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Abstract

Objective—To elucidate the relationship between the triggering receptor expressed on myeloid
cells 2 (TREM2) risk variant, neuropathological lesions, alterations in gene and protein expression
and severity of neuroinflammation.

Methods—Genetic association study of the R47H TREM2 variant with Alzheimer’s disease,
neuropathology and changes in TREMZ2 and TYRO protein tyrosine kinase-binding protein
(TYROBP) gene and protein expression and neuroinflammatory markers.

Results—The TREM2 variant is associated with: (i) Alzheimer’s disease (odds ratio: 4.76; P =
0.014); (ii) increased density of amyloid plaques and neurofibrillary tangles in multiple brain
regions; (iii) increased TREM2 (P = 0.041) and TYROBP (P = 0.006) gene expression; (iv)
decreased TREM2 protein levels (P = 0.016); and (v) upregulation of proinflammatory cytokines
(RANTES and IFN-gamma) (P = 0.003) and nominal downregulation of protective markers (a2
macroglobulin, IL-4 and ApoALl) (P = 0.018).
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Conclusions—These findings link the TREM2 missense mutation with specific molecular
abnormalities and increases in neuropathological lesions in the human brain.

1. Introduction

Over the last year, a series of independent studies have reported a strong association of the
triggering receptor expressed on myeloid cells 2 (TREM2) gene with Alzheimer’s disease
(AD) [1-7]. For one particular nonsynonymous variant, rs75932628 (encoding R47H), the
association reached genome-wide significance [1,2]. TREM2 does not possess a signaling
motif, but it forms a receptor-signaling complex with TYRO protein tyrosine kinase-binding
protein (TYROBP) and thereby regulates the activation of dendritic cells, macrophages,
osteoclasts and microglial cells. An independent study that examined gene-regulatory
networks identified TYROBP as a key regulator for AD [8].

Additional evidence for a functional role of the R47H comes from a brain imaging
volumetric study, where carriers of a risk allele in close proxy with R47H, lost brain volume
at a rate that was significantly faster than noncarriers [9]. Carriers of the R47H variant
between the ages of 80 and 100 years without AD had poorer cognitive function than
noncarriers [2]. In AD animal models, such as TJCRND8 [1] and aged APP23 [10] mice,
TREM2 dysregulation is noted in amyloid plaque-associated microglia. TREM2-TYROBP
signaling in microglia has been shown to be critical to the clearance of debris of central
nervous system lesions [11]. Therefore, based on findings from animal studies, it has been
suggested that TREM2-TYROBP functions to resolve inflammation-induced neuronal
damage [12,13] to activate phagocytosis of damaged cells [14], and is likely to be associated
with reduced severity of dementia. To our knowledge, no previous study has examined the
effect of R47H mutation on AD-associated lesion severity and TREM2-TYROBP signaling
in normal and pathological human brain tissue.

We have examined the relationship between the R47H TREM2 variant with AD in a large
postmortem cohort of neuropathologically confirmed cases with AD and controls, alterations
in gene and protein expression and severity of neuroinflammation and neuropathological
lesions. We hypothesized that the R47H TREM2 variant will be significantly associated with
AD, more severe AD-associated neuropathology (amyloid plaques and neurofibrillary
tangles) and alterations in TREM2 and TYROBP gene and protein expression levels, as well
as, markers of inflammatory response.

2. Methods

2.1. Brain tissue samples

Brain tissue specimens were derived from the Icahn School of Medicine at Mount Sinai and
the Alzheimer’s Disease Research Center Brain Bank. The precise tissue handling
procedures have been described in detail previously [15-18]. All antemortem
neuropsychological, diagnostic and autopsy protocols were approved by the Icahn School of
Medicine at Mount Sinai and other relevant Institutional Review Boards. Each sample has
been extensively characterized, based on clinical and neuropathological criteria in
diagnostically relevant [Consortium to Establish a Registry for Alzheimer’s Disease
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(CERAD) —defined] brain regions [19], including the: (i) clinical dementia rating (CDR)
[20,21]; (ii) neuritic plaques (NP) density; and (iii) distribution of neurofibrillary tangle
(NFT) pathology using Braak neuropathology staging [22]. CERAD criteria were used to
group cases into normal (CERAD-1), definite AD (CERAD-2), probable AD (CERAD-3) or
possible AD (CERAD-4). Non-AD-associated neuropathologic features of each brain, such
as cerebrovascular disease, were also accessed by CERAD criteria and protocols. For more
details see Methods in the Supplement.

2.2. Molecular analysis

DNA extraction and genotyping—Samples of DNA from the postmortem cohort were
extracted from the superior temporal gyrus using the Genomic DNA-Tissue MiniPrep kit
(Zymo Research, Irvine, California). TREM2 rs75932628 genotyping was performed blind
to phenotype measures with a competitive allele-specific PCR system (LGC Genomics,
Beverly, MA).

RNA extraction and real-time gPCR—TFor these analyses, 16 AD carriers of the
rs75932628-T allele (ADcqrriers) Were matched for age, sex, ethnicity, CDR (for AD cases
only) and PMI with non-carrier AD cases (ADnoncarriers) and controls (Supplement Table 1).
Total RNA was extracted from 50 mg of frozen tissue prepared from the superior temporal
gyrus (STG), as described in detail elsewhere [23-25]. Obtained cDNA was pre-amplified
(10 cycles) using TagMan PreAmp Master Mix (Life Technologies, Carlsbhad, CA) with the
set of pooled Tagman assays used in the analysis under the standard condition (Supplement
Table 2). The STG was selected as the region of interest as: (i) it demonstrated the most
significant increase in NP in TREM2 AD¢grriers cOmMpared to ADponcarriers (S€€ below); (ii) it
shows profound transcriptional vulnerability in gene expression microarray studies in AD
[15]; and (iii) there is abundant expression of TREM2 [26].

Western Blotting—Protein abundance was measured in the STG from ADcgrriers,
ADponcarriers and controls (n=9/group; total n=27) using Western blotting. ADponcarriers and
controls were matched for age, gender, ethnicity, CDR (for AD cases only) and PMI with
ADcarriers- Blots were incubated with antibodies: mouse anti-human TREM2 (clone 2B5;
1:1000 v/v dilution, Novus Biologicals; Littleton, CO), rabbit anti-human TYROBP
(TYROBP; 1:500 v/v dilution; Aviva System Biology, San Diego, CA). The specificity and
equal affinity for wt and mutant TREM2 immunostaining was validated and confirmed with
another TREM2 antibody (R&D Biosystems; Minneapolis, MN) that shows equal
recognition of mutant TREMZ2 [27] (Supplement Figure 1). Either rabbit anti-human TUBB
(1:20000 v/v dilution) or mouse anti-human TUBB (1:5000 v/v dilution) both from Novus
Biologicals (Littleton, CO) were used for normalization purpose in multiplex blotting.

Luminex Milliplex MAP immunoassays—Two protein panels of inflammatory
markers based on Luminex xMAP technology were used (Millipore, Billerica, MA) for
protein quantification in the STG. The first panel (Milliplex MAP human 21 plex cytokine/
chemokine panel) includes eotaxin, G-CSF, GM-CSF, IFN-alpha2, IFN-gamma, I1L-12(p40),
IL-12(p70) IL-15, IL-1RA, IL-1beta IL-4, IL-6, IL-7, IL-8, IP-10(CXCL10), MCP-1,
MIP-1beta, RANTES, TNFalpha, TNFbeta and VEGF. The second panel (human
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neurodegenerative panel 1) includes alpha 2 macroglobulin, ApoA1, ApoClIl, ApoE,
complement Factor H, complement C3 and prealbumin. IL1 beta, IL-12(p70), TNFalpha and
TNFbeta were excluded due to below threshold detection signal. For more details in the
molecular analysis methods see Methods in the Supplement.

2.3. Statistics

3. Results

Demographics data were compared among groups using Kruskal Wallis (continuous, non-
parametric variables), ANOVA (continuous, parametric variables) or chi-square (categorical
variables). Parameters for factor analysis using principal components extraction included
Eigenvalues > 1 and factor loadings > 0.5. Pearson correlations were performed to examine
the relation of potential confounds (age, gender, postmortem interval (PMI), RNA integrity
number (RIN) and batch) with the outcome variables (derived from the gPCR, WB or
Luminex assays). Parametric or non-parametric analysis of covariance was used for
comparison of the variables of interest among groups. Logistic regression was used to
compare the distribution of allelic and genotype frequency in case—control series. All
statistics were 2-tailed, and significance was set at p < 0.05. For multiple testing corrections
we applied false discovery rate [28] (FDR) at < 0.05. Statistics and graphics were performed
using the R package (Version 3.0.2). Genetic analysis was performed with Plink (Version
1.07) [29].

3.1. Association of the rs75932628-T allele with AD and CDR

The T allele of the rs75932628 conferred an increased risk of AD using cases with a
diagnosis of definite AD by CERAD criteria [19] (N=265) and controls (N=225) (odds ratio
[OR]: 4.76; 95% confidence interval [C1]: 1.37-16.54; P=0.014) (Table 1). Overall, 16 of
265 cases with AD (all with definitive AD) and 3 of 225 controls were carriers for the
rs75932628-T allele (Supplemental Table 3). The association of the rs75932628-T allele
with AD was further examined using controls defined by both clinical (clinical dementia
rating [20,21] (CDR)=0; no cognitive impairment) and neuropathological criteria. A higher,
nearly double, odds ratio was observed in cases with definitive AD (N=265) compared to
controls (N=139); (OR: 8.87; 95%Cl: 1.16-67.58; P=0.035), by applying more strict
diagnostic criteria. Interestingly, of the 3 neuropathologically unaffected controls carrying
the rs75932628-T allele, one had questionable cognitive impairment (CDR=0.5) and one
presented with severe dementia (CDR=3) (Supplemental Table 3). The third case was not
demented at the time of death. In the more strictly defined cohort (N=404 controls and AD
cases), a higher frequency of the rs75932628-T was observed (minor allele frequency
(MAF) = 2.10%). Rs75932628-T was found in 6.04% (16/265; MAF = 3.02%) of cases with
definitive AD and in 0.72% of the controls with CDR=0 (1/139; MAF = 0.36%). The
association became notably weaker when all cases (N=411; including CERAD defined
possible, probable and definite AD) and all controls (N=225), including those with
questionable and severe dementia, were included (OR: 3.00; 95%CI: 0.86-10.40; P=0.084).
Carriers of the rs75932628-T allele had higher CDR, which was not significant (P = 0.171).
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3.2. Association with ApoE &4 and rare APP mutation

As expected, the strong association of ApoE &4+ variant was replicated in the current cohort
(OR: 3.19; 95%Cl: 2.08-4.89; P=9.87x1078: Supplement Table 4). The effect of the ApoE
&4 allele was investigated on the association between the rs75932628-T allele with AD
(Supplement Table 5). The difference in the frequency of the rs75932628-T allele in ApoE
&4 carriers compared to ApoE &4 noncarriers was not statistically significant (p=0.586 in all
AD cases; p=0.816 in definitive AD cases). In a logistic regression model, the interaction
between the rs75932628 and ApoE &4 was not significant in any of the comparisons using
different criteria to define cases vs. controls (all Ps > 0.9). The same cohort was also
genotyped for a rare missense mutation (rs63750847) at the APP gene [30]. This variant was
not identified in any of our sample.

3.3. Association of the rs75932628-T allele with NP and NFT density

Fifty-four AD cases had secondary neuropathologies ranging from cerebrovascular disease
to meningioma (Supplement Table 6), but these neuropathology findings were not
significantly associated with the TREM2 allele (all Ps > 0.1). The association of rs75932628-
T allele with NP and NFT was examined with analysis of covariance using sex and age as
covariates in the whole cohort (N=655 subjects) (Figure 1; Supplement Table 7). Carriers of
rs75932628-T allele had increased NP density in all examined brain regions, with more
prominent changes in the orbital frontal cortex (P < 0.0001 at FDR = 0.002) and inferior
parietal cortex (P = 0.0001 at FDR = 0.001). Similarly, they had increased densities of
NFTs; this effect was significant after multiple testing corrections in the middle frontal
gyrus (P =0.0037 at FDR = 0.0149) and entorhinal cortex (P = 0.0161 at FDR = 0.0428).
We then examined whether TREM2 is associated with more severe neuropathological
lesions in AD¢gyries compared to ADponcarriers: ADcarriers had increased NP and NFT density
in all examined brain regions and this effect was significant for NP after multiple testing
corrections in the superior temporal gyrus (P = 0.0001 at FDR = 0.0029) (Supplement Table
8; Supplement Figure 2).

3.4. Association of the rs75932628-T allele with gene expression alterations

The association of rs75932628-T allele with gene expression was examined in STG with
analysis of covariance using sex, age, PMI and RIN as covariates. The ANCOVA revealed a
significant main effect of group for TREM2 [F(2,41) = 3.454; P = 0.041; n? = 0.144] and
TYROBP [F(2,41) = 5.767; P = 0.006; 12 = 0.220] gene expression. Bonferroni post hoc
analysis showed that ADcgyriers have higher TREM2 (P = 0.038) and TYROBP (P = 0.005)
gene expression compared to controls (Figure 2a).

3.5. Association of the rs75932628-T allele with alterations in protein abundance

The association of rs75932628-T allele with protein levels was examined with analysis of
covariance using sex, age and PMI as covariates. The ANCOVA revealed a significant main
effect of group for TREM2 [F(2,21) = 5.092; P = 0.016; n2 = 0.327] and TYROBP [F(2,21)
= 4.487; P = 0.024; 2 = 0.299] protein levels. Bonferroni post hoc analysis showed that
controls have higher TREM2 (P = 0.014) and lower TYROBP (P = 0.024) protein level
compared to ADcarriers and ADnoncarriers: fespectively (Figure 2b; Supplement Figure 3).
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3.6. Association of the rs75932628-T allele with alterations in inflammatory markers

To explore further the role of rs75932628 T allele in AD, we accessed a comprehensive
panel of 24 immune markers including markers for inflammation and neurodegeneration in
brain specimens from STG of controls, ADngncarriers @Nd ADcarriers (N1=14/group). Cases
were matched for age, sex, ethnicity, CDR and PMI. For the sake of data reduction and
variable classification we submitted the outcome variables to factor analysis using principal
components extraction. The Kaiser—Meyer—Olkin measure of sampling adequacy (0.503)
and Bartlett’s test of sphericity (x2 = 401.641, df =276, P < 0.0001) indicated that the data
were appropriate for factor analysis. A total of 24 variables were included in the analysis
and eight factors were extracted that accounted for 74.5% of the total variance (Supplement
Table 9). The association of rs75932628-T allele with each factor was examined with
analysis of covariance using sex, age and PMI as covariates. The ANCOVA revealed a
significant main effect of group for factor 4 [F(2,36) = 4.468; P = 0.018; 72 =0.199; FDR =
0.072] and factor 6 [F(2,36) = 7.002; P = 0.003; 772 = 0.281; FDR = 0.024]. Only the
association with factor 6 survived corrections for multiple testing (FDR < 0.05). Factor 6
conformed to a proinflammatory profile and included the markers RANTES and IFN-
gamma. Bonferroni post hoc analysis showed that both ADgriers (P = 0.002) and
ADqoncarriers (P = 0.019) have higher factor 6 values compared to controls (Supplement
Figure 4; Supplement Table 9). Factor 4 was consistent with a “protective” role and included
the markers a2 macroglobulin, IL-4 and ApoALl. Bonferroni post hoc analysis showed that
AD_arriers have decreased factor 4 values compared to controls (P = 0.017).

4. Discussion

The nonsynonymous R47H TREM2 variant was significantly more prevalent in autopsy
confirmed AD cases than in controls. TREM2 variant increases risk for AD independently of
ApoE &4 allele. Comparison with previously published studies using only clinical criteria for
the diagnosis of AD suggested that the estimated allele frequency and odds ratio of TREM2
variant increases, by as much as 2-3 fold, when the phenotype of studied cases is defined
using stringent neuropathological diagnostic criteria. This observation underscores the
strength and importance of diagnostic fidelity to reduce phenotypic heterogeneity in genetic
association studies.

The R47H variant is located within the extracellular immunoglobulin-like domain and recent
results support a significant effect on ligand binding affinity as well as structural
configuration of TREM2 [31], with possible subsequent signaling dysregulation. Here we
demonstrate that the R47H variant is associated with distinct signaling in cases with AD.
More specifically, R47H AD carriers demonstrate: (i) upregulation of TREM2 and TYROBP
gene expression; (ii) downregulation of TREM2 protein expression; and (iii) upregulation of
proinflammatory cytokines (RANTES and IFN-gamma) and downregulation of protective
markers (a2 macroglobulin, IL-4 and ApoAl).

Our findings are consistent with previous findings of increased TREM2 and TYROBP gene
expression in AD [8,32]. Interestingly, increased TREM2 and TYROBP expression in AD
appears to be R47H “dose dependent” since AD non-R47H-carriers demonstrate
intermediate changes in TREM2 and TYROBP gene expression and TREM2 protein levels.
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These results indicate that the TREM2 risk variant leads to further decompensation of
molecular markers that are abnormal in AD. On the other hand, TYROBP protein increases
only in AD R47H non-carriers. A speculative, albeit parsimonious, interpretation could be
that TYROBP gene and protein upregulation represents a compensatory mechanism in AD,
which is absent in AD R47H non-carriers. Compelling evidence from genome-wide
microarray and animal models studies suggest that the immune/inflammatory—associated
pathways of the brain occupy a central role not only in cognitive impairment in AD
dementia [8,32—34], but also in protection and preservation of cognitive function [32,35].
Thus, the association of the TREM2 missense mutation with more severe neuropathology
and increased inflammation may mark a signaling pathway/network central to the etiology
of AD.

While ~40% of the variation in protein concentration can be explained by mRNA
abundances additional mechanisms, some acting through miRNAS, such as post-
transcriptional, translational and regulation of degradation and stability fine-tune protein
abundances [36]. In our study, we did not explore any of the above mechanisms. Therefore,
the mechanism that underlies the discrepancy between TREM2 mRNA and protein
expression is unclear. Interestingly, a recent study provided evidence that the protein
abundance of R47H TREM2 mutant is expressed at lower rates, suggesting that this variant
prevents TREM2 maturation, transport to the cell surface, and shedding [27]. Based on the
above we can speculate that carriers of the TREM2 mutation present lower protein
abundance due to increased immature/mature TREM2 ratio and increased TREM2
degradation with parallel compensatory increased mRNA gene expression.

In macrophages, TREM2 has an anti-inflammatory function. More specifically, it inhibits
toll-like receptor (TLR) mediated maturation of dendritic cells, as well as proliferation of
antigen-specific T-cells [37-39]. Reduction of TREM2 expression enhances inflammatory
cytokine responses by macrophages following stimulation of TLR [40]. In the central
nervous system, TREM2 is primarily expressed on microglia [41]. The protective vs
damaging roles of microglia in AD continues to be debated: activation of microglia may
lead to removal of amyloid and cell debris or promote synaptic remodeling [42]; on the other
hand, activated microglia can release proinflammatory cytokines and induces
neuroinflammation, potentially leading to neurotoxicity [43]. TREM2 expression correlates
positively with amyloid phagocytosis by microglia in a transgenic APP animal model [44].
In the same study, TREM2 was also positively correlated with the ability of microglia to
stimulate the proliferation of CD4+ T cells, without secretion of IFN-gamma, which
suggested that TREM2-positive microglia is involved in activation of innate immune
response [44]. Reduced or increased phagocytosis of apoptotic neurons is observed with
silencing or overexpression of TREM2 in microglia, respectively [11]. Therefore, consistent
with the present findings, it has been suggested that that TREM2 has a protective role in the
pathogenesis of AD and perhaps other neurodegenerative disorders [45-47].

Examination of multiple markers of inflammation and neurodegeneration in the current
study identified upregulation of proinflammatory mediators (RANTES and IFNgamma) in
AD. The effect was more pronounced in ADcgrriers: The directionality of expression of
selective immune-related markers is suggestive of ongoing activation of inflammatory
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signaling, and along with other reports in the literature, inflammatory markers indicative of
chronic activation of immune responses in AD which becomes exaggerated in R47H
missense carriers. Typically, inflammation is an adaptive response to infection or to tissue
injury with its eventual resolution once homeostasis is re-established. Chronic inflammation,
on the other hand, seems to be associated with tissue malfunction rather than to host defense
or tissue repair [48]. The current findings suggest that TREM2-TYROBP complexes play a
role in AD-associated chronic inflammation and encourage the exploration of their roles in
mediating neuro-glial interactions.

Consistent with the possible protective role of TREM2 in AD, the TREM2 variant was
associated with increased NP and NFT density across all samples or within the AD group.
This association might be due to compromised TREM2-mediated phagocytic activity of
microglia to remove cellular debris and toxic agents, as shown in in vitro and in a transgenic
APP animal model [44,49]. Our finding of TREM2 variant association with increased
densities of NFTs validates in neuropathologically well-characterized specimens recent
genetic findings, where TREM2 variants showed strong association with the levels of
cerebrospinal fluid tau and tau phosphorylated at threonine 181 [50].

In conclusion, the results presented indicate that the TREM2 variant is found more
frequently when case and control definitions are based on stringent cognitive compromise
and neuropathological diagnostic criteria. While TREM2-TYROBP signaling is
compromised in AD, carriers of the missense mutation present an even more prominent
dysregulation of TREM2-TYROBP gene/protein expression which is associated with
increased inflammation and more severe neuropathology, including increased densities of
amyloid plaques and neurofibrillary tangles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in Context

1. Systematic review: We have evaluated the literature on the association of
TREM2 with AD. We identified multiple reports, including two independent
studies published at New England Journal of Medicine (Guerreiro et al 2013 and
Jonsson et al 2013) implicating R47H TREM2 variant as risk factor for AD.

2. Interpretation: We genotyped the R47H TREM2 markers in a large postmortem
cohort of neuropathologically confirmed cases and controls and performed
association analyses for disease status and neuropathological lesions (amyloid
plaques and neurofibrillary tangles). For 16 AD cases that were carriers for the
risk allele, we also examined changes in TREM2 and TYROBP gene and protein
expression and neuroinflammatory markers. Our findings clearly support the
association of TREM2 variant with AD pathology and specific molecular
abnormalities.

3. Future directions: Additional mechanistic studies in animal models are required
to characterize the molecular mechanisms that are responsible for this
association.
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Figure 1.
Association of the rs75932628-T Variant with NP and NFT. Bars show the standard error of

the mean. Abbreviations: neuritic plaques (NP); neurofibrillary tangle (NFT); middle frontal
gyrus (MFG; Brodmann area 9), orbital frontal cortex (OFG; Brodmann area 45/47),
superior temporal gyrus (STG; Brodmann area 21/22), inferior parietal cortex (IPL;
Brodmann area 39) and calcarine cortex (CC; Brodmann area 17); hippocampus (HIPP);
entorhinal cortex (EC; Brodmann area 28/34); amygdala (AMYG). * P < 0.05; ** P < 0.005;
*** P < 0.0005 and FDR < 0.05.
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Figure 2.
(a) Gene expression and (b) protein level differences among controls, ADngncarriers and

ADcarriers for TREM2 and TYROBP in the superior temporal gyrus. Bars show the standard
error of the mean. * P < 0.05; ** P < 0.005.
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