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Abstract

A rare heterozygous TREM2 variant p.R47H (rs75932628) has been associated with an increased
risk for Alzheimer disease (AD). We aimed to investigate the clinical presentation,
neuropsychological profile and regional pattern of gray matter and white matter loss associated
with the TREM2 variant p.R47H, and to establish which regions best differentiate p.R47H carriers
from noncarriers in two sample sets (Spanish and ADNI1). This was a cross-sectional study
including a total number of 16 TREM2 p.R47H carriers diagnosed with AD or mild cognitive
impairment (MCI), 75 AD p.R47H noncarriers and 75 cognitively intact TREM2 p.R47H
noncarriers. Spanish AD TREM2 p.R47H carriers showed apraxia (9 out of 9) and psychiatric
symptoms such as personality changes, anxiety, paranoia or fears more frequently than in AD
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noncarriers (corrected p< 0.05). For gray matter and white matter volumetric brain magnetic
resonance imaging (MRI) voxel-wise analyses, we used statistical parametric mapping (SPM8)
based on the General Linear Model. We used 3 different design matrices with a full factorial
design. Voxel-based morphometry (VBM) analyses were performed separately in the two sample
sets. The absence of inter-set statistical differences allowed us to perform joint and conjunction
analyses. Independent VBM analysis of the Spanish set as well as conjunction and joint analyses
revealed substantial gray matter loss in orbitofrontal cortex and anterior cingulate cortex with
relative preservation of parietal lobes in AD/mild cognitive impairment (MCI) TREM2 p.R47H
carriers, suggesting that TREM2 p.R47H variant is associated with certain clinical and
neuroimaging AD features in addition to the increased TREM2 p.R47H atrophy in temporal lobes
described previously. The high frequency of pathological behavioural symptoms, combined with a
preferential fronto-basal gray matter cortical loss, suggests that frontobasal and temporal regions
could be more susceptible to the deleterious biological effects of the TREM2 variant p.R47H.

1. INTRODUCTION

TREM2 (triggering receptor expressed on myeloid cells 2; OMIM: *605086) is a
transmembrane glycoprotein which forms a receptor signaling complex with the TYRO
protein tyrosine kinase binding protein. TREM2 is mainly expressed in the microglia of the
white matter, hippocampus, neocortex, cerebellum, basal ganglia, corpus callosum, medulla
oblongata and spinal cord (R. Guerreiro, et al., 2013; Paloneva, et al., 2002). TREM2
promotes the production of constitutive inflammatory cytokines in microglia (Bouchon, et
al., 2000; Lanier and Bakker, 2000), leading to the phagocytosis of cell debris and amyloid
(Paloneva, et al., 2002; Takahashi, et al., 2005). Recessive TREM2 loss-of-function
mutations cause Nasu-Hakola disease (NHD) or polycystic lipomembranous osteodysplasia
with sclerosing leukoencephalopathy (PLOSL; MIM 221770), which is characterized by
early-onset frontal-like dementia and bone involvement (Hakola, 1972; Montalbetti, et al.,
2005; Paloneva, et al., 2002). In addition, some families with inherited recessive fronto-
temporal like dementia (FTD-like) with leukodystrophy without bone involvement carry
TREM2 mutations (R.J. Guerreiro, et al., 2013; Montalbetti, et al., 2005).

Recently, a rare TREM2 variant (p.R47H; rs75932628-T) has been associated with
susceptibility to late onset Alzheimer disease (AD) with an effect size similar to that of
APOE ¢4 (R. Guerreiro, et al., 2013; Jonsson, et al., 2013; Ruiz, et al., 2014). Although the
role of p.R47H in protein function is not yet known, it has been proposed that this amino
acid change at the immunoglobulin-like domain could impair the anti-inflammatory function
of TREM2 and facilitate amyloidogenic inflammatory response supported by its co-
localization with amyloid plaques (Melchior, et al., 2010). Pathological examination of
brains with TREM2 rare variants including p.R47H revealed that all were in advanced AD
(Braak stage 6) and most had typical findings with no distinguishing features except for the
presence of mild Lewy-body and TAR DNA-binding protein 43 (TDP-43) disease in two of
them (R.J. Guerreiro, et al., 2013). Interestingly, TREM2 rare variants have also been
inconsistently associated with other neurodegenerative diseases such as frontotemporal
dementia (FTD) or Parkinson disease (Rayaprolu, et al., 2013; Ruiz, et al., 2014). These
results suggest that TREM2 dysfunction in AD brains can lead to more deleterious effects in
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certain brain regions such as frontal lobes or basal ganglia than in subjects with AD not
carrying TREM2 damaging variants. However, no TREM2 p.R47H-associated phenotypical
clinical and neuropsychological features have been systematically described to date, in part
due to the low frequency of the TREM2 mutations (Reitz and Mayeux, 2013). In addition,
TREM2 expression studies across the human brain have demonstrated significant regional
differences (Forabosco, et al., 2013), suggesting that certain cortical and subcortical brain
regions could have an increased susceptibility owing to the mutant TREM2 protein. In fact, a
tensor-based morphometry study of the temporal lobe has recently reported 1.4-3.3% annual
rates of increase of brain-volume loss in this area in TREM2 p.R47H AD carriers compared
with noncarriers (Rajagopalan, et al., 2013). However, no whole brain voxel-based
morphometry (VBM) studies on TREM2 variant carriers including gray and white matter are
available.

Therefore, we aimed to investigate whether differences in clinical presentation and
neuropsychological profile were associated with the TREM2 variant p.R47H and to
determine the regional pattern of gray matter and white matter loss associated with the
TREM2 p.R47H variant, to elucidate which regions best differentiate TREM2 p.R47H
carriers from AD/MCI noncarriers and from cognitively intact noncarriers p.R47H in two
populations (Spanish and ADNI1). For that, we performed brain magnetic resonance
imaging (MRI) VBM analysis separately in two sample sets (first the Spanish set and,
secondly, the ADNI1 set in order to replicate the findings). After performing a full factorial
two-way ANOVA that showed no specific intra-sample set morphometric differences,
conjunction and joint analyses of both sets were also performed.

2. MATERIALS AND METHODS
2.1. Subjects

2.1.1. Genotyping of TREM2 p.R47H variant and subject selection

Spanish set: Subjects with probable AD (n=550) and healthy controls (n=550) recruited at
the Memory Disorders Unit, Department of Neurology, Clinica Universidad de Navarra,
School of Medicine (Pamplona, Spain) were screened for TREM2 p.R47H with a
specifically designed KASPar assay as described (Benitez, et al., 2013). Early-onset AD
(EOAD) subjects with relevant genetic AD variants were excluded by pooled-DNA next
generation sequencing of exonic and flanking sequences in APP, PSEN1, PSEN2, MAPT
and GRN genes (Jin, et al., 2012). Prior to their participation, written informed consent was
obtained from participant subjects or relatives.

ADNI1 set: The TREM2 p.R47H variant was initially determined by direct genotyping
(KASPar) in all the ADNI1 DNA as described (Benitez, et al., 2013). As whole-genome
sequencing data had recently been released for the ADNI1 samples, we used these data to
validate and confirm the genotype data. ADNI1 GWAS data (common variants lllumina
610) as well as HapMap data were used to calculate the principal component factors from
population stratification using EIGENSOFT version 5.0.1 (Patterson, et al., 2006) to assure
that all ADNI1 subjects had a European descent.
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AD and MCI definition: All AD subjects (p.R47H carriers and non-carriers from both sets)
fulfilled the NINCDS-ADRDA research criteria for probable AD (McKhann, et al., 1984).
All AD patients from ADNI were in mild AD stages (MMSE scores between 20-26 and
Clinical Dementia Rating (CDR) of 0.5-1). ADNI MCI subjects were defined as patients
having memory complaints, low scores adjusted for education of Wechsler Memory Scale
Logical Memory Il b, MMSE scores between 24-30, CDR = 0.5, absence of significant
impairment in other cognitive domains, absence of dementia and essentially preserved
activities of daily living (adni.loni.usc.edu). MCI subjects from ADNI dataset were followed
prospectively at 0, 6, 12, 18, 24 and 36 months, allowing to track the conversion from MCI
to AD (Supplementary Table 6). When available, decreased levels of 3-amyloid peptide 1—
42 (AP1-42) in cerebrospinal fluid (CSF) (<192 pg/mL) were also considered as an AD
predictor (Supplementary Table 6; Shaw, et al., 2009).

2.1.2. Subjects selected for the study

Spanish set: We found nine AD TREM2 p.R47H heterozygous carriers, expanding our
previously reported series (series details reflected in the Supplementary material) (Benitez,
et al., 2013). In order to investigate whether TREM2 p.R47H was associated with specific
clinical and neuroimaging characteristics, nine AD TREM2 p.R47H carriers (median
age=69.3; range=57-84; 55.5% male) were compared with forty-eight AD p.R47H
noncarriers (median age=70; range=52-83; 52% male) and forty-eight cognitively intact
p.R47H noncarriers (median age=69.5; range=55-82; 48% male). These groups have similar
gender proportion, age at onset (AAQ), disease duration and age at evaluation to those of
AD p.RATH carriers.

ADNI1 set: Neuroimaging and clinical data were obtained from Alzheimer’s Disease
Neuroimaging Initiative (ADNI1) database (adni.loni.usc.edu) subjects screened for
presence of TREM2 p.R47H (Supplementary material). Nine TREM2 p.R47H carriers
(median age=81; range=71-91; 55.5% male) were compared with 27 cognitively impaired
TREM2 p.R47H noncarriers (median age=78; range= 70-91; 55.5% male) and 27
cognitively intact p.R47H noncarriers (median age=79; range= 70-90; 55.5% male; Table
1). Seven TREM2 p.R47H carriers and twenty TREM2 p.R47H noncarriers belonged to the
MCI research group (Supplementary Table 6). Among these MCI subjects, thirteen (4
carriers and 9 noncarriers) converted clinically to AD during follow-up, two MCI TREM2
p.R47H noncarriers showed a MMSE decrease = 5 points, five (1 carrier and 4 noncarriers)
showed a CSF biomarker signature suggestive of AD (AB1_42 <192 pg/mL) and the other
seven (2 carriers and 5 noncarriers) remained cognitively stable during follow-up (Shaw, et
al., 2009).

TREM2 p.R47H noncarriers with MCI, AD and cognitively intact, were selected with same
gender proportion, age at onset (AAQ), disease duration and age at evaluation to those of
AD/MCI p.R4TH carriers. All ADNI1 subjects selected for our study had European
ancestry.

Review Board at the University of Navarra (Pamplona, Spain) and ADNI1 approved the
study. Thus, considering both sets the total study sample was composed as follows: eighteen
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AD/MCI p.R47H carriers, seventy-five AD/MCI p.R47H noncarriers and seventy-five
cognitively intact p.R47H noncarriers (Table 1).

2.1.3. Clinical data and neuropsychological assessment

Spanish set: All AD subjects (p.R47H carriers and noncarriers) underwent a standard
medical interview and a neurological examination by a neurologist specializing in cognitive
disorders (M.A. Pastor, S. Ortega-Cubero and P. Pastor). Clinically relevant data, such as
first-degree history of dementia or other neurological disorders, were recorded from their
family relatives (Table 1). MRI scans were performed at the visit when diagnosis of MCI or
AD was made. When the degree of cognitive decline was not severe (which was the
situation with 62% of the sample), a complete neuropsychological examination was
performed by a trained neuropsychologist (I. Lamet). The neuropsychological battery
included the following tests: Mini Mental State Examination (MMSE) (Folstein, et al.,
1975), long version of the Geriatric Depression Rating Scale (GDS) (Yesavage, et al., 1982),
semantic verbal fluency (list of animals; Parkin and Java, 1999), Trail Making Test (TMT)
parts A and B (Tombaugh, 2004), Alzheimer’s disease assessment scale (ADAS) Word List
(Mohs, et al., 1997) and 60-item Boston Naming Test (BNT; Williams, et al., 1989).

ADNI1’s set: Thirty-six MCI/AD ADNI1 subjects (p.R47H carriers and noncarriers) also
underwent a cognitive assessment. Since the neuropsychological battery was not complete in
all the subjects we selected the tests with more data available. Thus the tests selected were
the following (the number of subjects who underwent this test is reflected in brackets): the
clinical dementia rating sum of boxes (CDR-SOB) scale as a measure of cognitive and
functional impairment (Morris, 1993; n=36), the MMSE (Folstein, et al., 1975) the ADAS
Word list (Mohs, et al., 1997; n=36), GDS short form (Yesavage, et al., 1982; n=36),
semantic verbal fluency (list of animals) (Parkin and Java, 1999; n=27), TMT-A and B
(Tombaugh, 2004; n=27) and the 30-item BNT (Williams, et al., 1989; n=27). Two
composite scores for memory and executive function (ADNI-MEM and ADNI-EF) were
also recorded (Crane, et al., 2012; Gibbons, et al., 2012; n=34 and 33; respectively). More
details about the neuropsychological assessment can be found on the ADNI website
www.adni.loni.usc.edu.

2.2. Demographic, clinical and neuropsychological data analysis

The normality of the distribution and variance homogeneity of the numerical variables
included in the study were tested using the Shapiro-Wilk and Levene’s tests, respectively.
ANOVA was applied to analyze differences between the means of these variables among the
three study groups (AD/MCI TREM2 p.R47H carriers, AD/MCI TREM2 p.R47H noncarriers
and healthy p.R47H TREMZ2 noncarriers). A t-test was applied to search for differences
between means when only the two AD/MCI study groups (AD/MCI TREM2 p.R47H
carriers and AD/MCI TREM2 p.R47H noncarriers) were considered. Pure discrete counting
variables were compared using the exact y2-test.

All p-values were two-sided and all analyses were carried out using SPSS 15.0 software for
Windows (SPSS Inc., Chicago, Illinois, USA) (Tables 1, 2 and 3).
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Subsequently, neuropsychological data from both sets (Spanish and ADNI1) were analyzed
to increase the statistical power. Both AD/MCI p.R47H carriers and AD/MCI p.R47H
noncarriers subgroups were matched as following: each AD/MCI p.R47H carrier with three
AD/MCI p.R47H noncarriers with similar gender, age at evaluation and age at onset to
avoid a confounding effect of different distribution of neuropsychological variables between
groups. After that, a conditional logistic regression model analyzing the relationship
between neuropsychological variables and TREM2 p.R47H status, was individually applied
for each neuropsychological test. The analysis was carried out using the program Epi
InfoTM 7.1.2.0. Bonferroni correction was applied for multiple comparisons in all cases.
The level of significance considered was p<0.05 (Table 3).

2.3. Neuroimaging assessment

2.3.1. Data acquisition

Spanish set: Two of the 18 p.R47H carriers did not tolerate the 1.5 T MRI scan because of
claustrophobia. Sixteen out of eighteen p.R47H carriers (ADNI1=9; Spanish=7), 74
cognitive impaired p.R47H noncarriers (ADNI1=27; Spanish= 47) and 74 cognitively intact
p.R47H noncarriers (ADNI1=27; Spanish=47) underwent MRI scans. MRI studies of the
Spanish subjects were all obtained on a 1.5-T Siemens Symphony scanner (Siemens,
Erlaghen, Germany). High-resolution volumetric images were acquired in a T1-weighted
MR sequence in-plane resolution voxel size 1x1x1. ADNI1 set: The T1-weighted images
from ADNI were obtained using three different 1.5 T scanners. Nine AD TREM2 carriers,
12 AD TREM2 noncarriers and 18 cognitively intact p.R47H noncarriers’ images were
acquired in a 1.5-T Siemens Symphony scanner. Ten of the remaining AD TREM2
noncarriers and the healthy control images were acquired in a 1.5 TGE Medical Systems
equipment. Finally, 5 AD/MCI TREM2 noncarriers and 4 healthy control images were
obtained with a Philips Medical Systems. Since the three image collections had different
voxel sizes (X1=1.2 mm; Y1=1.2 mm; Z;=1.2 mm; X»=0.92 mm; Y»=0.92 mm; Z,=0.92
mm and X3=0.93 mm; Y3=0.93 mm; Z3=0.93 mm), all T1-weighted images were resized to
the sequence in-plane resolution voxel size 1x1x1 using resize_img function with Matlab.

2.3.2. MRI preprocesing—MRI images were processed with Statistical Parametric
Mapping (SPM) software (SPM8; Wellcome Trust Centre for Neuroimaging; University
College London, UK). For MRI VBM analysis, we used the VBMS8 package (http://
dbm.neuro.uni-jena.de/vbma8/). T1-weighted brain anatomical images were segmented using
a unified segmentation procedure (Ashburner and Friston, 2005). For tissue segmentation a
gray and white matter study-specific template (total of 164 volumes) was generated using
the Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra algorithm
(DARTEL) (Ashburner and Friston, 2005). This analysis concludes with the application of a
spatial constraint to the segmented tissue probability maps, based on a Hidden Markov
Random Field model (HMRF) (Cuadra, et al., 2005). We set 0.1 and 0.2 thresholds for gray
matter and white matter, respectively. Subsequently, each image was spatially normalized
into the standard space of the Montreal Neurological Institute template (MNI;
Template-1_1X1550_minil52.nii). Image normalization included both linear components
and non-linear transformations, which take into account individual regional differences in
brain anatomy. A ““Clean-up any partitions™ procedure, particularly useful for atrophic
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brains, was implemented using conditional dilations and erosions to better differentiate gray
matter and white matter. We used “Bias corrected image” for quality control and also to
create an average image of all normalized T1 images. Since spatial normalization expands or
contracts some brain regions, modulation to gray matter and white matter was applied,
scaling by the amount of contraction, to preserve the total amount of gray matter and white
matter of the original images. The resulting gray matter and white matter images were
modulated to correct individual brain size. Finally, images were smoothed with a Gaussian
kernel (FWHM of 8 mm for gray matter).

2.3.3. Neuroimaging cross-sectional analysis—For gray matter and white matter
volumetric voxel-wise analyses, we used statistical parametric mapping (SPM8) based on
the General Linear Model. We used 4 different design matrices with a full factorial design:
An ANOVA for the separate set analyses with the factor ‘subgroup’ with age and gender as
nuisance variables; another ANOVA was performed to determine whether there were
volumetric differences owed to any of the two clinical status (MCI and AD) in the ADNI1
set; a third ANOVA for analysing jointly the two sets with the factor ‘subgroup’ with age
and gender as nuisance variables; and a two-way ANOVA for the analyses between sets
with two factors “set” and ‘subgroup’ with age and gender as nuisance variables. The latter
matrix was used for the conjunction analysis.

2.3.3.1. Separated gray matter volumetric analysis of Spanish and ADNI1 sets: Initially,
we assessed gray matter volumetric differences between AD/MCI p.R47H carriers, AD/MCI
p.R47H non-carriers and cognitively intact p.R47H noncarriers of the Spanish set. For this
purpose, we conducted a full factorial analysis, an ANOVA with a factor ‘subgroup’ with 3
levels (AD/MCI p.R47H carriers, AD/MCI p.R47H non-carriers and cognitively intact
p.R47H noncarriers). After determining a significant main effect of factor ‘subgroup’, pair-
wise analyses were carried out by means of Statistical Parametric Mapping t-test (SPM-t)
comparisons. The statistical threshold employed was p< 0.05 Family-Wise Error (FWE)
cluster-wise corrected (p = 0.001 cluster-defining threshold, t = 3.17).

In a second step, we performed the same full factorial analysis for the ADNI1 set as
followed for that of the Spanish sample. The contrasts analyzed were the following:
AD/MCI p.R4TH carriers vs. cognitively intact AD/MCI p.R47H noncarriers; AD/MCI
p.R47H non carriers vs. cognitively intact AD/MCI p.R47H noncarriers and AD/MCI
p.R47H carriers vs. AD/MCI p.R47H noncarriers. The same statistical threshold was
employed for SPM-t comparisons p < 0.05 Family-Wise Error (FWE) cluster-wise corrected
(cluster-defining threshold, p = 0.001, corresponding to t = 3.24 for the ADNI1 set).

2.3.3.1.1 Analysis of the presence of volumetric differences between AD and MCI
subjects in ADNI1 set: In order to determine whether the clinical status of subjects (MCI
and AD) could influence the results of ADNI1 set VBM analysis, we conducted a full
factorial analysis for the ADNI1 set with factors: ‘group’, with 2 levels (AD/MCI p.R47H
carriers and AD/MCI p.R47H non-carriers), “clinical status’, with 2 levels (AD and MCI),
and their interaction ‘group x clinical status’.
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2.3.3.2. Analysis of intra-sample set specific morphometric differences between
subgroups: In order to analyze jointly both sets we performed a new factorial analysis to
determine homogeneity among subgroups: two-way ANOVA with a factor ‘set” of two
levels (Spanish and ADNI1 sets) and a factor ‘group’ with three levels (AD/MCI p.R47H
carriers, AD/MCI p.R47H noncarriers and cognitively intact p.R47H noncarriers). Age at
the time of the brain MRI scan and gender were considered as nuisance variables. To
evaluate the presence of gray matter loss differences between the homologous subgroups
from each set, the following SPM-t pair-wise analyses were carried out: AD/MCI p.R47H
carriers from Spanish set vs. AD/MCI p.R47H carriers from ADNI1 set and AD/MCI
p.R47H noncarriers from Spanish set vs. AD/MCI p.R47H noncarriers from ADNI1 set.
This analysis showed no intra-sample set specific morphometric differences.

2.3.3.3 Conjunction analysis of Spanish and ADNI1 sets: We also performed a
conjunction analysis with each subgroup of both sets to display statistically and
topographically the maps of the common gray matter loss in both sets. For that, three new
contrasts per dataset were generated: AD/MCI p.R47H carriers vs. AD/MCI p.R47H non-
carriers, AD/MCI p.R47H carriers vs. cognitively intact p.R47H noncarriers and AD/MCI
p.R47H non-carriers vs. cognitively intact p.R47H noncarriers. Each pair of t-contrasts (one
for each dataset) was included in a separate conjunction analysis, following the method
described by Friston (2005). Statistical significance was corrected for p < 0.05 FWE cluster-
wise corrected (cluster-defining threshold, p = 0.001 and t = 1.87).

2.3.3.4 Joint analysis: Finally, a joint analysis of the two datasets was performed
considering their homologous subgroups (AD/MCI p.R47H carriers, AD/MCI p.R47H
noncarriers or cognitively intact p.R47H noncarriers), to obtain a higher statistical power.
We performed a full factorial analysis: an ANOVA with the factor ‘subgroup’ of three levels
(AD/MCI p.R47H carriers, AD/MCI p.R47H noncarriers and cognitively intact p.R47H
noncarriers). Age at the time of the brain MRI scan and gender were considered as nuisance
variables. After determining a significant mean effect of factor ‘subgroup’, the following
pairwise SPM-t comparisons were carried out: AD/MCI p.R47H carriers vs. cognitively
intact p.R47H noncarriers, AD/MCI p.R47H non-carriers vs. cognitively intact p.R47H
noncarriers and AD/MCI p.R47H carriers vs. AD/MCI p.R47H noncarriers and AD/MCI
p.R47H carriers vs. AD/MCI p.R47H noncarriers. Statistical significance was assessed with
a FWE cluster-wise corrected p threshold < 0.05 (cluster-defining threshold, p = 0.001 and t
=3.14).

Leukoaraiosis, defined as the presence of hyperintense WM lesions in both T2-weighted and
fluid attenuated inversion recovery (FLAIR) MRI sequences, was measured using the
Scheltens semiquantitative visual rating scale (Scheltens, et al., 1993). Since basal ganglia
calcifications were previously described in Nasu-Hakola patients (Klunemann, et al., 2005),
the presence of brain calcifications was screened visually. We performed the same full
factorial analysis to assess white matter volumetric changes as described for gray matter
contrasts.
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3. RESULTS

3.1. Clinical and neuropsychological findings

Spanish set: AD p.R47H carriers developed forgetfulness (7 out of 9) and depression (2 out
of 9) as the main starting symptoms. During the first two years of the disease onset, minor
depression and other psychiatric symptoms such as personality changes, anxiety, paranoia or
fears appeared more frequently in AD p.R47H carriers compared with AD noncarriers (p<
0.05). Early spatial disorientation (8 out of 9) and apraxia (9 out of 9) were also reported
often. Indeed, significant statistical differences were observed in the number of p.R47H
carriers presenting with apraxia compared with noncarriers (p<0.05; Table 2). Parkinsonian
signs were more frequent in AD p.R47H carriers (66.7%) than AD p.R47H noncarriers
(14.6%, p<0.05). Other neurological symptoms less frequently observed among AD p.R47H
carriers were somatic complaints (5 out of 9), sleep apnoea (3 out of 9), myoclonus (2 out of
9), seizures (1 out of 9), insomnia (1 out of 9), restless legs syndrome (1 out of 9) and
somniloquism (1 out of 9). Clinical symptoms could not be evaluated in ADNI cohort since
these data were not specifically recorded in ADNI1 subjects.

Both sets: Among 93 AD/MCI patients, MMSE scores were significantly lower in the
p.R47H carriers group than in AD p.R47H noncarriers (mean 18 vs 21.6, p<0.05; Table 1).
However, the conditional logistic model showed no statistically significant association of
any of the neuropsychological tests with the TREM2 p.R47H status.

3.2. MRI findings

SWI-MRI sequences showed no brain calcifications or cerebral hemosiderin deposits in any
p.R47H carrier. The degree of leukoaraiosis measured by the Scheltens scale showed similar
scores between AD/MCI p.R47H carriers (mean=7.69; range:0-21) and AD/MCI
noncarriers (mean=9; range:0-37; Table 1).

3.2.1. Independent VBM Analyses

3.2.1.1 Spanish set: The results of the ANOVA with a factor ‘subgroup’ with 3 levels
(AD/MCI p.R47H carriers, AD/MCI p.R47H non-carriers and cognitively intact p.R47H
noncarriers showed a significant main effect of factor ‘subgroup’ (F= 7.44). Pair-wise
Statistical Parametric Mapping t-test (SPM-t) between AD TREM2 p.R47H carriers vs.
cognitively intact p.R47H noncarriers showed gray matter loss among AD TREM2 p.R47H
carriers in bilateral middle orbitofrontal regions and left parietal lobe (angular and
supramarginal gyri) and right hippocampus. Additionally, a lower volume in subcortical
regions such as bilateral thalamus and putamen was observed among AD TREM2 p.R47H
carriers. Gray matter loss was also located in left middle temporal gyrus, inferior parietal
regions and, bilaterally, in thalamic regions. For AD TREM2 p.R47H carriers versus AD
TREM2 p.R47H non-carrier contrast, we found a lower gray matter volume in right
orbitofrontal regions (Fig 1S and Supplementary material Table 1).

White matter VBM showed no significant differences in any of the three contrasts described
above.

Neurobiol Aging. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Luis et al.

Page 10

3.2.1.2. ADNI1 set: In order to replicate the findings of the VBM analysis of the Spanish
sample, the ADNI1 set was also analyzed separately with an ANOVA following a similar
design to the Spanish set. There was a significant main effect of factor ‘subgroup’ (F= 7.88).
Pair-wise analyses t-test (SPM-t) of ADNI1 AD/MCI TREM2 p.R47H carriers vs.
cognitively intact p.R47H noncarriers contrast not only showed a lower gray matter volume
in rectal gyrus and temporal regions but also in subcortical regions including the right
caudate nucleus, putamen and pallidum, amygdala and hippocampus. Other clusters with
substantial gray matter loss were located bilaterally in middle and superior temporal gyri.
The largest gray matter loss was observed in the right temporal pole. In addition, there was a
significant gray matter volume decrease in middle frontal and cingulate gyri, superior and
inferior parietal cortex and precuneus. At subcortical level, putamen and cerebellar vermis
were the most affected regions. Finally, in the AD/MCI TREM2 p.R47H carriers vs.
AD/MCI TREM2 p.R47H non-carriers contrast, a nonsignificant gray matter loss in bilateral
orbitofrontal regions was observed. (Fig 1S and Supplementary material Table 2).

For white matter volumetric analysis, as observed in the Spanish set analysis, we found no
statistically significant differences between subgroups across the ADNI1 set.

3.2.1.2.1 Analysis of the presence of volumetric differences between AD and MCI subjects
in ADNI 1 set: Since we found no differences in the comparison of AD/MCI TREM2
p.R47H carriers vs. AD/MCI TREM2 p.R47H non-carriers of the ADNI1 set, we conducted
an additional analysis to assess the influence of diagnostic groups (MCI and AD) on the
results. None of the factors (group, clinical status or the interaction) were significant (F =
13.89; data not shown) suggesting that cerebral grey matter loss was similar in MCI and AD
subjects. Thus, we concluded that the inclusion of MCI subjects along with AD subjects in
the analysis would not change the results of the ADNI1 contrast.

3.2.2. Analysis of intra-sample set specific morphometric differences between
subgroups

3.2.2.1. Factorial analysis between Spanish and ADNI1 sets: Regarding the factorial
analysis using a two-way ANOVA to determine the homogeneity of the datasets, the main
effect of the factor “set” revealed no statistical significance (F=7.24) but the subgroup
factor, as expected, was significant (F=11.60). Interaction of the factor “set” / factor
“subgroup” was not statistically significant. Pairwise t-test contrasts comparing homologous
subgroups between sets: AD TREM2 p.R47H carriers ADNI1 set vs. AD TREM2 p.R47H
carriers Spanish set and AD TREM2 p.R47H noncarriers ADNI1 set vs. AD TREM2 p.R47H
noncarriers Spanish set were not significant. These results suggested that there were low
chances of finding differences resulting from comparisons between AD/MCI TREM2
p.R47H carriers, AD/MCI TREM2 p.R47H noncarriers and cognitively intact p.R47H
noncarriers due to a set effect (Spanish vs. ADNI1).

3.2.2.2. Conjunction analysis of Spanish and ADNI1 sets: A conjunction analysis of
Spanish and ADNI1 sets was performed using the aforementioned factorial analysis. We
observed significant common areas of gray matter loss among the homologous pairs of
subgroups of each set. When compared with cognitively intact p.R47H noncarriers, the
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AD/MCI p.R47H carriers (Spanish vs. ADNI1 sets) showed common gray matter loss in
superior and inferior frontal regions, mesial temporal areas including amygdala,
hippocampus and superior and inferior parietal areas. Regarding subcortical structures, we
found common decrease of the gray matter in thalamus, cerebellum and basal ganglia,
specifically in putamen and pallidum (Supplementary material Table 3, Figure 2A).

AD/MCI p.R47H noncarriers vs. cognitively intact p.R47H noncarriers (Spanish vs ADNI1
sets) showed common gray matter loss in hippocampus and amygdala together with frontal
and parietal areas. At subcortical level common loss of gray matter volume was located in
thalamus and cerebellum. (Supplementary material Table 3, Figure 2BS).

Finally, the common gray matter loss region in both sets (Spanish and ADNI1) resulting
from the contrast of AD TREM2 R47H carriers vs. AD TREM2 R47H noncarriers was
located in the orbitofrontal gyrus and anterior cingulate gyrus (Supplementary material
Table 3, Figure 2C).

3.2.3. Joint analysis

3.2.3.1. Gray matter VBM analysis: The ANOVA of the two sets joined showed a
significant main effect of ‘subgroup’ (F = 7.22).

Comparison between AD/MCI TREM2 p.R47H carriersvs. cognitively intact p.R47H
noncarriers. The 16 AD/MCI p.R47H carriers compared with 74 cognitively intact p.R47H
noncarriers showed severe gray matter volume loss (p < 0.05 FWE cluster-wise corrected) in
the following regions: bilateral rectal gyri (orbitofrontal cortex), bilateral middle temporal
and amygdala. The maximum gray matter volume loss was observed in right rectal gyrus (t
values of 10.28). Interestingly, parietal lobes were relatively spared in AD/MCI p.R47H
carriers. With regard to the basal ganglia, gray matter loss was observed in both putamen
and caudate nuclei among p.R47H carriers. The thalamic atrophic clusters showing greater
degree atrophy were located in the ventral lateral nucleus, a relay nucleus with connectivity
to the sensorimotor cortex (Figure 1A and Supplementary material Table 4).

Comparison between AD/MCI TREM2 noncarriersvs. cognitively intact p.R47H
noncarriers: We observed widespread gray matter loss in the 74 AD/MCI TREM2
noncarriers compared with 74 cognitively intact p.R47H noncarriers (p < 0.05 FWE cluster-
wise corrected) with a predominant distribution in temporal and parietal lobes compared to
frontal lobes. The temporal atrophic areas were located bilaterally in middle temporal gyrus,
where the maximum gray matter loss was found (t value = 15.56), as well as in mesial
temporal areas including the hippocampus and amygdala. The hippocampal gray matter loss
was more pronounced in the left side. This pattern was consistent with the results of
previous VBM studies performed in AD-control series.2> The second maximum region with
gray matter loss outside the temporal lobes was located in the angular gyrus extending to the
supramarginal gyrus predominantly on the left (t values of 15.14 and 14.94, respectively).
Regarding subcortical structures, we found atrophy in ventral lateral thalamic nuclei (Figure
1B and Supplementary material Table 5).
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Comparison between AD/MCI TREM2 p.R47H carriersvs. AD/MCI TREM2 p.R47H
noncarriers: We performed a direct comparison between 16 AD/MCI p.R47H carriers and
74 cognitively intact p.R47H noncarriers. In this comparison, we identified significant gray
matter loss in bilateral anterior cingulate cortex, left superior medial gyrus and bilateral
rostro-ventral putamen, caudate heads and accumbens nuclei (Table 4 and Figure 1C). These
results suggest that the presence of TREM2 p.R47H could be associated with a gray matter
loss pattern with impairment of prefrontal and frontobasal regions with relative preservation
of parietal lobes.

3.2.3.2 White matter VBM analysis: The same contrasts were performed to compare using
voxel based morphometry white matter brain volumes though no statistically significant
differences were found among the groups.

4. DISCUSSION

In this study we investigate whether the novel TREM2 p.R47H variant is associated with
particular phenotypical (clinical and neuroimaging) features compared with cognitively
impaired and healthy subjects who were p.R47H non carriers, as described for other genetic
markers (Cruchaga, et al., 2009; Goni, et al., 2013). One important consideration is that the
sets analyzed in our study were different with regard to recruitment methods: The Spanish
set is a clinical cohort-based case-control sample whereas the ADNI1 is a longitudinal
cohort with three different cognitive statuses (AD, MCI and healthy controls). Thus,
differences in the recruitment and in the clinical data collection made it difficult to fully
compare certain clinical and neuropsychological variables.

With regard to the clinical characteristics of the Spanish set, most of the AD p.R47H carriers
presented an initial amnesic syndrome, as observed for AD p.R47H noncarriers. However,
AD p.R47H carriers showed depression and personality changes at early stages evolving
rapidly into multi-domain dementia. Visuospatial disorientation and parkinsonism appeared
early in the majority of AD p.R47H carriers. Indeed, the p.R47H variant has been also
associated with Parkinson’s disease (Benitez and Cruchaga, 2013; Rayaprolu, et al., 2013),
though these findings need further replication.

We found that the p.R47H carriers showed, especially in the Spanish sample, a multidomain
severe cognitive progression associated with p.R47H and poor performance in MMSE
(MMSE was <10 in 5 p.R47H AD carriers), suggesting that the p.R47H variant could lead in
some cases to a more aggressive dementia. This impression is also supported by the
increased temporal lobe atrophy found in a 24-month recent follow-up study among TREM2
p.R47H mutation carriers (Rajagopalan, et al., 2013). Although MMSE showed lower scores
among AD/MCI TREM2 p.R47H carriers compared with noncarriers (mean MMSE scores
18 and 21.6, respectively), the conditional logistic regression analysis showed no influence
of p.R47H in any of the neuropsychological tests analyzed, suggesting that more studies are
necessary to demonstrate that the TREM2 variants can lead to a more aggressive AD
phenotype.
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The TREM2 p.R47H AD phenotype observed in the Spanish series has some similarities to
the NHD phenotype (R.J. Guerreiro, et al., 2013). Subjects with NHD usually appear to
show a frontal-like syndrome, but asymptomatic NHD p.Q33X TREM2 heterozygous
carriers can display subclinical impairment of short and long term visuo-spatial memory as
observed in our AD p.R47H series (Montalbetti, et al., 2005). These results suggest that
medial structures can be early impaired by loss-of-function TREM2 heterozygous variants.
On the other hand, few healthy p.R47H carriers have also been reported, indicating that
p.R47H can behave as an AD risk variant with a large effect size but with incomplete
penetrance (Jonsson, et al., 2013). Indeed, only ten out of eighteen p.R47H carriers had first-
degree relatives with dementia. However, family segregation analysis and with longer
follow-up studies of TREM2 p.R47H carriers will help in clarifying this point.

Voxel-based morphometry (VBM) analyses were performed separately in the two sample
sets. The analysis of the Spanish set showed a gray matter loss in the AD TREM2 p.R47H
carriers compared with cognitively intact p.R47H noncarriers in bilateral middle
orbitofrontal regions and left parietal lobe (angular and supramarginal gyri), right
hippocampus and in subcortical regions such as thalamus and putamen (Fig 1S and
Supplementary material Table 1). In AD TREM2 p.R47H carriers versus AD TREM2
p.R47H non-carriers contrast, we found a lower gray matter volume in right orbitofrontal
regions (Fig 1S and Supplementary material Table 1). In order to replicate the VBM analysis
findings of the Spanish sample, we performed an independent analysis with the ADNI1 set.
We found similar location of gray matter loss resulting from the comparison of AD/MCI
TREM2 p.R47H carriers vs. cognitively intact p.R47H noncarriers in rectal gyrus, middle
frontal and cingulate gyri, superior and inferior parietal cortex and precuneus temporal
regions, amygdala, hippocampus and in subcortical regions including the right caudate
nucleus, putamen and pallidum. The AD TREM2 p.R47H carriers vs. AD TREM2 p.R47H
non-carriers contrast, showed gray matter loss in bilateral orbitofrontal regions but it did not
survive the level of significance (Fig 1S and Supplementary material Table 2). The lack of
replication of the results of the Spanish sample in the ADNI1 sample could be due to several
reasons. The Spanish subjects were in more advanced AD stages (mean MMSE 12.7) and
had a longer disease duration than the ADNI1 MCI/AD subjects (mean MMSE 23.3) since
in the ADNI1 dataset only subjects with mild AD were included. This observation suggests
that TREM2 p.R47H carriers could develop higher atrophy over time rates than noncarriers
as supported by Rajagopalan and colleagues (Rajagopalan, et al., 2013) and thus increase
differences in later disease stages. Another explanation for the lack of replication might be
that the inclusion of MCI subjects could have diluted the results, but the lack of volumetric
differences between MCI and AD subjects of ADNI1 suggested that most MCls from
ADNI1 were at pre-clinical AD stages.

In order to increase the sample, we confirmed the absence of intra-set statistical differences
which allowed us to perform joint and conjunction analyses. Conjunction and joint analyses
revealed substantial gray matter loss in orbitofrontal cortex and anterior cingulate cortex
with relative preservation of parietal lobes in AD/MCI TREM2 p.R47H carriers.

Thus, considering the analyses globally, the pattern of gray matter loss we observed in
AD/MCI p.R47H carriers compared with healthy controls displayed some similarities and

Neurobiol Aging. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Luis et al.

Page 14

differences with regard to the typical gray matter loss pattern described for AD (Goni, et al.,
2013; Ishii, et al., 2005). The largest atrophic clusters were located bilaterally in both
hippocampal regions and the ventromedial prefrontal cortex followed by the anterior
cingulate cortex, extending to the basal forebrain and putamen. The VBM direct comparison
between of AD/MCI p.R47H carriers with AD/MCI TREM2 p.R47H noncarriers showed
significant bilateral gray matter loss in the ventromedial prefrontal cortex, including the
orbitofrontal cortex, rostral anterior cingulate cortex, ventral striatum and basal forebrain.
The orbitofrontal clusters with gray matter loss correspond in the macaque brain to both the
orbital network, involved in sensory integration and reward; and to the medial network,
which modulates the visceral activity in response to affective stimuli (Hikosaka and
Watanabe, 2000; Ongur, et al., 2003; Ongur and Price, 2000). Interestingly, the most
extensive connections of the orbitofrontal cortex are set with the mesial temporal lobe,
including hippocampal field CA1, entorhinal and perirhinal cortices and amygdala,
indicating critical role of orbitofrontal cortex in integrative memory that links purpose and
personal experience with contextual cues in order to produce judicious behavior (Cavada, et
al., 2000). In humans, the orbitofrontal cortex shows a richer functional parcelation with
subdivisions connected to association cortical areas such as prefrontal cortex, medial frontal
limbic areas including anterior cingulate cortex and striatum (Kahnt, et al., 2012). The
impairment of regions involved in emotional control and the integration of multimodal
sensory information as well as the impairment of the anterior cingulate cortex regions (Bush,
et al., 2000) could explain the early presentation of psychiatric symptoms, personality
changes and visuospatial disorientation observed in AD/MCI p.R47H carriers (Table 4; Fig
1C). Interestingly, the frontal gray matter loss pattern observed in TREM2 p.R47H carriers
could explain the possible association of certain TREM2 rare variants with clinical FTD
(Lattante, et al., 2013; Rayaprolu, et al., 2013; Ruiz, et al., 2014).

Although the putaminal atrophy was present in both carriers and non carriers (see
conjunction analysis comparing AD/MCI p.R47H noncarriers with cognitively intact
AD/MCI p.R47H noncarriers, Figure 1), the differential volume loss in AD/MCI p.R47H
carriers included accumbens and nucleus basalis of Meynert area in addition to the rostro-
ventral putamen and caudate heads. The decreased putamen gray matter loss volume
observed has been also described in some familial AD series (Cash, et al., 2013; Ryan, et al.,
2013). The areas of the ventral striatum are connected with the orbito frontal cortex and
anterior cingulate and receive dopaminergic input from the midbrain. In addition, such areas
have a key role in reward processing. We hypothesize that degeneration of these nuclei
could be related to the parkinsonian signs seen among some Spanish AD p.R47H carriers.
Unfortunately, the lack of detailed clinical information in the ADNI1 series did not allow us
to confirm these findings.

Leukoaraiosis is a common feature of NHD caused by TREM2 recessive mutations
(Paloneva, et al., 2002). However, there were neither significant differences between the two
AD/MCI groups in Sheltens scale (Table 1) nor clusters with white matter volume loss
among TREM2 p.R47H carriers, suggesting that larger AD TREM2 series are needed to
further evaluate the white matter subcortical impairment caused by the p.R47H variant.
However, although the density of microglia in the normal human brain is greater in white
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matter than in gray matter (Mittelbronn, et al., 2001), it is possible that among the p.R47H
carriers AD brain, the impaired microglia function to prevent amyloid accumulation and
clear cellular debris may produce changes in the microglia mainly at cortical level with
relative preservation of white matter glia.

In summary, our results suggest that frontobasal cortical regions could be more susceptible
to the deleterious biological effects of the TREM2 p.R47H variant. We are aware that our
results are preliminary, based on a limited sample size with no follow-up, which suggests
that we have to interpret these results cautiously and wait for them to be confirmed in larger
AD series.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Joint Analysis displaying gray matter loss on the rendered surface of the brain, in the

following contrasts: A. Contrast AD/MCI TREM2 p.R47H carriers vs. cognitively intact
TREM2 p.R47H noncarriers; B. Contrast AD/MCI no-TREM2 mutation carriers vs.
cognitively intact TREM2 p.R47H noncarriers and C. Contrast AD/MCI TREM2 p.R47H
carriers vs. AD/MCI TREM2 p.R47H noncarriers. The sagittal images had been added to
display the basal ganglia gray matter loss. T-test scores scale. Threshold p<0.05, FWE
cluster-wise p<0.001. AD: Alzheimer disease. MCI: mild cognitive impairment.
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Table 2

Comparison of clinical data between Spanish AD TREM2 p.R47H carriers and noncarriers.

?I'\I?Epl\./lR24c7a|-r|riers ¢RDEle-\’24rZ(|J_:1carriers corrected p values
n 9 48
First symptom
Forgetfulness (7/9) 77.8 (44/48) 91.7 ns.
Depression (2/9) 22.2 (0/48) 0 ns.
Other?# (0/9) 0 (4/48) ns.

Early signs/symptoms*

Psychiatric symptoms (9/9) 100 (22/48) 45.8 0.039
Personality changes (8/9) 88.9 (18/48) 37.5 ns.
Spatial disorientation (8/9) 88.9 (16/48) 33.3 0.01
Memory impairment (9/9) 100 (47/48) 97.9 ns.
Aphasia (9/9) 100 (37/48) 77.1 ns.
Apraxia (9/9) 100 (15/48) 48 <0.0001
Agnosia (3/9) 33.3 (12/48) 25 ns.
Dysexecutive syndrome | (7/9) 71.4 (38/48) 79.2 ns.
Primitive reflexes (6/9) 57.1 (23/48) 41.7 ns.
Parkinsonian signs (6/9) 66.7 (7/48) 14.6 0.039

Data are presented as frequency and percentage and compared using the exact y2-test. n.s. non significant statistical differences.
This category included the following symptoms: nervousness, aphasia and spatial disorientation.

*
Early signs/symptoms were considered when they appeared during the first two years after disease onset.
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