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Soluble TREM2 in CSF and its association with other
biomarkers and cognition in autosomal-dominant
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Summary

Background Therapeutic modulation of TREM2-dependent microglial function might provide an additional strategy
to slow the progression of Alzheimer’s disease. Although studies in animal models suggest that TREM2 is protective
against Alzheimer’s pathology, its effect on tau pathology and its potential beneficial role in people with Alzheimer’s
disease is still unclear. Our aim was to study associations between the dynamics of soluble TREM2, as a biomarker of
TREM2 signalling, and amyloid B (AB) deposition, tau-related pathology, neuroimaging markers, and cognitive
decline, during the progression of autosomal dominant Alzheimer’s disease.

Methods We did a longitudinal analysis of data from the Dominantly Inherited Alzheimer Network (DIAN)
observational study, which includes families with a history of autosomal dominant Alzheimer’s disease. Participants
aged over 18 years who were enrolled in DIAN between Jan 1, 2009, and July 31, 2019, were categorised as either
carriers of pathogenic variants in PSENI1, PSEN2, and APP genes (n=155) or non-carriers (n=93). We measured
amounts of cleaved soluble TREM2 using a novel immunoassay in CSF samples obtained every 2 years from
participants who were asymptomatic (Clinical Dementia Rating [CDR]=0) and annually for those who were
symptomatic (CDR>0). CSF concentrations of AB40, AB42, total tau (t-tau), and tau phosphorylated on threonine 181
(p-tau) were measured by validated immunoassays. Predefined neuroimaging measurements were total cortical
uptake of Pittsburgh compound B PET (PiB-PET), cortical thickness in the precuneus ascertained by MRI, and
hippocampal volume determined by MRI. Cognition was measured using a validated cognitive composite (including
DIAN word list test, logical memory delayed recall, digit symbol coding test [total score], and minimental status
examination). We based our statistical analysis on univariate and bivariate linear mixed effects models.

Findings In carriers of pathogenic variants, a high amyloid burden at baseline, represented by low CSF AB42
(B=—4-28x10*[SE 0-013], p=0-0012), but not high cortical uptake in PiB-PET (B=-5-51x10"[0-011], p=0- 63), was the
only predictor of an augmented annual rate of subsequent increase in soluble TREM2. Augmented annual rates of
increase in soluble TREM2 were associated with a diminished rate of decrease in amyloid deposition, as measured by
AB42 in CSF (r=0-56 [0-22], p=0-011), in presymptomatic carriers of pathogenic variants, and with diminished
annual rate of increase in PiB-PET (r=—0-67 [0-25], p=0-0060) in symptomatic carriers of pathogenic variants.
Presymptomatic carriers of pathogenic variants with annual rates of increase in soluble TREM2 lower than the
median showed a correlation between enhanced annual rates of increase in p-tau in CSF and augmented annual rates
of increase in PiB-PET signal (r=0-45 [0-21], p=0-035), that was not observed in those with rates of increase in soluble
TREM2 higher than the median. Furthermore, presymptomatic carriers of pathogenic variants with rates of increase
in soluble TREM2 above or below the median had opposite associations between AB42 in CSF and PiB-PET uptake
when assessed longitudinally. Augmented annual rates of increase in soluble TREM2 in presymptomatic carriers of
pathogenic variants correlated with decreased cortical shrinkage in the precuneus (r=0-46 [0-22]), p=0-040) and
diminished cognitive decline (r=0-67 [0-22], p=0-0020).

Interpretation Our findings in autosomal dominant Alzheimer’s disease position the TREM2 response within the
amyloid cascade immediately after the first pathological changes in AP aggregation and further support the role of
TREM2 on A plaque deposition and compaction. Furthermore, these findings underpin a beneficial effect of TREM2
on AP deposition, AB-dependent tau pathology, cortical shrinkage, and cognitive decline. Soluble TREM2 could,
therefore, be a key marker for clinical trial design and interpretation. Efforts to develop TREM2-boosting therapies are
ongoing.
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Research in context

Evidence before this study

We searched PubMed from database inception to

October, 2021, with the terms “sTREM2”, “soluble TREM2"
AND “Alzheimer’s Disease” OR “Alzheimer” OR "Alzheimer’s”,
with no language restrictions. Studies that focused on animal
models or non-Alzheimer’s disease neurodegenerative
diseases were excluded. Previous cross-sectional studies have
consistently shown an elevation of soluble TREM2 in CSF in
late presymptomatic and early symptomatic phases of
Alzheimer’s disease, both in sporadic and autosomal
dominant cases. Based on these cross-sectional findings,
atemporal change in soluble TREM2 over the development of
Alzheimer’s disease was inferred, with a peak around
symptom onset. These studies also found a high correlation
between tau-related markers in CSF (total tau [t-tau] and
phosphorylated tau on threonine 181 [p-tau]) and soluble
TREM2 in CSF. Some early studies, focusing on the
symptomatic phase of sporadic Alzheimer’s disease,
suggested that higher baseline soluble TREM2 levels in

CSF were associated with a more benign disease progression
concerning hippocampal shrinkage and memory functions,
whereas other studies found a correlation with worsening of
cognitive and functional scores. Nevertheless, in sporadic
Alzheimer’s disease, higher baseline levels of soluble TREM2
were associated with slower amyloid-[3 peptide (Ap)
deposition, as measured by amyloid-PET imaging. All current
studies have assessed soluble TREM2 levels in CSF in a cross-
sectional manner and, therefore, have not captured the
dynamics of the TREM2 response within Alzheimer’s disease
from the very early presymptomatic phase. Thus, the triggers
and effects related to the longitudinal increase in soluble
TREM2 levels in CSF in people with Alzheimer's disease remain
elusive.

Added value of this study

The longitudinal analysis of autosomal dominant Alzheimer’s
disease incorporated into the design of this study gave us the
unique opportunity to investigate the dynamics of soluble
TREM?2 in CSF and its effects on Alzheimer’s disease
progression in a well characterised cohort from the
presymptomatic phase of the disease. To the best of our
knowledge, this is the first study not only to assess the
dynamics of soluble TREM2 longitudinally in Alzheimer’s
disease, and its association with amyloid and tau markers,
neuroimaging features, and cognition, but also to investigate
the effects of increased TREM?2 activation during the
presymptomatic phase of Alzheimer’s disease. We used a

Introduction

Microglia were at one time believed to primarily contribute
to Alzheimer’s disease progression.! However, single-cell
sequencing technologies have identified dynamic
microglial populations that sense their environment and
trigger defensive responses to Alzheimer’s disease

novel immunoassay that could selectively detect soluble
TREM2 generated from the signalling competent full-length
cell surface protein by cleavage with ADAM10 and ADAM17.
Other soluble TREM2 isoforms generated by alternative
splicing were not detected by our novel immunoassay.
Therefore, it provides a more accurate measurement of
TREM2-dependent microglial activation.

Implications of all the available evidence

The longitudinal increase in soluble TREM2 levels in carriers of
pathogenic variants is related to diminished baseline amounts
in CSF of AB42 and the ratio of AB42 to AB40, but not to
augmented cortical uptake of the amyloid-PET tracer nor to
other markers of tau-related pathology or neuronal death.
Consistent with data from animal models, therefore, very
early AB deposition might be the main trigger of soluble
TREM2 elevation. The noted amyloid-dependent protective
effect of TREM2 on tau pathology in people with autosomal
dominant Alzheimer’s disease accords with novel findings in
mouse models. The rate of increase in soluble TREM2
significantly modified the association between longitudinal
changes in AB42 in CSF and longitudinal changes in PiB-PET
uptake, supporting a function of TREM2 on amyloid clearance
and AP plaque compaction, as also suggested by animal
models. This finding highlights the potential clinical use of
soluble TREM2 for the interpretation of both these amyloid
markers. Importantly, we found that an augmented
longitudinal rate of increase in soluble TREM2 during the
presymptomatic phase of autosomal dominant Alzheimer’s
disease correlated with slower cortical shrinkage in the
precuneus and slower cognitive decline. Therefore, our
findings clarify previous contradictory cross-sectional results
regarding the effects of TREM2 on neurodegeneration and
cognition, and indicate a protective function of TREM2,
particularly in the presymptomatic phase of Alzheimer’s
disease. These findings support ongoing efforts to develop
TREM2-boosting therapies as disease-modifying treatments
for Alzheimer’s disease and suggest an early window for
therapeutic intervention. Moreover, these results highlight
the relevance of soluble TREM2 in CSF as a key marker in the
design and interpretation of anti-amyloid clinical trials, due to
its tight association with amyloid-related pathological
processes and cognition. Finally, the available knowledge on
TREM2 function allows for the integration of protective
microglial activities into the amyloid cascade by placing them
right after initial AR deposition.

pathology.? Moreover, large genome-wide association
studies have identified loss-of-function variants in the
protein TREM2, which are associated with an increased
risk for late onset Alzheimer’s disease.** Loss of TREM2
function locks microglia in a homoeostatic state and
prevents their switch to disease-associated microglia.”®
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Because disease-associated microglia facilitate lipid
metabolism, efficiently remove amyloid B (Af) seeds, and
form a barrier around A plaques, their protective activities
are now being investigated in the development of disease-
modifying therapeutic strategies.® It is, therefore,
important to translate our knowledge on protective TREM2
functions from animal models to patients with Alzheimer’s
disease. Quantitative analysis of soluble TREM2 in CSF
allows such translational efforts. We have previously
shown that cell-surface full-length TREM2 is shed by
proteases of the ADAM family, releasing soluble TREM2
into biological fluids, including CSF, of patients with
Alzheimer’s disease.*” Because only cell-surface full-length
TREM2 is capable of efficiently initiating downstream
signalling, and ADAM proteases cleave TREM2
preferentially on the plasma membrane,” soluble TREM2
in CSF can be considered as a biomarker for
TREM2 expression and signalling.

Cross-sectional studies have shown that soluble TREM2
levels in CSF are increased in late presymptomatic and
early symptomatic stages of Alzheimer’s disease, both in
sporadic and in autosomal dominant cases.*™ However, it
remains unclear whether augmented baseline soluble
TREM2 levels are associated with less neurodegeneration
compared with lower baseline concentrations, as measured
by neuroimaging, and less cognitive decline in
symptomatic phases of sporadic late onset Alzheimer’s
disease."" Furthermore, cross-sectional analysis of soluble
TREM2 levels is affected by high interindividual variability
and only estimates the microglial activation state at a single
timepoint—it does not represent the dynamic TREM2-
dependent microglial response during Alzheimer’s disease
progression. Longitudinal studies are better able to
accurately investigate the pathological processes occurring
in Alzheimer’s disease, because this study design can
enable discrimination between temporal changes in
biomarkers representing these pathological processes and
their dynamic associations.”®” Only two studies have, thus
far, investigated longitudinal changes in soluble TREM2
levels,®* but none of them focused on individuals with an
Alzheimer’s disease diagnosis or presymptomatic
individuals developing Alzheimer’s disease.

On the basis of amyloid PET-imaging studies and
seeding experiments in mice,” beneficial TREM2-
dependent microglial functions are expected to be most
effective in the earliest stages of A deposition, which
has not yet been studied in people with Alzheimer’s
disease. Studying this initial stage of disease is possible
in individuals with autosomal dominant Alzheimer’s
disease, because carriers of pathogenic variants have a
predictable clinical onset in each family, and penetrance
of the involved mutations is mostly complete.” This near-
complete penetrance means that individuals with
autosomal dominant Alzheimer’s disease can be staged
relative to their expected year of symptom onset, and
biomarker dynamics can be studied from the very early
presymptomatic phase of disease.

www.thelancet.com/neurology Vol 21 April 2022

The Dominantly Inherited Alzheimer Network (DIAN)
observational study recruits participants from families
who have a history of autosomal dominant Alzheimer’s
disease, many of whom have longitudinal markers of Af
deposition, tau-related pathology, neuronal death and
dysfunction, and longitudinal cognitive evaluations.*
Here, using participants in DIAN, we aimed to study
longitudinal changes in levels of soluble TREM2 in CSF
throughout the course of Alzheimer’s disease. We also
aimed to explore longitudinally the association between
soluble TREM2 in CSF and other biomarkers of
Alzheimer’s disease, to find the triggers of soluble
TREM2, to explore potential protective activities of
TREM2 during the presymptomatic phase of
Alzheimer’s disease, and to identify a window for
therapeutic modulation of TREM2 (appendix p 6).

Methods

Study design and participants

The DIAN observational study was launched in 2008 and
is a well described longitudinal and international study at
17 sites in Argentina, Australia, Germany, Spain, the UK,
and the USA. Methods for this cohort study have already
been described.” DIAN recruits families with a history of
autosomal dominant Alzheimer’s disease. Participants
are categorised as either non-carriers or carriers of
pathogenic variants in PSEN1, PSEN2, and APP genes.
The DIAN study is supervised by the institutional review
board at Washington University (St Louis, MO, USA),
which provided human studies ethics approval.
Participants or their caregivers provided written informed
consent in accordance with their local institutional
review board.

For our study, all participants with genetic, clinical,
CSF, and neuroimaging longitudinal data that passed
quality control from the 14th data freeze (2009-19) were
included for quantification of soluble TREM2 in CSF.
Families carrying the APP (E693G; Dutch) mutation
were excluded from the statistical analysis (n=13), as
these mutations often present with predominant cerebral
amyloid angiopathy and diffuse AP plaques with little
neurofibrillary tangle pathology.®* The estimated years
from symptom onset (EYO) were calculated for each visit
for both groups (carriers of pathogenic variants and non-
carriers) as the participant’s current age relative to
parental age at first progressive cognitive decline.”
Further details about the cohort and protocol are provided
in the appendix (p 1).

Procedures

Participants underwent a comprehensive clinical and
neuropsychological evaluation.” Dementia status was
determined by the Clinical Dementia Rating (CDR).*
Genetic characterisation and APOE genotyping was done
as previously described.” Clinical evaluators were
masked to the carrier status of participants. AB42, AB40,
total tau (t-tau), and tau phosphorylated at threonine 181

See Online for appendix
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(p-tau) were measured by immunoassay, using the
Lumipulse platform (Fujirebio, Tokyo, Japan). Further
details of these procedures are given in the appendix (p 1).

MRI Til-weighted images were acquired for all
participants. In our study, we analysed the averaged
measurements of the longitudinal rate of change of
cortical thickness in the precuneus and hippocampal
volume. Amyloid imaging was done using 11C-Pittsburgh
compound B (11C-PiB). Further details about imaging
protocols are given in the appendix (p 1).

For quantitative determination of soluble TREM2
concentrations in CSF, we developed a novel Meso Scale
Discovery-based immunoassay, which was based on a
previously described soluble TREM2 immunoassay.”
However, to avoid detection of soluble TREM2 variants
generated by alternative splicing, we used a novel
detection antibody (1H3) that was directed against the
neo-epitope on the C-terminus of soluble TREM2,
derived by ADAM10 and ADAM17 mediated cleavage of
the full-length TREM2 protein. Use of 1H3 allowed us to
selectively measure soluble TREM2 derived from the
signalling competent cell-surface precursor. We
measured 682 CSF samples from 261 participants in
duplicates, which were distributed randomly across
19 plates and measured within 3 weeks. Full details of the
immunoassay and procedures are given in the
appendix (pp 2-5).

Statistical analysis
Full details of statistical methods are presented in the
appendix (pp 7-11). Briefly, amounts of biomarkers in
CSF were log-transformed to follow a mnormal
distribution. Cross-sectional analyses focused on
descriptive characteristics at baseline of the different
clinical groups, including demographic variables and
biomarker values at baseline, and were done using
X’ tests for categorical variables, and ANOVA or ANCOVA
for continuous variables. Age and sex were included as
covariates in the ANCOVA, which was done to study the
differences between biomarkers at baseline across the
different groups. We stratified carriers of pathogenic
variants into two groups: presymptomatic carriers of
pathogenic variants (ie, participants for whom baseline
CDR score was equal to 0) and symptomatic carriers of
pathogenic variants (ie, participants for whom baseline
CDR score were greater than 0). For studying cognition,
we used a cognitive composite, which has been described
previously,”® that is especially sensitive for detection of
the slightest changes in cognition during the pre-
symptomatic Alzheimer’s disease phase. The cognition
composite comprised the following tests: DIAN word list
test, logical memory delayed recall, digit symbol Coding
test (total score), and the Mini-Mental State Examination.
Participants with extreme rates of change in soluble
TREM2 levels were defined as those with a raw rate of
change in soluble TREM2 higher than the mean plus
3SD or lower than the mean minus 3SD (comprising

seven carriers of pathogenic variants and two non
carriers). The participants with extreme rates of change
in soluble TREM2 levels are described in the
appendix (pp 18-22). We did the entire analysis by both
excluding and including participants with extreme rates
of change in soluble TREM2 levels, and both sets of
results were highly consistent.

We based our longitudinal analysis on linear mixed
effects (LME) models. Univariate LME models were used
to assess the effect of baseline biomarkers (predictor) on
the longitudinal change of the outcome biomarker.
Correlations between the annual rate of change of soluble
TREM2 and that of other outcomes were evaluated using
bivariate LME models.”** The modification effect of the
rate of change of soluble TREM2 on the association
between the rates of change in markers of amyloid
deposition and tau-related pathology were explored using
linear or quadratic regressions.

Statistical analyses were done using SAS version 9.4,
PROC GLM, and R version 3.6.1 with ggplot2, ggpubr,
Ime4, psych, and dplyr packages. All p values were based
on two-sided tests, and values less than 0-05 were
considered statistically significant.

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

Baseline characteristics of the participants are
summarised in the table. Cross-sectional soluble TREM2
levels started to be significantly higher in carriers of
pathogenic variants than in non-carriers 21 years before
the expected symptom onset (figure 1A). However, no
timepoint was identifed at which the rate of increase in
soluble TREM2 was significantly different in carriers of
pathogenic variants compared with non-carriers. No
modifying effect was noted by sex, level of education,
age, or EYO at baseline on the subsequent rate of change
in soluble TREM2 in carriers of pathogenic variants and
non-carriers (appendix p 11). The mutation status
(carriers of pathogenic variants vs non-carriers) and the
mutant gene involved (PSENI, PSEN2, or APP) did not
significantly affect the rate of increase in soluble TREM2
(appendix p 11, 12).

Next, low levels of AB42 in CSF, and of the ratio of
AB42 to AB40 in CSF, at baseline independently predicted
a subsequent augmented annual rate of increase in
soluble TREM2 in carriers of pathogenic variants, but
not in non-carriers (figure 2A; appendix p 13). By contrast,
we did not find any association between total cortical
uptake in PiB-PET at baseline and the subsequent annual
rate of change in soluble TREM2 (figure 2B;
appendix p 13). Amounts of p-tau and t-tau in CSF, and
structural MRI biomarkers at baseline, also showed no
association with the subsequent longitudinal change in

www.thelancet.com/neurology Vol 21 April 2022
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Non-carriers (n=91) Presymptomatic carriers  Symptomatic carriersof  p value
of pathogenic variants pathogenic variants
(n=100) (n=48)
Age, years 363 (11-4) 34-15(9:5) 46-8(97) <0-0001*
Sex
Female 54 (59%) 55 (55%) 25 (52%) 0-69
Male 37 (41%) 45 (45%) 23 (48%) 0-69
Ethnicity
Whitet 72 (89%) 77 (85%) 33(79%) 0-53
Latin American 7 (9%) 8(9%) 6 (14%) 0-53
Asian 4 (4%) 2 (5%) 0-53
Otherf 2 (3%) 1(2%) 1(3%) 0-53
APOE €4 carrier 31(34%) 33(33%) 17 (35%) 0-96
EYO, years -10-0 (12:1) -13-8(9-8) 1.9 (6:6) <0-0001§
Mean follow up, years 34 (1-8) 34 (1-8) 2:7(17) 0-062
Number of visits with soluble TREM2 0-074
determination
2 63 64 23
3 17 25 13
4-6 11 11 12
Mini-mental state examination, score 28:9(137) 291(1-22) 244 (4-4) <0-0001*
Cognitive composite, z-score -0-1(0-9) -0-2 (0-1) -2:9(17) <0-0001*
Years of education 150 (2-3) 150 (2-8) 14 (3:8) 011
CSF variables
AB42, pg/mL 7496 (263-1) 7411 (417-0) 3813 (1625) <0-0001*
AB40, pg/mL 8484-8 (2792:6) 90286 (3305-9) 86362 (2711.0) 0-56
Ratio of AB42 to AB40 0-1(0:01) 0-1(0:03) 0-04 (0-01) <0-0001*
t-tau, pg/mL 267-9 (117-:2) 4065 (289-8) 752:3 (373-2) <0-00019
p-tau, pg/mL 29.8 (16-8) 53-02 (49-0) 127:0 (69-6) <0-00019
Soluble TREM2, ng/mL 27(12) 34 (16) 41(13) <0-0001||
Total cortical PiB-PET uptake, SURV 1.07 (0-2) 1.6 (0-8) 3.0(11) <0-00019
Precuneus cortical thickness, mm 2:4(0-1) 2:4(0-2) 21(22) <0-0001*
Hippocampal volume, mm? 8815.9 (631.5) 88714 (752-4) 7497-6 (1246-4) <0-0001*
Data are mean (SD) or n (%). All p values regarding demographics are based on analysis of raw data (ANOVA). All p values regarding cognitive data (ie, Mini-Mental State
Examination and cognitive composite) are adjusted for age and education and based on analysis of raw data (ANCOVA). Categorical variables (ie, sex, APOE status, and visits)
were analysed by the y* test. The p values regarding biochemical markers were based on an analysis (ANCOVA) that considered log-transformed variables and, for raw data,
the rest of the variables and neuroimaging markers were adjusted by age and sex. Hippocampal volume was corrected per participant by total brain volume. p values with no
footnote relate to comparisons with ANOVA or ANCOVA. EYO=estimated years to symptom onset according to parental onset. PiB-PET=Pittsburgh compound B PET.
p-tau=phosphorylated tau on threonine 181. SUVR=standardised uptake value ratio. t-tau=total tau. *Symptomatic carriers of pathogenic variants versus non-carriers of
pathogenic variants and presymptomatic carriers of pathogenic variants, p<0-0001. tEthnicity data were available for 214 participants. +Australian aboriginal or native
Hawaiian. SSymptomatic carriers of pathogenic variants versus non-carriers of pathogenic variants and presymptomatic carriers of pathogenic variants, p<0-0001;
presymptomatic carriers of pathogenic variants versus non-carriers of pathogenic variants, p=0-034. §iSymptomatic carriers of pathogenic variants versus non-carriers of
pathogenic variants and presymptomatic carriers of pathogenic variants, p<0-0001; presymptomatic carriers of pathogenic variants versus non-carriers of pathogenic
variants, p<0-0001. ||[Non-carriers of pathogenic variants versus presymptomatic carriers, p=0-0026; non-carriers of pathogenic variants versus symptomatic carriers of
pathogenic variants, p<0-0001; and presymptomatic carriers of pathogenic variants versus symptomatic carriers of pathogenic variants, p=0-0052. One participant was
excluded because of incomplete data.
Table: Demographic data and biomarker levels at baseline for carriers of pathogenic variants and non-carriers

soluble TREM2 in carriers of pathogenic variants, nor in
non-carriers (figure 2C, D; appendix p 13).

An augmented annual rate of increase in soluble
TREM2 correlated with a reduced annual rate of decrease
in amounts of APB42 in CSF in presymptomatic carriers
of pathogenic variants (r=0-56 [SE 0-22], p=0-011;
figure 3A) and associated with a diminished annual rate
of increase in total cortical PiB-PET wuptake in
symptomatic carriers of pathogenic variants (r=-0-67
[0-25]; p=0-0060; figure 3B). Regarding markers of tau

www.thelancet.com/neurology Vol 21 April 2022

pathology, no association was found between the annual
rate of increase in soluble TREM2 and the annual rate of
change in amounts of t-tau or p-tau (figure 3C, D).
However, the annual rate of increase in soluble TREM2
significantly modulated the association between
longitudinal changes of p-tau in CSF and longitudinal
changes of PiB-PET cortical uptake in presymptomatic
carriers of pathogenic variants (8=-0-394 [SE 0-137],
p=0-0056 for the linear interaction of rate of increase in
soluble TREM2 higher than the median x annual rate
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Figure 1: Cross-sectional and longitudinal soluble TREM2 levels in CSF
according to estimated years to symptom onset (EYO) in carriers and non-
carriers of pathogenic variants

(A) Soluble TREM2 baseline levels plotted against EYO at baseline for carriers of
pathogenic variants (shown in red, n=148) and non-carriers (shown in blue,
n=91). The dotted line at 21 years indicates the timepoint at which cross-sectional
soluble TREM2 levels start to be statistically higher in carriers of pathogenic
variants than in non-carriers, according to the method described by McDade and
colleagues.” The dotted line at 0 years represents the expected point of symptom
onset. Lines represent locally weighted scatterplot smoothing (LOESS) best-fitting
curves (B) Spaghetti plot showing the longitudinal levels of soluble TREM2 in CSF
from carriers of pathogenic variants (depicted by the red line, n=148) and non-
carriers (depicted by the blue line, n=91) as a function of EYO. The dotted line at
0years represents the expected point of symptom onset. Negative EYO values
represent the expected presymptomatic phase. Positive values indicate the
expected symptomatic phase of the disease. Because of the low number of
participants located at the extremes of the graph, and to maintain their
confidentiality, individual participants are not shown in the timeframe before
-30years and after 10 years.

rate of increase in PiB-PET; figures 4A, B; appendix p 14).
Presymptomatic carriers of pathogenic variants with
annual rates of increase in soluble TREM2 lower than
the median showed a correlation between augmented
annual rates of increase in p-tau and PiB-PET uptake
(r=0-45 [SE 0-21], p=0-035; appendix p 15). Conversely,
in presymptomatic carriers of pathogenic variants with
annual rates of increase in soluble TREM2 higher than
the median, no such correlation was seen with higher
p-tau increase rate and higher PiB-PET uptake increase
rate.

Considering the differential associations between
annual rates of increase in soluble TREM2 and amyloid
markers (AB42 in CSF and PiB-PET uptake), the
influence of the annual rate of increase in soluble
TREM2 on the association between both these markers
was investigated. Presymptomatic carriers of pathogenic
variants with an annual rate of increase in soluble
TREM2 above the median had opposite associations
between annual rates of change in APB42 in CSF and in
PiB-PET cortical uptake, compared with those with an
annual rate of increase in soluble TREM2 lower than
the median (B=0-974 [SE 0-318], p=0-0033, for the
linear interaction of annual rate of increase in soluble
TREM2 higher than the medianxannual rate of
increase in PiB-PET; f=—6-24 (1-135), p<0-0001, for the
quadratic interaction; figures 4C, D; appendix p 14).
Moreover, the longitudinal change in amount of Af342
in CSF was accurately predicted by longitudinal
PiB-PET change, when accounting for its interaction
with an annual rate of increase in soluble TREM2 above
or below the median (adjusted r2=0-45 vs adjusted
r2=0-09, without including the interaction;
appendix p 15).

Regarding neuroimaging and cognitive outcomes,
an augmented annual rate of increase in soluble
TREM2 correlated with a reduced annual rate of
cortical shrinkage in the precuneus of presymptomatic
carriers of pathogenic variants (r=0-46 [SE 0-22],
p=0-040; figures 5A, B). No association was found
between the annual rate of increase in soluble TREM2
and the annual rate of hippocampal shrinkage, in
neither presymptomatic carriers of pathogenic variants
nor symptomatic carriers of pathogenic variants
(figures 5C, D). However, high soluble TREM2 levels at
baseline were associated with a decreased annual rate of
hippocampal shrinkage (appendix p 16).

A strong correlation was noted between an augmented
annual rate of increase in soluble TREM2 and a reduced
annual rate of cognitive decline, as measured by a cognitive
composite, in presymptomatic carriers of pathogenic
variants (r=0-67 [0-22], p=0-0020; figures 5E, F).

Discussion

The DIAN cohort—comprising families affected by
autosomal dominant Alzheimer’s disease—is ideal for
studying changes in Alzheimer’s pathology, neuro-
imaging markers, and cognition over time because of
the predictable nature of this form of the disease. We
did a longitudinal analysis of data obtained from
participants in DIAN, looking at associations between
the dynamics of soluble TREM2 and other biomarkers
that are known to be associated with progression of
Alzheimer’s disease. We also assessed cognitive
development from very early presymptomatic phases to
the late phase with fully developed Alzheimer’s disease.
The study design of DIAN, with data collected
longitudinally, enabled us to make several fundamental
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Figure 2: Baseline AB42, p-tau, t-tau in CSF, and PiB-PET and rate of change in soluble TREM2 in CSF in carriers of pathogenic variants

Each panel represents the estimated individual slopes extracted from the respective separate univariate linear mixed effects (LME) models, which assessed the
association between the baseline predictor biomarker (AB42 in CSF [A], PiB-PET cortical uptake [B], t-tau in CSF [C], and p-tau in CSF [D]), and the subsequent
longitudinal change in soluble TREM2 in CSF. B values and p values indicate the effect and statistical significance of the interaction term time from baseline x
predictor-baseline-biomarker in each separate univariate LME model. The interaction term represents the effect of the baseline biomarker on the longitudinal change
in soluble TREM2 in CSF. The separate univariate LME model is explained further in the appendix (p 13). Each univariate LME model consisted of longitudinal

CSF soluble TREM2 as the dependent variable (ie, the outcome), time from-baseline, estimated years to symptom onset (EYO) at baseline, predictor biomarker at
baseline and interactions Time x EYO at baseline and Time x Predictor at baseline as fixed factors and individual slope, intercept, and family cluster as random factors.
Continuous red lines represent the association between the individual slopes, which were estimated from the univariate LME models and the baseline biomarker.
Bands represent 95% Cl. (A) Low baseline amounts of AB42 in CSF were associated with a subsequent augmented rate of change in soluble TREM2, according to the
respective LME model. For total cortical PiB-PET uptake at baseline (B), baseline t-tau in CSF (C), and baseline p-tau in CSF (D), we did not find any significant effect on
the subsequent rate of soluble TREM2 change estimated by the LME models (appendix p 13). PiB-PET=Pittsburgh compound B PET. p-tau=phosphorylated tau on

threonine 181. SUVR=standardised uptake value ratio. t-tau=total tau.

functional,
observations.
First, we found that low levels at baseline of AB42 in
CSF, and a low ratio of AP42 to AB40 in CSF, were
associated with an augmented rate of increase in soluble
TREM2, but not with high baseline cortical PiB-PET
uptake nor with markers for tau-related pathology or
neuronal death. This finding suggests that very early Af
seeding, even before amyloid-PET imaging detects any
AB plaque deposition, triggers soluble TREM2
generation. In fact, very early AP aggregation before
seeds are detectable by histology has been described in

clinical, and therapeutically insightful

www.thelancet.com/neurology Vol 21 April 2022

animal models.” This novel finding also accords with
previous findings in mouse models, which showed that
the smallest AB deposits are sensed and removed by
microglia in a TREM2-dependent manner.”? Our previous
cross-sectional study suggested a much later increase of
soluble TREM2 than did the results of this study, only
5 years before the expected onset.* However, compared
with our previous work, the greater statistical power of
our current analytical method®” (which is based on an
LME model incorporating both cross-sectional and
longitudinal data), the larger sample size, and the higher
sensitivity and specificity of our novel immunoassay
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Figure 3: Association in carriers of pathogenic variants between rate of increase in soluble TREM2 and rates of change of biomarkers related to amyloid

deposition and tau-related pathology

(A) Augmented rates of increase in soluble TREM2 correlated with a diminished rate of decrease in AB42 in CSF, in presymptomatic carriers of pathogenic variants
(shown in blue, n=100). No significant correlation was found in symptomatic carriers of pathogenic variants (shown in dark red, n=48). (B) A significant association
between an augmented rate of increase in soluble TREM2 and a reduced rate of increase in cortical PiB-PET uptake was observed in symptomatic carriers of pathogenic
variants (shown in dark red, n=48). When studying all carriers of pathogenic variants together, we also observed a significant association (r=-0-46, p=0-0068).

(C) No evidence for an association between augmented rates of increase in soluble TREM2 and t-tau was observed on studying all carriers of pathogenic variants
together (r=0-34, p=0-0800). (D) No significant association between the rate of change in soluble TREM2 and the rate of change in p-tau in carriers of pathogenic
variants was observed (neither in presymptomatic or symptomatic carriers of pathogenic variants, nor in the entire pathogenic variant group). Presymptomatic carriers
of pathogenic variants were defined by a CDR at baseline of 0, and symptomatic carriers of pathogenic variants were defined by a CDR at baseline greater than 0.
Datapoints on the plots represent individual annual rates of change for each variable, which were estimated from their corresponding bivariate LME model. The
correlations (r) between each pair of rates of change, and corresponding p values, were estimated from the covariance matrix of each separate bivariate LME model.
The continuous lines in each panel represent the linear association between the annual rate of change of soluble TREM2 and another outcome. CDR=Clinical Dementia
Rating. LME=linear mixed effects. PiB-PET=Pittsburgh compound B PET. p-tau=phosphorylated tau on threonine 181. SUVR=standardised uptake value ratio. t-tau=total

tau.

allowed us to detect augmented soluble TREM2 levels in
symptomatic carriers of pathogenic variants compared
with non-carriers up to 21 years before expected symptom
onset. This timepoint of 21 years before the expected
symptom onset is very close to the timepoint at which
longitudinal changes in amyloid markers start to diverge
in symptomatic carriers of pathogenic variants compared
with non-carriers (25 years before symptom onset for
amyloid-PET and 24 years before symptom onset CSF
AB42).» These findings support the notion that the
microglial response is very sensitive to the slightest
amyloid-related pathological challenges.

We also showed that an augmented annual rate of
increase in soluble TREM2 was associated with a
diminished annual rate of decrease in AB42 in CSF in
presymptomatic carriers of pathogenic variants, and a
reduced annual rate of increase in PiB-PET cortical uptake
in symptomatic carriers of pathogenic variants. These
selective associations, depending on the clinical phase,
support a potential dual protective effect aimed at reducing
plaque-associated toxicity, which accords with previous
findings in animal models.?* In the early presymptomatic
stages of Alzheimer’s disease, the association between an
augmented annual rate of increase in soluble TREM2 and

a diminished annual rate of decrease in AB42 in CSF
might be related to microglia clustering around the
smallest AB seeds, reducing their ability to grow and
spread.” When plaques are fully developed, a protective
function of microglia might be carried out by their barrier
function and their ability to compact Af3 plaques, possibly
driven by co-aggregation of AB and microglial-released
APOE.»** This hypothesis is also supported by our
previous findings, in which high levels of soluble TREM2
at baseline predicted a diminished annual rate of
amyloid-PET uptake.” In line with these findings, we
found that having augmented or diminished annual rates
of increase in soluble TREM2 affected the association
between longitudinal changes in AB42 in CSF and PiB-
PET uptake in presymptomatic carriers of pathogenic
variants. Thus, individuals with reduced annual rates of
increase in soluble TREM2 had augmented rates of uptake
of PiB-PET signal related to longitudinal rises in amounts
of AB42 in CSF, while individuals with augmented annual
rates of increase in soluble TREM2 had the opposite
relationship. Furthermore, although no association
between longitudinal changes in AP42 in CSF and
amyloid-PET imaging has been found so far,* we obtained
an accurate model to predict changes in these markers
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when we introduced the interaction between PiB-PET and
soluble TREM2 in the model. These findings highlight
the important role of TREM2 in A plaque metabolism
and point to the relevance of soluble TREM2 for the
interpretation of amyloid markers in the clinical setting.
Regarding tau-related Alzheimer’s disease pathology,
we did not detect any significant association between
baseline levels of tau-related markers and the subsequent
longitudinal increase in soluble TREM2. Previous cross-
sectional studies in both sporadic and genetic
Alzheimer’s disease cohorts showed a strong correlation
between soluble TREM2 and t-tau and p-tau,*"”
highlighting the differences between longitudinal and
cross-sectional approaches to assess different aspects of
the association between biomarkers. We interpret this
cross-sectional correlation as the static view of
Alzheimer’s disease development, in which both markers
are sequentially higher as a result of AP deposition,
reflecting disease progression. Importantly, we found
that an augmented longitudinal increase in soluble
TREM2 attenuated the longitudinal rise in p-tau related
to the rate of uptake of PiB-PET in presymptomatic
carriers of pathogenic variants, suggesting a potential
protective role of TREM2 function on amyloid-dependent
tau pathology, in line with results in mouse models.”
According to the protective effects of TREM2 on both
amyloid-related and tau-related pathology, the augmented
longitudinal increase in soluble TREM2 correlated with
slower cortical shrinkage in the precuneus, in
presymptomatic carriers of pathogenic variants. Although
high baseline soluble TREM2 levels predicted a
diminished rate of hippocampal shrinkage in carriers of
pathogenic variants, in accordance with previous studies,”
we could not detect an association between a longitudinal
change in soluble TREM2 and longitudinal shrinkage of
hippocampal volume. Of note, the precuneus is the first
region affected by A accumulation in autosomal
dominant Alzheimer’s disease, followed by a decrease in
cortical ~ fluorodeoxyglucose-(FDG)PET  signal and
subsequent cortical shrinkage.” This canonical sequence
is not followed in the hippocampal region, where atrophy
is the main event.” The beneficial TREM2 effect could
have a regional pattern, being more evident at an early
stage in brain areas with an augmented rate of
AB accumulation, which supports the triggering of
TREM2 protective functions by early AP aggregation.
Finally, we found a very striking correlation between an
augmented longitudinal increase in soluble TREM2 and a
decelerated rate of cognitive decline in people with
presymptomatic Alzheimer’s disease. This result accorded
with the association noted between an augmented
longitudinal increase in soluble TREM2 and a reduced rate
of pathological progression in the presymptomatic phase
of the disease, represented by a diminished rate of decrease
in AP42 in CSF and a decelerated rate of cortical shrinkage
in the precuneus. These findings highlight the association
between amyloid pathology, neurodegeneration, and
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Figure 4: Modification effect of rate of increase in soluble TREM2 on associations between longitudinal
changes in PiB-PET cortical uptake, AB42 in CSF, and p-tau in CSF

(A) In presymptomatic carriers of pathogenic variants, the association between raw rates of change in PiB-PET
uptake and p-tau in CSF was modified by the raw rate of change in soluble TREM2 (B=-0-394 [0-137], p=0-0056, for
the linear interaction of rate of increase in soluble TREM2 higher than the median x annual rate of increase in PiB-
PET), with opposite associations in the subgroup with a low rate of increase in soluble TREM2 (below the median
[shown in blue], n=50) and the subgroup with a high rate (above the median [shown in green], n=48). (B) This
interaction effect was not significant in symptomatic carriers of pathogenic variants ($=-0-271[0-288], p=0-36).
(C) Presymptomatic carriers of pathogenic variants with a high raw rate of change in soluble TREM2 (above the
median [shown in green], n=50) and those with a low raw rate of change in soluble TREM2 (shown in blue, n=48)
showed opposite associations between longitudinal changes in AB42 in CSF and PiB-PET uptake ($=0-974 [SE
0-318], p=0-0033 for the linear interaction term of increase in soluble TREM2 higher than the median x annual rate of
increase in PiB-PET, and B=-6-24 [1-135], p<0-0001 for the quadratic interaction term of increase in soluble TREM2
higher than the median x annual rate of increase in PiB-PET#?). (D) This interaction effect was not significant in
symptomatic carriers of pathogenic variants (B=-2-11[3-95], p=0-61 for the linear interaction term rate of increase in
soluble TREM2 higher than the median x annual rate of increase in PiB-PET, and f=-0-63 [0-54], p=0-27 for the
quadratic interaction term of increase in soluble TREM2 higher than the median x annual rate of increase in PiB-
PET~?). Datapoints on the plots represent the raw rates of change of each biomarker, which were calculated as the
individual slope per participant in a linear regression (ie, biomarker of study by time).  values in each panel are the
B coefficient for the linear and quadratic interaction terms in each linear or quadratic regression model. The exact
regression models carried out are summarised in the appendix (p 14). The SE is expressed in parentheses.

The continuous lines in each panel are linear or quadratic estimates of the represented data. PiB-PET=Pittsburgh
compound B PET. p-tau=phosphorylated tau on threonine 181.

consequent cognitive decline. We noted that high baseline
soluble TREM2 levels exerted a beneficial effect on
memory domains in people with symptomatic sporadic
Alzheimer’s disease, which was in line with the reported
association between high amounts at baseline of soluble
TREM2 and decreased hippocampal shrinkage.” We could
not detect such effects of baseline soluble TREM2 levels on
cognition in our current study, possibly because of the
different cognitive composite measure used, which is not
specific for memory domains, and because our current
study was focused on the presymptomatic Alzheimer’s
disease phase. Taken together, our results suggest that an

337



Articles

338

augmented rate of increase in soluble TREM2 in the might continue in symptomatic stages by slowing
presymptomatic ~ Alzheimer’s disease stage slows hippocampal shrinkage in individuals with the highest
Af deposition and precuneus shrinkage, leading to a clear  levels in CSF of soluble TREM2.

clinical readout via its strong association with a slower ~ The main limitation of our study is that we used an
cognitive decline. The beneficial effect of TREM2 functions  observational cohort. Thus, any causative associations
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Figure 5: Associations between rate of increase in soluble TREM2, cortical shrinkage in the precuneus, hippocampal shrinkage, and cognitive decline in
presymptomatic and symptomatic carriers of pathogenic variants

(A) A significant association was seen between an augmented rate of increase in soluble TREM2 and decreased cortical shrinkage in the precuneus, in presymptomatic
carriers of pathogenic variants (shown in blue, n=100), and weak evidence was noted for a similar potential association in symptomatic carriers of pathogenic variants
(shown in dark red, n=48). (B) The raw rate of cortical shrinkage in the precuneus is shown (for illustrative purposes only) according to EYO in carriers of pathogenic
variants. Carriers of pathogenic variants were divided into two groups according to their raw rate of change in soluble TREM2 (above the median [shown in green],

and below the median [shown in blue]). (C) There was no significant association between the rate of increase in soluble TREM2 and the hippocampal shrinkage rate in
presymptomatic or symptomatic carriers of pathogenic variants. (D) The raw rate of hippocampal shrinkage according to EYO in carriers of pathogenic variants is shown
(for illustrative purposes only), divided into two groups according to raw rate of change in soluble TREM2 (above the median [shown in green], and below the median
[shown in blue]). (E) A strong correlation between higher soluble TREM2 increase rates and slower cognitive decline was observed in presymptomatic carriers of
pathogenic variants (shown in blue, n=100), but not in the symptomatic carriers of pathogenic variants (shown in dark red, n=48). (F) The raw rate of cognitive decline
according to EYO in carriers of pathogenic variants is shown (for illustrative purposes only), divided into two groups according to their raw rate of soluble TREM2 (above
the median [shown in green], and below the median [shown in blue]). The raw rates of change were calculated as the individual slope per participant in a linear
regression (ie, biomarker or cognitive composite by time). The correlations (r) between each pair of rates of change in panels A, C, and E, and the correspondent p values,
were estimated from the covariance matrix of each separate bivariate LME model. The rates of change represented in panels A, C, and E were extracted from the
correspondent bivariate LME model. The continuous lines in each panel are linear estimates of the represented data. The dashed lines in panels B, D, and F indicate that
the change was equal to zero, indicating stability. CDR=Clinical Dementia Rating. EYO=estimated years to symptom onset. LME=linear mixed effects. *The cognitive
change was calculated on the basis of the cognitive composite already described.”
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must be interpreted with caution. Additionally,
replication of our findings in the presymptomatic phase
of sporadic late-onset Alzheimer’s disease is impossible
because of the lack of a suitable large cohort with
sufficient follow-up of at least two decades from first
pathological changes to disease onset. Moreover, we used
various biomarkers, which are indirect measures for
studying pathological processes. Furthermore, the study
of the association between longitudinal changes of tau-
related markers and soluble TREM2 was restricted to
CSF markers, with no available tau imaging. Additionally,
soluble TREM2 is only an indirect biomarker of TREM2
signaling, which does not allow any conclusions to be
made on regional changes in microglial activity. No
biomarker readouts for downstream TREM2 signaling
are currently available to monitor cell autonomous
TREM2-dependent microglial activation. We also must
consider that numerous genetic contributors could have
affected soluble TREM2 levels. For example, ADAM10-
generated soluble TREM2 could be modulated by factors
affecting a-secretase activity (eg, epigenetic factors or
different factors acting at the transcriptional,
translational, or post-translational level).* Furthermore,
the MS4A gene cluster is associated with soluble TREM2
concentrations in CSF. Strikingly, within this cluster,
variants associated with high levels of soluble TREM2 in
CSF are associated with a later symptom onset in
Alzheimer’s disease.” Other trafficking factors that
either guide TREM2 to the surface or assist with TREM2
clearance could also affect generation of soluble TREM2.”
However, such genetic factors, linked to individual
patients, can affect total amounts in CSF of soluble
TREM2, but have less effect on the individual longitudinal
rate of increase.

One of the main strengths of our study is its longitudinal
design. With this design, we could report a comprehensive
and complete set of highly consistent findings, including
biological triggers of the increase in soluble TREM2 and its
effects on amyloid deposition, tau-related pathology, brain
structure, and cognition, which are not possible to
investigate with a cross-sectional approach. Our findings
also have implications for the future design of clinical
trials and the interpretation of amyloid-related pathological
markers. The very early response of microglia to Af
aggregation emphasises the importance of beginning any
treatment for Alzheimer’s disease within the
presymptomatic phase, immediately after biomarker-
based evidence of amyloid pathology is recorded. Moreover,
soluble TREM2 in CSF could have an important
stratification value within clinical trials. For example,
patients with low rates of increase in soluble TREM2
might have a better outcome on therapeutic TREM2
modulation than might those with high rate of increase of
soluble TREM2 in CSF at an early disease stage, which
subsequently might not increase any further. Furthermore,
the direct association between soluble TREM2 and amyloid
deposition not only supports the notion of combination
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treatment with anti-amyloid and microglia-modulating
therapies but also points to soluble TREM2 in CSF as a
potential key marker within anti-amyloid clinical trials.
Finally, according to our results, the induction of microglial
TREM2 activity should be placed right after the earliest
deposition of amyloid plaques, possibly immediately after
or even during the seeding process. Thus, our results
support TREM2-dependent microglial activation as an
integral part of the amyloid cascade.
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