to dystrophic neurite formation. 
Rather, it is thought to be the case that TREM2 regulation 
of microglial activity and subsequent immune dysfunction 
are external triggers of neuronal tau pathology via micro-
gliosis and excessive neuroinflammation [35]. Furthermore, 
the dynamic between TREM2 transcriptional upregulation 
and Aβ deposition is thought to be deleterious to microglia 
and the immune landscape, whereas the development of 
tau pathology downstream has been shown to be depend-
ent to some extent on a priori amyloid accumulation [41]. 
Therefore, transcriptional upregulation of TREM2 mRNA 
expression may be closer coupled to levels of amyloid rather 
than tau pathology in earlier affected cortical regions; this is 
despite concurrent elevations in its soluble protein fragment 
and phosphorylated tau in CSF described in MCI and early 
AD [27, 51]. In contrast were the notable associations of 
high caudate TREM2 and low tau pathology in AD-stratified 
data (Supplementary Figure 7C , F) lending the possibility 
that subpopulations of microglia residing in this subcorti-
cal region may have a beneficial role staving off neurode-
generation as disease progresses. Our results highlight the 
possibility that TREM2 associations with tau may vary by 
brain region and disease state, though more confirmatory 
work is needed.

We provide modest evidence that cortical TREM2 expres-
sion relates to amyloid while caudate TREM2 expression, 
instead, relates to microglial reactivity. This is interesting 
given that it is not explicitly clear whether there are disparate 
functions of TREM2 in microglia derived from these dis-
tinct brain regions. Evidence from transcriptomic- and other 
omic-profiling has revealed distinctive spatial and molecu-
lar patterns of microglia across the brain [32, 37, 52]. And 
recent work highlights regional pathology-associated differ-
ences between cortical and striatal glial transcript expression 
[60]. Although our post hoc interaction models suggest a 
lack evidence for AD neuropathology interactions on this 
association with PAM in the caudate, diagnosis-stratified 
results suggest this is indeed an AD-relevant phenomenon—
it may be that our analyses are picking up on a compensa-
tory response of the TREM2 pathway in the caudate that 
is disease-stage specific (see TREM2 across Braak stages 
Supplementary Figure  8C, phospho-tau levels by amy-
loid status Supplementary Figure 6, and annual changes 
in global cognition stratified by diagnosis Supplementary 
Figure 11C). Due to the finding that increased TREM2 in 
caudate relates to the microglial state cis-regionally, we are 

left to speculate as to why this association does not extend 
to the cortex (Fig. 4). There are several possibilities for this 
including limitations to using bulk RNA sequencing meas-
urement of TREM2 transcript abundance which may obscure 
cell-specific or isoform-specific resolutions. The lack of 
association signal in the cortex between microglial activa-
tion and TREM2 could otherwise be due to a window of late-
life measurement when TREM2 transcription may not reflect 
a microglial activation response. For example, Aβ plaque 
deposits more abundantly in the cortex of AD patients [47] 
and previous studies have shown microglial metabolism may 
become inefficient or fail given a high amyloid burden [3] 
which paves the possibility that the lack of association in this 
region may be due to loss of function. This is particularly 
intriguing given the recent links between microglial meta-
bolic fitness, glucose metabolism, and TREM2 function [33, 
55]. The lack of robust findings using cerebrovascular out-
come measures suggests that upregulation of TREM2 in late 
life may be a specific response to the abnormal accumulation 
of classical AD neuropathology.

There are several strengths and limitations to the pre-
sent analyses. First, ROS/MAP is a well-characterized 
longitudinal cohort with deep clinical and neuropatho-
logical measures. Second, the availability of longitudinal 
cognitive data and TREM2 measurement in multiple brain 
regions bolstered characterizations. However, analyses 
herein are limited to a late-life window of neuropathol-
ogy at autopsy, therefore, TREM2 expression changes 
in brain throughout the course of normal aging and dis-
ease in humans remain unknown, begging the advent of a 
TREM2-specific PET radioligand assay. Moreover, meas-
urement of RNA transcript does not necessarily translate 
to protein expression or signaling competent membranous 
TREM2. Potential discordance between mRNA and pro-
tein expression may be especially true for dystrophic cell 
types and during severe disease, therefore, results may not 
reflect true microglial activity [18, 53]. A limitation of 
our gene expression associations with neuropathology is 
that neuropathology was not quantified in identical brain 
regions. While AD neuropathology largely follows a well-
characterized spatial pattern across disease stages, it is 
possible that we are missing some region-specific effects 
due to the lack of amyloid and tau measurement in the 
caudate and posterior cingulate region. Finally, the lack of 
racial diversity precludes generalization of results to more 
diverse populations. Future work, looking at whether cau-
date TREM2 associations with Aβ and or tau are present 
if measured cis-regionally are needed to clarify disparate 
regional results herein.

Taken together, data support previous preclinical dem-
onstrations of a strong functional relationship between 
TREM2 protein expression and amyloid which is evident in 
the present cohort at autopsy. Secondary analysis using AD 
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diagnosis-stratified data showed TREM2 mRNA expression 
associations with tau neuropathology in AD cases but not 
controls, suggesting transcriptional upregulation of TREM2 
is a disease-relevant response to neurodegeneration. Finally, 
we draw attention to a previously unrecognized difference 
between cortical and caudate TREM2 expression associa-
tions; the former with increased classical AD neuropathol-
ogy and cognitive decline, and the latter with decreased 
classical AD neuropathology, a less rapid cognitive decline, 
and microglial activation. We posit that these regional dif-
ferences may be due, at least in part, to relatively spared 
microglial function in the caudate compared to earlier-
affected cortical regions. Results suggest that cortical and 
caudate TREM2 signaling may have disparate roles in AD 
progression.
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