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Abstract.

The R47H variant in the microglial TREM2 receptor is a strong risk factor for Alzheimer's
disease (AD). Loss-of-function mutations in TREM?2 or its adaptor TYROBP cause polycystic
lipomembranous osteodysplasia with sclerosing |eukoencephalopathy, a systemic disease with
early onset dementia. To characterize processes affected by the R47H we performed integrative
network analysis of genes expressed in brains of AD patients with TREM2 R47H and sporadic
AD without the TREM2 variant. In AD patients with TREM2 R47H we identified upregulation
of interferon type | response and pro-inflammatory pathways, accompanied by induction of
NKG2D stress ligands. In contrast, sporadic AD brains had few perturbed microglia and
immune genes. In a human myeloid cell line, THPL, overexpression of normal TREM?2 or its
knockout revealed a profound effect of TREM2 dosage on gene networks. The effect of TREM 2
R47H was complex, consistent with a partial loss of activity in conjunction with some dominant
effect on pathways related to vasculature and angiogenesis. Changing the dosage of normal
TREM2 in THP1 cells affected the IFN type 1 response signature, however, overexpression of
TREM2 R47H was not sufficient to stimulate this pathway. We conclude that TREM?2 is
involved in control of the IFN type | response in myeloid cells and that its activation in TREM 2
R47H AD brains is likely due to a reduced dosage of the normal TREM2 allele. Our findings
indicate existence of a microglia-driven AD subtype caused by malfunction of TREM2 and
possibly other genes of its network that is distinguished by gene expression phenotype.
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I ntroduction

A proactive role of brain immune cells, microglia, in the pathogenesis of Alzheimer’s disease
(AD) gained recognition after discovery of pathogenic variants in the Triggering Receptor
Expressed on Myeloid Cells 2 (TREM2) gene that is only expressed on immune cells of myeloid
origin. Further support came from large-scale GWAS that identified multiple additional immune
risk factors (OR 0.9-1.15, (1). Many of these immune molecules have either microglia-specific
expression (e.g., CD33, the MHAAs, INPP5D, SPI1) or are enriched in microglia (e.g., ABCA7,
CR1, CLU). Of al microglial genetic AD risk factors, TREM2 variants confer the highest risk of
disease development, especially the R47H variant that confers arisk similar to APOEe4 (OR 4.5-
2.6, (2, 3)). Of note, pathogenic TREM2 variants are linked to other neurodegenerative diseases,
suggesting involvement of TREM2 in shared pathogenic mechanisms. Loss-of-function
mutations in the TREM2 receptor or its adaptor, TYROBP, cause polycystic lipomembranous
osteodysplasia with sclerosing leukoencephalopathy (PLOSL; OMIM # 221770), a recessive

systemic disorder that presents with early onset dementia (4) or familial frontotempora dementia

(5).

TREM2 is involved in multiple aspects of myeloid cell function and interaction with other cell
types. In microglia, it regulates cell chemotaxis (6), enhances phagocytosis (7, 8) and influences
microglia survival, proliferation and differentiation (9). A complexity of TREM2 functioning is
revealed in cell/tissue content dependent responses to stimuli of different nature, as well as their
timing. For instance, whereas isolated TREM2-deficient cells increased production of pro-
inflammatory moleculesin vitro (7, 10), studies of intact tissues demonstrated that both pro- and
anti-inflammatory roles of TREMZ2 in brain immunity are dependent on timing after stimulation
(11), stage of pathology (12) and genetic background (13). In addition, a soluble form of
TREMZ2, a product of cleavage or aternative splicing, may have a separate function as an
extracellular signaling molecule that promotes cell survival (14, 15). Although bona fide TREM2
ligands are yet to be identified, in vitro it binds ApoE and ApoJCLU, known AD risk factors of
lipoprotein nature (16-18). Also, TREM2 binds amyloid beta peptide activating microglia
cytokine production and degradation of internalized peptide (8).
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Recently, by exome sequencing of families affected with late onset AD we identified multiple
carriers of the TREM2 R47H variant (19). AD patients with this variant (TREM2 R47H AD)
demonstrated a shortened course of disease, pronounced synucleinopathy, changed microglial
morphology and decreased level of the microglial marker Ibal, suggesting that compromised
TREM?2 signaling has a strong effect on microglia function in the disease. Herein, we performed
RNA expression profiling of brain tissues from subjects with TREM2 R47H AD, sporadic AD
(sAD) and normal aged-matched controls to assess the effect of R47H variant on brain immune
gene networks. In parallel, we evaluated the effect of TREM 2 knockout versus overexpression of
either the wildtype protein or one with a pathogenic variant in a human myeloid cell line with
active TREM2 signaling.

Results

RNA-seq reveals upregulated immune signatures in the brain transcriptome of TREM2 R47H
carriers.

We chose hippocampus for RNA expression analysis because this area had the most pronounced
changes in microglial markers in our study of brains of R47H carriers (19). To identify gene
expression changes associated with the R47H variant, we performed RNA-seq of total RNA
isolated from flash frozen tissues of two TREM2 R47H carriers and three normal age-matched
controls. To identify affected pathways and functions we used Gene Set Analysis (GSA) that
detects coordinated changes in the expression of multiple functionally related genes (20). Table 1
shows the top 1% of differentially regulated gene setsin brains of TREM2 R47H carriers (23 of
2076 sets). Of the 16 most upregulated sets 10 belonged to immune process/function, such as
cytokine metabolism (5 sets, 71 genes), antiviral response/ TRAF6-mediated IRF7 activation (1
set, 30 genes) and immune response (4 sets, 61 genes). The second most upregulated group
consisted of four signatures related to cell cycle/mitosis. Seven most down-regulated sets were
related to ion and amino acid transport, endocytosis, glutamine metabolism and synaptic

transmission (Table 1).

To distinguish whether the upregulation of immune genes was a characteristic of AD pathology
(effect of disease) or due to abnormal function of the TREM2 immune receptor (effect of
mutation) we performed GSA analysis on sporadic AD (SAD) data from the Blalock study
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(GDS810, (21)). This dataset has been used in several meta-analyses of differential gene
expression in AD (22-25). The study compared hippocampi of the non-demented control group
(N=9) with three progressive stages of AD: “incipient” (N=7), “moderate’ (N=8) and “severe”
(N=7). The TREM2 R47H and sAD groups shared a number of downregulated sets (Table 1),
and their enrichment scores increased with disease progression. Notably, immune sets
upregulated in the TREM2 R47H group were not enriched in SAD. We assembled a custom 156
gene set (“all immune’) that included genes from the top up-regulated immune sets. GSEA, that
uses different statistics, confirmed that the “al immune’ signature retained high TREM2

mutation-specific enrichment scores and was not enriched in sSAD (Figure 1).

Nanostring profiling reveals perturbed immune, microglial and AD-related genes in TREM2
R47H AD and few alterationsin sAD

We aimed to confirm the immune gene upregulation in brains of TREM2 R47H carriers by an
independent method on a larger set of samples. To this end, we used Nanosting nCounter, a mid-
throughput nucleic acid hybridization-based platform especialy suitable for RNA expression
analysis of degraded RNA from FFPE material. We chose a predesigned PanCancer Immune
panel (770 genes) that contained the main human immunity-related pathways. We complemented
this panel with a custom set of 30 neurodegeneration and microglia-related genes. AD patients
with R47H (TREM2 R47H AD, N=8) were compared with sSAD (N=15) and normal aged
controls (N=17, Table S1). As an AD-unrelated neurodegenerative condition, we included XPDS
(N=2), a monogenic disorder, X-linked Parkinsonism with Spagticity, caused by pathogenic
variants in the ATP6AP2 gene ((26), OMIM# 300911). Previous studies found high concordance
of RNA expression in frozen and FFPE material obtained by Nanostring nCounter (27), and we
confirmed it for our samples and experimental settings. RNA isolated from flash frozen or FFPE
tissue of the same individual showed high Pearson correlation of gene expression (r* = 0.84). Of
800 genes on the panel, 551 had a detectable expression in FFPE samples and 493 of these were
included in our analysis (see Materials and Methods).

The TREM2 R47H AD group had the largest number of differentially expressed genes (104 vs
20 in sAD, FDR<O0.1, Figure 2A, B). 75% of differentially expressed genes in sAD (15 of 20)
were shared with TREM2 R47H AD (Figure 2D). No upregulation of immune genes was
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observed in XPDS brains. We previoudly reported that XPDS in the family included herein is
caused by a splicing mutation in ATP6AP2 that results in skipping of its exon 4 (26). As
expected, the XPDS group showed a highly upregulated e3-e5 ATP6AP2 splice-isoform (Figure
2D).

In the brain, TREM2 expression is confined to microglia, so we assessed changes within the
microglia-specific transcriptome. We took advantage of a recently identified human microglia
signature, 880 genes expressed at least 10-fold higher in microglia than in other brain cell
populations (28). Of 8380 microglia-specific genes (MG), 156 were present and 134 had
measurable expression on the Nanostring pandl. MG expression was most perturbed in TREM2
R47H AD and much lessin sAD (Figure 2E).

To assess the impact of TREM2-related microglial pathology on known AD genes and risk
factors we compared their expression across the two AD groups. Six of 16 AD genes/factors
were perturbed in TREM2 R47H AD compared to onein SAD (INPP5D, FDR < 0.1) (Figure 3).
The gene encoding complement receptor 1 (CR1) was the most highly upregulated. TREM2
itself was up-regulated. Notably, PSEN2 and APP were downregulated in TREM2 R47H AD

brain.

Pro-inflammatory immune networks and pathways are activated in TREM2 R47H AD brains

Ingenuity Pathway Analysis (IPA) of differentially expressed genes identified 14 significantly
perturbed pathways in TREM2 R47H AD driven by 53 genes. The top TREM2 R47H AD
specific pathways comprised “WNT/Ca’™ Signaling”, “Role of RIG1-like Receptors in Antiviral
Innate Immunity”, “Inflammasome Pathway” and “Neuroinflammation Signaling Pathway”
(Table S2). Metascape analysis of protein-protein interaction (PPI) network revealed enriched
GO terms corresponding to regulation of cytokine production and I-kappaB kinase/NF-kappaB
signaling and identified three functional modules corresponding to type | interferon response,
ligand-receptor interaction, and a module formed by PSEN2 and mediators of apoptosis (Figure
S1). IPA of differentially expressed genes in SAD produced a heterogeneous group of
overrepresented pathways driven almost exclusively by the TNF receptor superfamily members
(TNFRSF11b and TNFRSF1A) and the NF-kB complex and its regulators (Table S2). These
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genes are known to have multifaceted roles in signal transduction in cells of immune and non-
immune origin. Because they are also upregulated in TREM2 R47H AD they are likely to reflect

perturbation common to the AD disease state.

We aso identified 44 microglia-specific and microglia-enriched genes among 104 differentially
expressed genes of TREM2 R47H AD (28, 29). Protein-protein association network analysis
revealed a highly interconnected network of microglial genes involved in cytokine production,

innate immune response, myeloid cell differentiation and regulation of locomotion (Figure S2).

TREM2 R4A7H AD brain manifests activation of interferon type | response and “ induced-self”
NKG2D ligands

The activated antiviral interferon type | (IFN 1) response was one of the top immune signatures
initially identified in the RNA-seq analysis of the TREM2 R47H brains and subsequently
confirmed by Nanostring profiling of a larger set of samples (Table 1, Figure 4 A, B). We also
identified additional upregulated genes known to act in the antiviral response (RNF135/Riplet,
TLRY, TLR4, MFGE8 and BST2/tetherin) that were not part of the canonical IFN | response
signature. It is well established that during IFN | response multiple downstream interferon
stimulated genes (ISG) are upregulated. We therefore queried a database of 1SG
(INTERFEROME, (30) and found that differentially expressed genes in TREM2 R47H AD,
were |SG enriched (hypergeometric test p-value is 0.03). Consequently, the activation of the IFN
| response in the microglia expressing TREM2 R47H may in part explain a large number of
upregulated genes seen in the TREM2 R47H AD brain. Of note, not all genes upregulated in the
classical IFN | response to vira infection were perturbed in TREM2 R47H AD. For instance,
expression of STATL, STAT2, TAPL, CD38, ISG15, IFIT1, IFIT2, 1SG20, and CD164 was not
changed.

Prolonged stimulation of IFN | response causes cellular stress and cytotoxicity (31). In TREM2
R47H AD brains, we observed upregulation of several MHC class I-like NKG2D ligands
(MICB, MICA and ULBP2, Figure 4C). These molecules are known as “induced self” because
their expression on the cell surface is induced by diverse stress agents, such as viruses, heat
shock or oxidative damage. In the brain, MICB is expressed primarily by the microglia (28), and
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it isthe most significantly upregulated genein TREM2 R47H AD (Figure 2A). Because multiple
pro-inflammatory mediators are upregulated in TREM2 R47H AD brain, we tested whether pro-
inflammatory stimulation in vitro would upregulate MICB expression in microglia-like myeloid
cells. Pro-inflammatory simulation with a combination of LPS and IFNy upregulated MICB
MRNA expression in all tested cell lines, whereas stimulation with type 2 cytokines IL-4 or IL-
10 had no effect (Figure S3).

The effect of TREM2 R47H on THP1 transcriptome reveals partial inactivity of the variant.

To evaluate the effect of R47H TREM?2 expression on gene networks of a human myeloid cell
we used the THP1 line. THPL cells share many properties of cultured primary human microglia
(32), and they express TREM2-TY ROBP receptor at a high level. We generated derivatives with
doxycycline-inducible WT TREM2, R47H TREM2 or GFP, as well as CRISPR/Cas9 TREM2
knockouts and analyzed them by mRNA-Seq. The knockout produced the largest number of
perturbed genes (1,799) pointing to a profound effect of abrogated TREM2 signaling on gene
networks in THP1 (Figure 5A). In overexpression experiments (OE), doxycycline induction
increased TREM2 level by 17-fold for WT and 13-fold for R47H TREM2 (not shown).
Surprisingly, OE WT altered 675 genes while OE R47H altered only 136 genes. The 5-fold
difference in anumber of perturbed genesis most consistent with a partial loss of TREM2 R47H
activity. Accordingly, pathway analysis of DE genes identified a cluster of eight GO groups
enriched in OE WT and TREM2 KO, but unaffected in OE R47H (Figure 5B). GO:0043062
(“extracellular structure organization”) and GO:0072358 (“cardiovascular system development”)
were the most enriched GO groups in OE R47H. Of them, GO:0043062 was also among the top
enriched groups in OE WT, while GO:0072358 was highly enriched in TREM2 KO. The latter
suggests that in addition to partial loss of activity, R47H may acquire some negative function
that is related to vasculature and angiogenesis. Interestingly, APOE, a proposed TREM2 ligand,
was upregulated upon all TREM2 perturbations (Figure $4).

We also queried RNA-Seq data for expression changes in the set of 28 biomarkers of IFN type |
antiviral response upon knockout or overexpression of TREM2 in THP1. TREM2 KO
demonstrated the largest number of up-regulated genes (N=13) followed by the OE WT (N=8),
surprisingly, OE R47H did not result in the upregulation of the IFN gene signature (Table S3).
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Discussion

Pathogenic TREM2 variants of different effect are found in several neurodegenerative diseases.
In PLOSL, homozygous inactivating mutations include premature stop codons (33, 34), splice
site mutations (35, 36) and missense mutations D134G, K186N (4), Y38C, T66M, and V126G
(37),(38),(5). Heterozygous missense variants of dominant effect associated with AD include
R47H and R62H. Whereas missense mutations in PLOSL affect protein folding and stability
decreasing TREM 2 surface expression, AD-linked mutations alter the ligand-binding interface of
TREM2 (39). Analysis of TREM2 R47H function in microglial cells showed weakened
phagocytosis and changes in binding affinity to phospholipids (40) consistent with atered
function not compensated by the normal allele. A recent morphometric analysis of the mouse
model of AD found that animals completely or partialy deficient for TREM2 alleles had
microglia with reduced ability to envelop amyloid deposits and an increased axonal dystrophy
(41). A similar phenotype was also observed in TREM2 R47H AD patients (41).

Studies of the R47H mutation in the murine Trem2 found phenotypes suggesting complete loss
of function (42, 43). The variant activated a cryptic splice site in the mouse gene that reduced the
levels of the correct transcript and TREM2 protein. However, the effect of R47H on TREM2
splicing does not occur in humans (44), so phenotypes reported in Trem2 R47H knock-in mice
may not be relevant to the human pathology. The results of the most recent mouse study with the
humanized TREM2 are consistent with partial loss of function (45). It was found that R47H
impaired amyloid-p-induced microgliosis and microglial activation and abrogated soluble
TREM?2 hinding to neurons and plaques, but did not alter receptor shedding. Indeed, if R47H
merely inactivates the TREM?2 allele, then heterozygous carriers of loss-of-function TREM2
variants in PLOSL families should have increased AD susceptibility. To date, pedigrees with
nine distinct TREM2-inactivating variants have been described across the world (46), and a
study of AD burden in heterozygous mutation carriers in these PLOSL families would be
required test this hypothesis. Of several homozygous R47H individuals reported in Iceland none
manifested a PLOSL-like early onset form of dementia, indicating that the variant protein has
retained essential function (2). In addition, neuropathological examination of R47H carriers did
not reveal any of PLOSL -like features (19).
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Our findings that numerous immune genes/pathways are altered in TREM2 R47H AD brains
may be explained by partial loss of TREM2 activity, as well as by gain of pathologic function
that occurs in conjunction with decreased dosage of the normal TREM?2 aléde. To test whether
TREM2 R47H has a dominant stimulatory effect on immune pathways we overexpressed it in
THP1, amyeloid cell line with a high level of endogenous TREM2. Inflammatory response and
myeloid cell signaling pathways affected by an increased level of normal TREM2 highlights
active TREM2 signaling in these cdlls (Figure 5). Comparison of gene networks affected by the
gene knockout or overexpression of TREM2 variants reveal a complex effect of R47H on the
function of the receptor. Eight of 20 top enriched pathways for OE WT were unaffected by OE
R47H indicating functional deficiency of the mutant. At the same time, OE R47H shared a
characteristic pathway only with the KO, suggesting some dominant negative effect related to
vascular integrity/angiogenesis. Recent co-expression network analysis in the TREM2 knockout
mouse uncovered an unexpected role of TREM2 in homeostasis of brain endothelium (47).

Analysis of the IFN type 1 response signature in THP1 confirmed the effect of changed TREM2
dosage on this pathway (Table S6). Surprisingly, TREM2 R47H expression per se was not
sufficient to induce the IFN type 1 response. Hence, haploinsufficiency for the normal alleein
TREM2 R47H heterozygotes is a plausible explanation for the observed activation of IFN type |
response in their brains. We cannot rule out the possibility that the effect of R47H on IFN type |

response is amplified via microglia interaction with other cell types.

The IFN | response is an important line of defense against viruses. It senses presence of viral
nucleic acids inside the cell and activates a cascade of immune responses that restrict viral
propagation and eliminate infected cells. In the absence of viral infection, unchecked IFN |
response is harmful, being a cause of Aicardi-Goutiéres syndrome (AGS), a group of monogenic
interferonopathies that affect the CNS (48). Mutations causing AGS occur in sensors of viral
nucleic acids and in certain DNA/RNA metabolic enzymes. A common RNA expression
phenotype, “IFN | response signature’, features upregulation of interferon-stimulated genes in
AGS patients. This IFN | response signature is al'so a characteristic of brain aging, expressed by
microglia of choroid plexus in mice and humans (49). In the aged mouse, a chronic IFN |
response negatively affects brain function, and it is ameliorated by drugs that block IFN |
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signaling. We speculate that a chronically activated IFN | response in R47H carriers triggers
premature aging of microglia and contributes to its transition from the homeostatic to disease-
associated state.

In our study, expression of several AD-associated genes was atered in TREM2 R47H AD
indicating a profound effect of TREM2 dysfunction on the AD genes of microglia-specific
(TREMZ2, INPP5D) and non-MG origin (CR1, CLU/APQOJ, PSEN2). CR1 encodes a complement
receptor with functions in phagocytosis, clearance of immune complexes and inhibition of
complement (50). CLU/APQOJ encodes an apolipoprotein that is predominantly expressed by
astrocytes. Besides its roles in protein folding and lipid metabolism, it may function as an
inhibitor of the terminal complement complex (51, 52). CLU is a potential TREM2 ligand (16),
and in brains of AD patients there is regional increase in its level that correlates positively with
amyloid plague burden and APOEe4 genotype (53). INPPSD/SHIP1 encodes an inositol
polyphosphate-5-phosphatase that regulates immune signaling in lymphocytes and myeloid cells,
including microglia and osteoclasts, and controls cell proliferation, survival and chemotaxis (54).
INPP5D negatively regulates PI3K-AKT signaling by at least two mechanisms. 1) it
dephosphorylates phosphatidylinositol-3,4,5-triphosphate (PIP3), a substrate phosphorylated by
PI3K, thus antagonizing PI3K action; 2) INPP5D binds directly to the phosphorylated ITAM
motif of activated TYROBP, working as a switch that prevents PI3K interaction with the
TREM2-TY ROBP receptor (55). INPP5D was identified as an AD risk factor in GWAS screens
(56). The AD-associated allele increases INPPSD gene expression in whole blood (57) indicating
that its level may be a biomarker for AD susceptibility. In brain, INPPSD expression is
microglia-specific (28) and its level is increased in AD patients (58). INPP5D also forms a
complex with CD2AP, another AD risk factor (59).

PSENZ2 was part of a perturbed module that also included CASP1 and CASP3 and several other
apoptotic molecules (the MCODE_3”, Figure S1). In humans, PSEN2 is predominantly
expressed by neurons, astrocytes and endothelium and less by microglia (60), making it unlikely
that the PSEN2 perturbation observed in TREM2 R47H AD brain is of microglial origin. At
present, it is unclear how microglia-expressed R47H TREM2 may cause PSEN2 downregulation

in neurons. A recent study of soluble forms of human TREM2 receptor in the mouse AD model
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offers a clue about the possible mechanism of such an interaction. While normal soluble TREM2
readily bound neurons, the mutant R47H was unable to bind them (45). It will be of interest to
establish whether soluble TREM2 R47H itself or other molecules secreted by TREM2 R47H

microglia exert deleterious effects on neurons.

In summary, our findings support a hypothesis that carriers of R47H TREM2, and likely of other
AD-associated missense TREM2 variants, comprise a distinct subtype of AD, in which an
activated immune response exacerbates the neurodegenerative process. Screening of individual
AD transcriptomes for presence of immune/microglial signatures may delineate the contribution
of known immune risk factors and facilitate discovery of novel AD biomarkers. Because brain
microglia share expression of multiple immune molecules with osteoclasts and macrophages of
the periphery, these accessible cell types can be interrogated Alternatively, microglia-like cells
can be obtained by differentiating induced pluripotent stem cells generated from patients. Also,
expression of numerous soluble cytokines and chemokines characteristic of TREM2 R47H AD
can be measured in the CSF of patients and used for development of diagnostics of microglia-

driven neuropathologies.
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Materialsand Methods
Subjects
Familial AD and frontotemporal dementia (FTD) patients with R47H. Through the University of

Washington (UW) Alzheimer’s Disease Research Center, we acquired brain autopsy material of
nine TREM2 R47H carriers from four unrelated families affected with AD or FTD (Table S1).
Flash-frozen brain tissues from two R47H carriers were used for RNA-seq analyses. One subject
had an AD diagnosis confirmed by neuropathology and another had no AD pathology. RNA
isolated from formalin-fixed, paraffin-embedded (FFPE) sections of eight R47H carriers with
AD were used for gene expression by Nanostring nCounter.

Sporadic AD and controls. Frozen and fixed autopsy tissues from neuropathologically confirmed

AD cases and aged non-demented controls were obtained from the UW Neuropathology Core
Brain Bank (Table 1S). Under protocols approved by the Institutional Review Boards of the UW
al subjects had previously given informed consent to share and study autopsy material. The
average age of subjects in case/control groups was 75.8 years and the average postmortem
interval was 10.901hr.

Cell culture and cytokine stimulation

A human microglia cell line, HMC3, and human myeloid cell lines THP1, U937 and MOLM13
were obtained from the ATCC. Cdls were cultured in DMEM (HMC3) or RPMI (the others)
supplemented with 10% fetal bovine serum. Pro-inflammatory stimulation with LPS (Sigma,
#055:B5, 0.5 ug/ml) and IFNy (PeproTech, #300-02 150U/ml) was performed for 24 hrs.
Stimulations with IL-4 (PeproTech, #200-04, 20 ng/ml) or IL-10 (PeproTech, #200-10, 20
ng/ml) were similarly performed for 24 hrs. Total RNA from harvested cells was isolated with
RNAeasy kit (Qiagen), and cDNA was synthesized with SuperScript Il kit (Invitrogen,
#18080051). The following TagMan Gene Expression Assays (ThermoFisher, #4331182) were
used for gRT-PCR: MICB: Hs00792952 m1, and controls: GUSB: Hs00939627 m1 and TBP:
Hs00427620-m1. Assays were performed on StepOnePlus real time PCR machine and analyzed
with StepOne software (Applied Biosystems).

Antibodies and immunostaining
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Live cells were immunostained with fluorescent polyclonal antibodiesto TREM2 (R&D Systems
#MAB17291) and analyzed by FACS. For western blotting, 50 pug of whole cell lysates were
resolved on polyacrylamide gd, transferred to PVDF membrane and stained with polyclonal
TREM?2 antibodies (Cell Signaling Technology, #91068) at 1:1000 dilution.

TREM2 overexpresson

Human TREM2 (NM_018965.3), with R47 (wt) or R47H, were sub-cloned in doxycycline-
inducible lentiviralk pCW57-MCS1-2A-MCS2 vector (Addgene, #71782). THP1 cells were
infected with lentiviral particles expressing either of wild-type TREM2, R47H TREM2 or GFP
proteins (Addgene; pCW57-GFP-2A-MCS, #71783). After 2-weeks of puromycin selection,
resistant cells were induced with doxycycline (500 ng/ml) and tested for TREM2 and GFP
expression by gRT-PCR and by FACS analyses.

Genome editing of TREM2 with CRISPR/Cas9

A THP1 derivative that stably expresses Cas9 (THP1-CAS9) was generated using a lentiviral
construct (Addgene, lentiCas9-Blast, #52962) after blasticidine selection. sgRNA for targeting
TREM2 were selected using the online CRISPR design tool (crispr.mit.edu) (61). THP1-CAS9
cells were nucleofected with sgRNA using a protocol recommended for THP1 (Lonza, Amaxa
4D Nucleofector, Protocol #292). Genomic cleavage detection nuclease assay was performed to
determine cutting efficiency for each guide (ThermoFisher, GeneArt Genomic Cleavage
Detection Kit, #A24372). Based on % indel efficiency, sgRNA within exon 2 (sense:
ACTGGTAGAGACCCGCATCA) was chosen for subsequent experiments. Gene targeting
followed by immunostaining and enrichment of TREM2-dim cells on the cell sorter was
performed twice. Colonies grown from single sorted cells were sequenced; clones with frame-
shifting indel mutations inactivating all four TREM2 alleles were tested for absence of protein by
Western blotting.

Gene expression analyses
Whole transcriptome RNA-seg of brain tissues. Total RNA was isolated from flash-frozen brain

tissues, and ribosomal RNA was depleted using the Ribo Zero Gold Magnetic system
(Epicentre/lllumina, San Diego, CA). RNA-seq libraries were prepared with the ScriptSeq v2 kit
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(Epicentre) and subjected to paired-end sequencing (2 x 100 bp) on an Illumina HiSeq 2500
instrument. A mean read number of 6x10’ was generated per sample. The following data analysis
tools were used: FastQC 0.9.6 for visualizing read QC
https:.//www.bi oi nformati cs.babraham.ac.uk/proj ects/fastqc; Bowtie 221
https.//sourceforge.net/proj ects/bowti e-bi offiles/bowtie2/2.2.1/ and TopHat 20.11
https:.//ccb.jhu.edu/software/tophat/index.shtml for read alignment and splice site discovery;
Cufflinks 2.1.1 http://cole-trapnell-lab.qgithub.io/cufflinks/releases/v2.1.1/ for transcript assembly
and quantification; MISO 0.5.2 https.//sbarid.org/software/titles/miso for quantitating isoform

expression levels, cummeRbund 2.0.0 http://compbio.mit.edu/cummeRbund and IGV 2.3.14

http://software.broadi nstitute.org/software/igv/download for data visualization.

MRNA-seq of modified THP1 cells. The RNeasy Mini Kit (Qiagen, #74104) was used to isolate
total RNA from the following cell lines: THP1-CAS9, THP1 TREM2 KO line 1, THP1 TREM2
KO line2, induced THP1-GFP, induced THP1-TREM2 WT, induced THP1-TREM2 R47H,
using 3 biological replicates per each cdl line. MRNA-seq analysis was performed by Novogene
(250-300 bp insert cDNA libraries were generated from 2 ug of RNA using the NEBNext Ultra
Directional RNA library prep kit for Illumina, paired-end 150 bp sequencing was performed

using Illumina HiSeq platfform. A mean read number of 5.7x10" was generated per sample.
Filtered reads were aligned to the most recent version of human genome using STAR software
(62), differential expression analysis was performed using the DESeg2 R package with the
threshold of padj<0.05.

Gene expression analysis by nCounter system (NanoString Technologies). Total RNA was

isolated from FFPE samples. For each sample, four 10 uwm thick FFPE sections were processed
using the Recover All RNA isolation kit (Ambion, Termo Fisher) following the manufacturer’s
protocol. RNA yield and fragment-length distribution were measured by Qubit Fuorimeter
(Molecular Probes, Termo Fisher) and 2100 Bioanalyzer (Agilent Technologies). Typical yield
was 0.8-1ug per 10 um section. As expected, RNAs from archived FFPE samples were highly
degraded (RIN 2-3), however more than 80% of RNA species were over 80 bp allowing analysis
by Nanostring technology (hybridization with the 70 nucleotides gene-specific probe). Total
RNA (1 ug) was used for hybridization on a NanoString nCounter platform according to the
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manufacturer's instruction. Samples in which >50% genes had raw counts below the cutoff of 20
(average of 8 negative controls plus 2 standard deviations, 95% confidence interval) were
excluded from analysis. 80% of initialy taken FFPE samples were suitable for gene expression

analysis.

For gene expression analysis we used the PanCancer Immune panel, which contains 730
immunity-related and cancer genes together with 40 validated housekeeping genes, and a custom
CodeSet containing 30 genes designed at Nanostring Technologies (NanoString Technologies).
All probe sets were produced in a single batch. Data were normalized and log2 transformed
using the nSolver 3.0 Analysis Software (NanoString Technologies). In brief, normalization was
performed in two steps, 1) technical normalization using positive control spikes on each panel,
and 2) input amount normalization using the mean expression of 30 housekeeping genes selected
by a geNorm algorithm on the basis of stability of their expression through all experimental
groups. All transcripts with raw counts below the threshold 20 (average of 8 negative controls
plus 2 SD (~ 95% confidence interval) were labeled as undetected. Only genes detected at alevel

of 30 or more row countsin at least 50% of our samples were included in the analysis (N=493).

Gene set and pathway analyses

Gene set enrichment analysis (GSEA)(63) and its modification, Gene Set Analysis (GSA) (20),
were used to detect significant enrichment of known transcriptional signatures in gene expression
data. To compute an enrichment score for each pathway GSA uses a maxmean statistic while
GSEA uses aweighted Kolmogorov-Smirnov test. We used 10,295 gene sets from the Molecular
Signature Database version 4.0 (64). False discovery rate and P-value estimates were computed
for each gene set based on 1000 separate permutation distributions.

To identify biologically relevant pathways, we used Ingenuity Pathway Analysis (IPA, Ingenuity
Systems, Qiagen) and M etascape (metascape.org). IPA queries a proprietary knowledge database

and calculates significance of genes/pathways enrichment using Fisher's exact test. Metascape
gueries public databases (Reactome, MSigDB, GO, KEGG Pathway, CORUM), and enrichment
is calculated by hypergeometric test. Additionally, Metascape performs analysis of protein-
protein interactions (PPI, data from BioGrid database) in which subnetworks with high local
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network connectivity are found using the Molecular Complex Detection (MCODE) algorithm
(65). Visualization of protein-protein association networks that include known protein interaction
and functional connection was done using STRING database (http:/string-db.org) (66).

Acknowledgements: We are grateful to Drs. Zoran Brkanac and John Neumaier for critical
comments.

Funding: This work was supported by National Institute of Health grants [PS30AG013280 to
O.K., P41GM 109824 and P50 GM076547 to A.R., 2R01 NS069719 to W.H.R.] and funds from
the Department of Veterans Affairs (to T.B.D.).

Author contributions: Conceptualization O.K., K.K., W.H.R., Methodology A.R., K.K.,
M.O.D., T.K.B., Investigation O.K., K.K., A.R.,, M.M., W-M.C. Resources C.D.K., T.D.B,
Writing — original draft O.K., K.K., Writing — review and editing T.B.D., W.H.R., Visualization
OK., AR, K.K., Supervision O.K., W.H.R.

Competing inter ests: The authors declare no competing interests.

Supplementary Material.
Figure S1.

Figure S2.

Figure S3.

Figure $4.

Table S1.

Table S2.

Table S3.

Refer ences:

1 Efthymiou, A.G. and Goate, A.M. (2017) Late onset Alzheimer's disease genetics
implicates microglial pathways in disease risk. Molecular neurodegeneration, 12, 43.

2 Jonsson, T., Stefansson, H., Ph, D.S., Jonsdottir, 1., Jonsson, P.V., Snaedal, J., Bjornsson,
S., Huttenlocher, J., Levey, A.l., Lah, J.J. et al. (2012) Variant of TREM2 Associated with the Risk
of Alzheimer's Disease. The New England journal of medicine, in press.

3 Guerreiro, R., Wojtas, A., Bras, J., Carrasquillo, M., Rogaeva, E., Majounie, E., Cruchaga,
C., Sassi, C., Kauwe, J.S., Younkin, S. et al. (2012) TREM2 Variants in Alzheimer's Disease. The
New England journal of medicine, in press.

17


https://doi.org/10.1101/499319
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/499319; this version posted December 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

4 Paloneva, J., Manninen, T., Christman, G., Hovanes, K., Mandelin, J., Adolfsson, R.,
Bianchin, M., Bird, T., Miranda, R., Salmaggi, A. et al. (2002) Mutations in two genes encoding
different subunits of a receptor signaling complex result in an identical disease phenotype.
American journal of human genetics, 71, 656-662.

5 Le Ber, I., De Septenville, A., Guerreiro, R., Bras, J., Camuzat, A., Caroppo, P., Lattante, S.,
Couarch, P., Kabashi, E., Bouya-Ahmed, K. et a/. (2014) Homozygous TREM2 mutation in a
family with atypical frontotemporal dementia. Neurobiology of aging, 35, 2419 e2423-2415.

6 Kiialainen, A., Veckman, V., Saharinen, J., Paloneva, J., Gentile, M., Hakola, P.,
Hemelsoet, D., Ridha, B., Kopra, O., Julkunen, I. et al. (2007) Transcript profiles of dendritic cells
of PLOSL patients link demyelinating CNS disorders with abnormalities in pathways of actin
bundling and immune response. J Mol Med (Berl), 85, 971-983.

7 Takahashi, K., Rochford, C.D. and Neumann, H. (2005) Clearance of apoptotic neurons
without inflammation by microglial triggering receptor expressed on myeloid cells-2. The
Journal of experimental medicine, 201, 647-657.

8 Zhao, Y., Wu, X, Li, X,, Jiang, L.L., Gui, X,, Liu, Y., Sun, Y., Zhu, B., Pina-Crespo, J.C., Zhang,
M. et al. (2018) TREM2 Is a Receptor for beta-Amyloid that Mediates Microglial Function.
Neuron, 97, 1023-1031 e1027.

9 Zheng, H., Jia, L., Liu, C.C., Rong, Z., Zhong, L., Yang, L., Chen, X.F., Fryer, J.D., Wang, X.,
Zhang, Y.W. et al. (2017) TREM2 Promotes Microglial Survival by Activating Wnt/beta-Catenin
Pathway. The Journal of neuroscience : the official journal of the Society for Neuroscience, 37,
1772-1784.

10 Hamerman, J.A., Jarjoura, J.R., Humphrey, M.B., Nakamura, M.C., Seaman, W.E. and
Lanier, L.L. (2006) Cutting edge: inhibition of TLR and FcR responses in macrophages by
triggering receptor expressed on myeloid cells (TREM)-2 and DAP12. J Immunol, 177, 2051-
2055.

11 Saber, M., Kokiko-Cochran, O., Puntambekar, S.S., Lathia, J.D. and Lamb, B.T. (2017)
Triggering Receptor Expressed on Myeloid Cells 2 Deficiency Alters Acute Macrophage
Distribution and Improves Recovery after Traumatic Brain Injury. J Neurotrauma, 34, 423-435.
12 Jay, T.R,, Hirsch, A.M., Broihier, M.L., Miller, C.M., Neilson, L.E., Ransohoff, R.M., Lamb,
B.T. and Landreth, G.E. (2017) Disease Progression-Dependent Effects of TREM2 Deficiency in a
Mouse Model of Alzheimer's Disease. The Journal of neuroscience : the official journal of the
Society for Neuroscience, 37, 637-647.

13 Kang, S.S., Kurti, A., Baker, K.E., Liu, C.C., Colonna, M., Ulrich, J.D., Holtzman, D.M., Bu,
G. and Fryer, J.D. (2018) Behavioral and transcriptomic analysis of Trem2-null mice: not all
knockout mice are created equal. Human molecular genetics, 27, 211-223.

14 Wu, K., Byers, D.E., Jin, X., Agapov, E., Alexander-Brett, J., Patel, A.C., Cella, M., Gilfilan,
S., Colonna, M., Kober, D.L. et al. (2015) TREM-2 promotes macrophage survival and lung
disease after respiratory viral infection. The Journal of experimental medicine, 212, 681-697.
15 Zhong, L., Chen, X.F., Wang, T., Wang, Z., Liao, C., Wang, Z., Huang, R., Wang, D., Li, X,
Wu, L. et al. (2017) Soluble TREM2 induces inflammatory responses and enhances microglial
survival. The Journal of experimental medicine, 214, 597-607.

16 Yeh, F.L., Wang, Y., Tom, |, Gonzalez, L.C. and Sheng, M. (2016) TREM2 Binds to
Apolipoproteins, Including APOE and CLU/APQJ, and Thereby Facilitates Uptake of Amyloid-
Beta by Microglia. Neuron, 91, 328-340.

18


https://doi.org/10.1101/499319
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/499319; this version posted December 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

17 Atagi, Y., Liu, C.C., Painter, M.M., Chen, X.F., Verbeeck, C., Zheng, H., Li, X., Rademakers,
R., Kang, S.S., Xu, H. et al. (2015) Apolipoprotein E Is a Ligand for Triggering Receptor Expressed
on Myeloid Cells 2 (TREM2). The Journal of biological chemistry, 290, 26043-26050.

18 Bailey, C.C., DeVaux, L.B. and Farzan, M. (2015) The Triggering Receptor Expressed on
Myeloid Cells 2 Binds Apolipoprotein E. The Journal of biological chemistry, 290, 26033-26042.
19 Korvatska, O., Leverenz, J.B., Jayadev, S., McMillan, P., Kurtz, I., Guo, X., Rumbaugh, M.,
Matsushita, M., Girirajan, S., Dorschner, M.O. et al. (2015) R47H Variant of TREM2 Associated
With Alzheimer Disease in a Large Late-Onset Family: Clinical, Genetic, and Neuropathological
Study. JAMA neurology, 72, 920-927.

20 Efron, B. and Tibshirani, R. (2007) On testing the significance of sets of genes. Ann Appl/
Stat, 1, 107-129.

21 Blalock, E.M., Geddes, J.W., Chen, K.C., Porter, N.M., Markesbery, W.R. and Landfield,
P.W. (2004) Incipient Alzheimer's disease: microarray correlation analyses reveal major
transcriptional and tumor suppressor responses. Proceedings of the National Academy of
Sciences of the United States of America, 101, 2173-2178.

22 Hargis, K.E. and Blalock, E.M. (2017) Transcriptional signatures of brain aging and
Alzheimer's disease: What are our rodent models telling us? Behav Brain Res, 322, 311-328.

23 Winkler, J.M. and Fox, H.S. (2013) Transcriptome meta-analysis reveals a central role for
sex steroids in the degeneration of hippocampal neurons in Alzheimer's disease. BMC Syst Biol,
7,51.

24 Borjabad, A. and Volsky, D.J. (2012) Common transcriptional signatures in brain tissue
from patients with HIV-associated neurocognitive disorders, Alzheimer's disease, and Multiple
Sclerosis. J Neuroimmune Pharmacol, 7, 914-926.

25 Li, M.D., Burns, T.C., Morgan, A.A. and Khatri, P. (2014) Integrated multi-cohort
transcriptional meta-analysis of neurodegenerative diseases. Acta Neuropathol Commun, 2, 93.
26 Korvatska, O., Strand, N.S., Berndt, J.D., Strovas, T., Chen, D.H., Leverengz, J.B., Kiianitsa,
K., Mata, I.F., Karakoc, E., Greenup, J.L. et al. (2013) Altered splicing of ATP6AP2 causes X-linked
parkinsonism with spasticity (XPDS). Human molecular genetics, 22, 3259-3268.

27 Veldman-Jones, M.H., Brant, R., Rooney, C., Geh, C., Emery, H., Harbron, C.G., Wappett,
M., Sharpe, A., Dymond, M., Barrett, J.C. et al. (2015) Evaluating Robustness and Sensitivity of
the NanoString Technologies nCounter Platform to Enable Multiplexed Gene Expression
Analysis of Clinical Samples. Cancer Res, 75, 2587-2593.

28 Gosselin, D., Skola, D., Coufal, N.G., Holtman, I.R., Schlachetzki, J.C.M., Sajti, E., Jaeger,
B.N., O'Connor, C,, Fitzpatrick, C., Pasillas, M.P. et al. (2017) An environment-dependent
transcriptional network specifies human microglia identity. Science, 356.

29 McKenzie, A.T., Wang, M., Hauberg, M.E., Fullard, J.F., Kozlenkov, A., Keenan, A., Hurd,
Y.L., Dracheva, S., Casaccia, P., Roussos, P. et al. (2018) Brain Cell Type Specific Gene Expression
and Co-expression Network Architectures. Scientific reports, 8, 8868.

30 Samarajiwa, S.A., Forster, S., Auchettl, K. and Hertzog, P.J. (2009) INTERFEROME: the
database of interferon regulated genes. Nucleic acids research, 37, D852-857.

31 Leonova, K.l., Brodsky, L., Lipchick, B., Pal, M., Novototskaya, L., Chenchik, A.A., Sen,
G.C., Komarova, E.A. and Gudkov, A.V. (2013) p53 cooperates with DNA methylation and a
suicidal interferon response to maintain epigenetic silencing of repeats and noncoding RNAs.
Proceedings of the National Academy of Sciences of the United States of America, 110, E89-98.

19


https://doi.org/10.1101/499319
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/499319; this version posted December 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

32 Klegeris, A. and McGeer, P.L. (2005) Chymotrypsin-like proteases contribute to human
monocytic THP-1 cell as well as human microglial neurotoxicity. Glia, 51, 56-64.

33 Paloneva, J., Mandelin, J., Kiialainen, A., Bohling, T., Prudlo, J., Hakola, P., Haltia, M.,
Konttinen, Y.T. and Peltonen, L. (2003) DAP12/TREM2 deficiency results in impaired osteoclast
differentiation and osteoporotic features. The Journal of experimental medicine, 198, 669-675.
34 Soragna, D., Papi, L., Ratti, M.T., Sestini, R., Tupler, R. and Montalbetti, L. (2003) An
Italian family affected by Nasu-Hakola disease with a novel genetic mutation in the TREM2
gene. Journal of neurology, neurosurgery, and psychiatry, 74, 825-826.

35 Numasawa, Y., Yamaura, C,, Ishihara, S., Shintani, S., Yamazaki, M., Tabunoki, H. and
Satoh, J.I. (2011) Nasu-Hakola disease with a splicing mutation of TREM2 in a Japanese family.
European journal of neurology : the official journal of the European Federation of Neurological
Societies, 18, 1179-1183.

36 Chouery, E., Delague, V., Bergougnoux, A., Koussa, S., Serre, J.L. and Megarbane, A.
(2008) Mutations in TREM2 lead to pure early-onset dementia without bone cysts. Human
mutation, 29, E194-204.

37 Guerreiro, R., Bilgic, B., Guven, G., Bras, J., Rohrer, J., Lohmann, E., Hanagasi, H., Gurvit,
H. and Emre, M. (2013) Novel compound heterozygous mutation in TREM2 found in a Turkish
frontotemporal dementia-like family. Neurobiology of aging, 34, 2890 €2891-2895.

38 Guerreiro, R.J., Lohmann, E., Bras, J.M., Gibbs, J.R., Rohrer, J.D., Gurunlian, N., Dursun,
B., Bilgic, B., Hanagasi, H., Gurvit, H. et al. (2013) Using exome sequencing to reveal mutations
in TREM2 presenting as a frontotemporal dementia-like syndrome without bone involvement.
JAMA neurology, 70, 78-84.

39 Kober, D.L. and Brett, T.J. (2017) TREM2-Ligand Interactions in Health and Disease.
Journal of molecular biology, 429, 1607-1629.

40 Wang, Y., Cella, M., Mallinson, K., Ulrich, J.D., Young, K.L., Robinette, M.L,, Gilfillan, S.,
Krishnan, G.M., Sudhakar, S., Zinselmevyer, B.H. et al. (2015) TREM2 lipid sensing sustains the
microglial response in an Alzheimer's disease model. Cell, 160, 1061-1071.

41 Yuan, P., Condello, C., Keene, C.D., Wang, Y., Bird, T.D., Paul, S.M., Luo, W., Colonna, M.,
Baddeley, D. and Grutzendler, J. (2016) TREM2 Haplodeficiency in Mice and Humans Impairs
the Microglia Barrier Function Leading to Decreased Amyloid Compaction and Severe Axonal
Dystrophy. Neuron, 92, 252-264.

42 Cheng-Hathaway, P.J., Reed-Geaghan, E.G., Jay, T.R., Casali, B.T., Bemiller, S.M.,
Puntambekar, S.S., von Saucken, V.E., Williams, R.Y., Karlo, J.C., Moutinho, M. et al. (2018) The
Trem2 R47H variant confers loss-of-function-like phenotypes in Alzheimer's disease. Molecular
neurodegeneration, 13, 29.

43 Cheng, Q., Danao, J., Talreja, S., Wen, P., Yin, J., Sun, N., Li, C.M., Chui, D., Tran, D.,
Koirala, S. et al. (2018) TREM2-activating antibodies abrogate the negative pleiotropic effects of
the Alzheimer's disease variant Trem2(R47H) on murine myeloid cell function. The Journal of
biological chemistry, 293, 12620-12633.

44 Xiang, X., Piers, T.M., Wefers, B., Zhu, K., Mallach, A., Brunner, B., Kleinberger, G., Song,
W., Colonna, M., Herms, J. et al. (2018) The Trem2 R47H Alzheimer's risk variant impairs splicing
and reduces Trem2 mRNA and protein in mice but not in humans. Molecular
neurodegeneration, 13, 49.

20


https://doi.org/10.1101/499319
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/499319; this version posted December 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

45 Song, W.M.,, Joshita, S., Zhou, Y., Ulland, T.K,, Gilfillan, S. and Colonna, M. (2018)
Humanized TREM2 mice reveal microglia-intrinsic and -extrinsic effects of R47H polymorphism.
The Journal of experimental medicine, 215, 745-760.

46 Xing, J., Titus, A.R. and Humphrey, M.B. (2015) The TREM2-DAP12 signaling pathway in
Nasu-Hakola disease: a molecular genetics perspective. Res Rep Biochem, 5, 89-100.

47 Carbajosa, G., Malki, K., Lawless, N., Wang, H., Ryder, J.W., Wozniak, E., Wood, K., Mein,
C.A., Dobson, R.J.B., Collier, D.A. et al. (2018) Loss of Trem2 in microglia leads to widespread
disruption of cell coexpression networks in mouse brain. Neurobiology of aging, 69, 151-166.
48 Crow, Y.J. and Manel, N. (2015) Aicardi-Goutieres syndrome and the type |
interferonopathies. Nat Rev Immunol, 15, 429-440.

49 Baruch, K., Deczkowska, A., David, E., Castellano, J.M., Miller, O., Kertser, A., Berkutzki,
T., Barnett-ltzhaki, Z., Bezalel, D., Wyss-Coray, T. et al. (2014) Aging. Aging-induced type |
interferon response at the choroid plexus negatively affects brain function. Science, 346, 89-93.
50 Khera, R. and Das, N. (2009) Complement Receptor 1: disease associations and
therapeutic implications. Mol Immunol, 46, 761-772.

51 Tschopp, J., Chonn, A., Hertig, S. and French, L.E. (1993) Clusterin, the human
apolipoprotein and complement inhibitor, binds to complement C7, C8 beta, and the b domain
of C9.JImmunol, 151, 2159-2165.

52 McDonald, J.F. and Nelsestuen, G.L. (1997) Potent inhibition of terminal complement
assembly by clusterin: characterization of its impact on C9 polymerization. Biochemistry, 36,
7464-7473.

53 Miners, J.S., Clarke, P. and Love, S. (2017) Clusterin levels are increased in Alzheimer's
disease and influence the regional distribution of Abeta. Brain Pathol, 27, 305-313.

54 Pauls, S.D. and Marshall, A.J. (2017) Regulation of immune cell signaling by SHIP1: A
phosphatase, scaffold protein, and potential therapeutic target. European journal of
immunology, 47, 932-945.

55 Peng, Q., Malhotra, S., Torchia, J.A., Kerr, W.G., Coggeshall, K.M. and Humphrey, M.B.
(2010) TREM2- and DAP12-dependent activation of PI3K requires DAP10 and is inhibited by
SHIP1. Sci Signal, 3, ra38.

56 Benitez, B.A,, Jin, S.C., Guerreiro, R., Graham, R., Lord, J., Harold, D., Sims, R., Lambert,
J.C., Gibbs, J.R., Bras, J. et al. (2014) Missense variant in TREML2 protects against Alzheimer's
disease. Neurobiology of aging, 35, 1510 e1519-1526.

57 Jansen, R., Hottenga, J.J., Nivard, M.G., Abdellaoui, A., Laport, B., de Geus, E.J., Wright,
F.A., Penninx, B. and Boomsma, D.l. (2017) Conditional eQTL analysis reveals allelic
heterogeneity of gene expression. Human molecular genetics, 26, 1444-1451.

58 Castillo, E., Leon, J., Mazzei, G., Abolhassani, N., Haruyama, N., Saito, T., Saido, T.,
Hokama, M., Iwaki, T., Ohara, T. et al. (2017) Comparative profiling of cortical gene expression
in Alzheimer's disease patients and mouse models demonstrates a link between amyloidosis
and neuroinflammation. Scientific reports, 7, 17762.

59 Bao, M., Hanabuchi, S., Facchinetti, V., Du, Q., Bover, L., Plumas, J., Chaperot, L., Cao,
W., Qin, J., Sun, S.C. et al. (2012) CD2AP/SHIP1 complex positively regulates plasmacytoid
dendritic cell receptor signaling by inhibiting the E3 ubiquitin ligase Cbl. J Immunol, 189, 786-
792.

21


https://doi.org/10.1101/499319
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/499319; this version posted December 19, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

60 Zhang, Y., Chen, K., Sloan, S.A., Bennett, M.L., Scholze, A.R., O'Keeffe, S., Phatnani, H.P.,
Guarnieri, P., Caneda, C., Ruderisch, N. et al. (2014) An RNA-sequencing transcriptome and
splicing database of glia, neurons, and vascular cells of the cerebral cortex. The Journal of
neuroscience : the official journal of the Society for Neuroscience, 34, 11929-11947.

61 Ran, F.A., Hsu, P.D., Wright, J., Agarwala, V., Scott, D.A. and Zhang, F. (2013) Genome
engineering using the CRISPR-Cas9 system. Nature protocols, 8, 2281-2308.

62 Dobin, A. and Gingeras, T.R. (2015) Mapping RNA-seq Reads with STAR. Curr Protoc
Bioinformatics, 51, 11 14 11-19.

63 Subramanian, A., Tamayo, P., Mootha, V.K., Mukherjee, S., Ebert, B.L., Gillette, M.A.,,
Paulovich, A., Pomeroy, S.L., Golub, T.R., Lander, E.S. et al. (2005) Gene set enrichment analysis:
a knowledge-based approach for interpreting genome-wide expression profiles. Proceedings of
the National Academy of Sciences of the United States of America, 102, 15545-15550.

64 Liberzon, A., Birger, C., Thorvaldsdottir, H., Ghandi, M., Mesirov, J.P. and Tamayo, P.
(2015) The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst, 1,
417-425.

65 Tripathi, S., Pohl, M.O., Zhou, Y., Rodriguez-Frandsen, A., Wang, G., Stein, D.A., Moulton,
H.M., Delesus, P., Che, J., Mulder, L.C. et al. (2015) Meta- and Orthogonal Integration of
Influenza "OMICs" Data Defines a Role for UBR4 in Virus Budding. Cell Host Microbe, 18, 723-
735.

66 Szklarczyk, D., Morris, J.H., Cook, H., Kuhn, M., Wyder, S., Simonovic, M., Santos, A.,
Doncheva, N.T., Roth, A., Bork, P. et al. (2017) The STRING database in 2017: quality-controlled
protein-protein association networks, made broadly accessible. Nucleic acids research, 45,
D362-D368.

Figure legends.

Figure 1. Upregulation of immune gene signatures in brains of TREM2 R47H carriers. (A)
Hierarchical clustering of enriched gene sets in R47H carriers and three groups of sAD. (B-E)
GSEA enrichment plots for “ALL_IMMUNE” signature in R47H TREM2 (B), and three groups
of SAD (C-E).

Figure 2. Differentially expressed (DE) genes in hippocampi of TREM2 R47H AD, sAD and
XPDS patients. (A-D) Volcano plots displaying DE genes in TREM2 R47H AD (A), sAD (B),
and XPDS (C) against a baseline of gene expression in controls. The y-axis corresponds to the
logio(p-value), and the x-axis displays the logy(fold change) value. (D). Venn diagram showing
shared DE genes (FDR < 0.1) between TREM2 R47H AD and sAD. (E) Microglia-specific
genes (MG) perturbed in SAD and TREM2 R47H AD. Distribution of fold changes in MG
(N=134); X-axisdisplays log2 of fold changes between gene expression in cases vs controls (**-
p-value < 0.01; 1-way ANOVA, Tukey’s multiple comparison test).
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Figure 3. Perturbed expression of AD genes/risk factors in TREM2 R47H AD. AD-associated
genes altered (FDR <0.1) in at least one condition are shown (* - adj p-value < 0.05; ** - adj p-
value < 0.01); y-axis displayslog2 (FC, fold changes) value. Shown is the average FC per group.

Figure 4. TREM2 R47H AD features upregulated Interferon type | response and MHC class I-
like NKG2D ligands. (A) Role of RIG1-like receptors in antiviral innate immunity, IPA-
generated diagram shows perturbed gene expression in TREM2 R47H AD brains. Red denote
up-regulated genes, grey - not changed compared to control brains, white - not assessed.
Expression of INF | type response/antiviral genes (B) and MHC class I-like NKG2D ligands (C)
(* - DE genesin TREM2 R47H AD, FDR<O0.1); y-axis - log2 (fold changes) value.

Figure 5. Effects of knockout and overexpression of TREM2 variants on THP1 transcriptome.
(A) Venn diagram showing shared DE genes (FDR < 0.05) between TREM2 knockout (KO),
overexpression of TREM2 wild-type (OE WT) and overexpression of TREM2 R47H in THP1
cells. (B) Clustering of enriched gene pathways (Metascape, GO:Biological _Process) formed by
DE genesin TREM2 KO, OE WT and OE R47H in THP1 cells (see also Table S5).
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Abbreviations.

AD — Alzheimer’s disease

SAD — sporadic AD

GWAS — genome-wide association study

PLOSL - polycystic lipomembranous osteodysplasia with sclerosing leukoencephal opathy

XPDS - X-linked Parkinsonism with Spagticity
DE — differentially expressed (genes)

MG — microglia-specific genes

ISG - interferon stimulated genes

NK — natura killers
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