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Abstract

BACKGROUND: Phospholipase C gamma 2 (PLCG2) is an intracellular effector of

microglial cell surface receptors, including triggering receptor expressed on myeloid

cells 2 (TREM2). Variants which alter PLCG2 activity impact Alzheimer’s disease (AD)

risk, but the effects of PLCG2 deficiency in AD remain unclear.

METHODS: 5xFAD mice were crossed with PLCG2- and TREM2-deficient mice to

assess the role of PLCG2 in response to amyloid pathology. Human bulk RNA-

sequencing data were used to validate findings in AD patients.

RESULTS: In 5xFAD mice, the absence of PLCG2 resulted in reduced TREM2 expres-

sion and impaired microglial associations with amyloid beta plaques. Transcriptomic

analysis revealed perturbations in immune-related pathways shared between PLCG2

and TREM2 deficiencies, as well as distinct differences. Human transcriptomics

revealed positive correlations betweenPLCG2 and TREM2 independent of pathological

scores.

DISCUSSION: PLCG2 is a critical component of TREM2 signal transduction and may

play an upstream role in TREM2 regulation. These findings clarify the mechanisms of

risk and protective PLCG2 variants.
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Highlights

∙ The role of phospholipase C gamma 2 (PLCG2) deficiency in response to amy-

loid beta (Aβ) pathology was investigated in 5xFAD mice and with human cortical

transcriptomics.

∙ PLCG2 deficiency significantly reduces triggering receptor expressed on myeloid

cells 2 (TREM2) expression, while TREM2 deficiency increases PLCG2 expression.
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∙ PLCG2 expression predicts TREM2 expression in human cortex independent of

pathology.

∙ PLCG2 and TREM2 deficiencies similarly impair microglial responses to Aβ plaques,
exacerbate neuronal pathology, and impair gene expression associatedwith immune

responses.

∙ PLCG2 deficiency confers distinct transcriptional perturbations from TREM2 defi-

ciency.

∙ PLCG2may play an upstream role in the regulation of the TREM2-mediated immune

response.

1 BACKGROUND

Alzheimer’s disease (AD) is a devastating neurodegenerative disor-

der affecting > 55 million people worldwide.1 AD is characterized by

extracellular deposition of amyloid beta (Aβ), intraneuronal accumula-

tion of neurofibrillary tangles (NFTs), and eventual neuronal death and

cognitive decline.2–4 Microglia, the innate immune cells of the brain,

dynamically interact with these disease processes to influence AD

progression.5 Recently, advances in sequencing technology and large-

scale genome-wide association studies have facilitated the discovery

of rare gene variants that confer altered AD risk.6–8 A significant pro-

portion of these AD-linked genes are associatedwithmicroglia and the

immune response, reinforcing the necessity to understand the inter-

section of immunity and AD pathogenesis in the development of novel

AD therapeutics.6–9

Notably, emerging among these genes associated with AD risk is

phospholipase C gamma 2 (PLCG2). PLCG2 is expressed principally by

immune cells, including myeloid lineage cells, B cells, and other lym-

phocytes, and in the brain is inducibly expressed by plaque-associated

microglia.10–12 Upon tyrosine phosphorylation by upstream receptor

complexes, PLCG2undergoes an activating conformational change and

is recruited to the plasma membrane. At the membrane, it hydrolyzes

the lipid phosphatidylinositol (4,5)-bisphosphate (PIP2) into the sec-

ond messengers inositol (1,4,5)-trisphosphate (IP3) and diacylglycerol

(DAG).13,14 PLCG2 plays a critical role in transducing signals emanat-

ing from a number of immune receptors, acting as an intracellular hub

for immune signaling.15–21

Genetic variants of PLCG2 are associated with altered risk for

AD, and mutations which alter its function result in pleiotropic

effects impacting immune, vascular, and nervous functions, as well

as contributing to cancer pathogenesis and treatment resistance.10,11

Interestingly, in the brain, there exists a remarkably tight win-

dow whereby a modest increase in enzymatic activity is associated

with protective effects while reduced or robust increases in activity

prove detrimental.13,14 With respect to AD, the mildly hypermorphic

PLCG2P522R variant is associated with increased longevity, improved

clearance of Aβ, and protection against AD.22–27 Conversely, the

loss-of-function PLCG2M28L variant confers resistance to the Bru-

ton Tyrosine Kinase inhibitor ibrutinib, worsens Aβ pathology, and

increases risk ofAD.27–29 Similarly, studies ofPLCG2haploinsufficiency

in mice have revealed that reduced PLCG2 expression impairs expres-

sion of inflammation-associated genes.12 Surprisingly, recent studies

have identified a role for gene dosage in microglial genes, including

TREM2, whereby partial and complete loss of gene expression resulted

in divergent phenotypic consequences, emphasizing the importance of

exploring total PLCG2 loss.30,31 Elucidating the effects of total PLCG2

loss in an AD mouse model will allow for the discrimination of mech-

anisms arising from PLCG2 enzymatic activity, microglial topology,

and effects on its associated signaling complexes. Moreover, it will

revealmechanisms relevant in imparting thebeneficial anddetrimental

effects of PLCG2P522R and PLCG2M28L variants, respectively.

There has been recent interest in uncovering the intracellular

elements that mediate and coordinate neuroprotective functions

of microglia downstream of immune receptors in vivo, especially

triggering receptor expressed on myeloid cells 2 (TREM2).17,32–35

TREM2 plays a key and enigmatic role in the progression of AD,

acting to drive microglial phagocytosis, survival, lipid homeostasis,

and metabolism.15,36–41 Murine microglia lacking TREM2 have defi-

cient responses to Aβ and impaired acquisition of the neuroprotective

disease-associated microglia (DAM) phenotype.39,41,42 Importantly,

PLCG2-deficient human induced pluripotent stem cell (iPSC)–derived

microglia (iMG) phenocopy the impaired survival and phagocytosis

of myelin observed in TREM2-deficient iMG.16 Additionally, PLCG2

has a non-redundant role in regulating calcium flux downstream of

TREM2.43 This evidence emphatically reinforces the importance of

PLCG2 as a mediator of TREM2 signal transduction and the necessity

of exploring this pathway in depth. Subsequently, we sought to dissect

the functional and transcriptomic effectsmediated by total PLCG2 and

TREM2 deficiencies in the 5xFAD amyloidogenic model of AD.

2 METHODS

2.1 Animals

5xFAD mice on the C57BL/6J background were purchased from

the Jackson Laboratory (MMRRC Strain #034848-JAX). PLCG2-

deficient mice (RRID: IMSR_JAX:029910) were generated as previ-
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ously described.12 Despite extensive breeding attempts of PLCG2+/−

mice with 5xFAD+/− mice, we have encountered difficulty generating

5xFADmice with total PLCG2 deficiency. At the present time, we have

only acquired six 5xFAD;homozygousPLCG2knockoutmice (Plcg2−/−).

While we did not observe overt changes in expected litter sizes, it

is unclear what might be driving the non-Mendelian inheritance pat-

terns of PLCG2-deficientmice. In differentmodels of PLCG2depletion,

homozygous knockout embryos were found to have significant sub-

cutaneous hemorrhaging, suggesting impacted vascular development

and bleeding thatmay underlie embryonic death and reduced frequen-

cies at weaning.19,44 Previous studies have also identified significantly

reduced birth rates of mice deficient in PLCG2, with females being

more significantly impacted.45 However, the mechanisms underlying

any sex effects on lethality are unknown. TREM2-deficientmice (RRID:

IMSR_JAX:027197) were purchased from the Jackson Laboratory and

were created via an non-homologous end joining–generated 175bp

deletion that introduces a stop codon at amino acid 17. These mice

were crossed to 5xFADmice to generate 5xFADTrem2-/− mice.

All experiments were conducted after approval by the institutional

animal care and use committee at Indiana University. The mice were

housed under a controlled 12/12 hour light/dark cycle with access to

food (Purina Lab Diet, 5K52) and water ad libitum. Male and female

micewere included in all experimental groups.Micewere anesthetized

using 1.2% 2,2,2-tribromoethanol (Avertin) and perfused with ice-cold

phosphate buffered saline (PBS).

2.2 Human post mortem bulk RNA-sequencing
analysis

The Mount Sinai Brain Bank (MSBB) bulk RNA-sequencing (RNA-

seq) data were acquired from the AD Knowledge Portal (https://

adknowledgeportal.synapse.org/) and downloaded via Synapse (www.

synapse.org/). The following SynIDs were downloaded: syn16795940,

syn16795937, syn16795934, and syn16795931. Metadata for indi-

viduals and biospecimens were sourced from syn6101474 and

syn21893059. Cohort information, transcriptomic data generation,

and data preprocessing are detailed in Wang et al.46 The MSBB bulk

RNA-seq data were collected from Brodmann areas 10, 22, 36, and 44.

Clinical Dementia Rating (CDR) scores were categorized into healthy

control (HC, CDR = 0), mild cognitive impairment (MCI, CDR = 0.5),

and AD (CDR > 0.5). The “lm” function of the “stats” package (version

4.3.3) in Rwas used for linear regression analyses.

2.3 Immunofluorescence

Perfused right hemibrains from 7.5-month-old mice were fixed in

4% paraformaldehyde overnight at 4◦C before being transferred to

a 30% sucrose solution. Brains were then frozen and sectioned into

30-µm free-floating sections on a microtome. Three matched brain

sections were immunostained for each animal. For immunostaining,

free-floating sections were washed and permeabilized in 0.1% Triton

X-100 in PBS (PBST) three times, followed by antigen retrieval with

RESEARCH INCONTEXT

1. Systematic review: The authors conducted a thor-

ough literature review through PubMed. Existing knowl-

edge identifies phospholipase C gamma 2 (PLCG2) as

a critical component of neuroimmune signaling that

impacts Alzheimer’s disease (AD) risk. PLCG2 variants

(PLCG2P522R and PLCG2M28L) have opposing effects on

amyloidpathology andmicroglial responses inAD, but the

impact of total PLCG2 deficiency on amyloid pathology

has not been explored.

2. Interpretation: Our results show that PLCG2 may be

critical for microglial triggering receptor expressed on

myeloid cells 2 (TREM2) induction in the 5xFAD amy-

loidogenic mouse model. In human brain tissue, PLCG2

and TREM2 expression are positively correlated, regard-

less of pathological severity. PLCG2 deficiency impacts

microglial reactivity to amyloid plaques, exacerbates

neuropathology, and augments immune response genes

similarly toTREM2deficiency. Yet, PLCG2deficiency con-

fers its own distinct transcriptional changes apart from

TREM2 deficiency.

3. Future directions: Our findings suggest an important

relationship between PLCG2 and TREM2 in the response

to AD pathology. Further research is necessary to inter-

rogate this interplay and its significance to the effects

of pathological and beneficial PLCG2 variants. Beyond

TREM2, future studies are also merited to discover the

importance of other upstream receptors of PLCG2 that

are important in themicroglial response to AD pathology.

1x Rodent Decloaker (Biocare Medical, RD913) at 85◦C for 10 min-

utes. Sections were then blocked in 5% normal donkey serum in PBST

for 1 hour at room temperature (RT). After blocking, the sections

were incubated overnight at 4◦C in 5% normal donkey serum in PBST

with the following primary antibodies: rabbit anti-Iba1 (1:1000,Wako,

#019-19741), sheep anti-TREM2 (1:500, R&D Systems, #AF1729),

goat anti-Iba1 (1:1000; Novus Biologicals, NB100-1028), rat anti-

LAMP1 (1:1000; Abcam, Ab25245), rabbit anti-CD68 (1:1000; Abcam,

Ab283654); mouse anti-MOAB2 (1:1000; Novus Biologicals, NBP2-

13075). After incubating overnight, the sections were washed three

times in PBST and incubated for 1 hour at RT with the appropriate

species-specific secondary antibodies conjugated with AlexaFluor in

5% normal donkey serum in PBST (1:1000, Invitrogen). After incuba-

tion, tissues were washed three times in PBST, mounted onto slides,

and dried at RT. After drying, the slides were stained with X34 (Milli-

pore Sigma, SML1954) by first rehydrating in PBSTand then incubating

with X34 (100 µM) in Coplin jars for 10 minutes at RT. Slides were

then washed in X34 buffer (40% ethanol in distilled water) for 10 min-

utes, distilledwater for 10minutes, andPBST for 5minutes. Last, slides

were dried and cover-slipped using Prolong Gold Antifade Mountant

https://adknowledgeportal.synapse.org/
https://adknowledgeportal.synapse.org/
http://www.synapse.org/
http://www.synapse.org/
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(Thermo Fisher Scientific, P36930). Images were acquired on a Leica

DM6 microscope or a Nikon A1R confocal microscope using similar

exposure and gains andwere analyzedusing ImageJ software (National

Institutes of Health [NIH], version 1.54j). Plaque morphology, distri-

bution, and size were analyzed as described previously.41,47 TREM2

immunohistochemistry was assessed qualitatively.

2.4 Immunoblotting

Perfused left hemibrains were dissected into cortex and hippocam-

pus and flash frozen. Six hundred µl of M-PER Mammalian Protein

Extraction Reagent (Thermo Fisher Scientific, 78501) with protease

and phosphatase inhibitors were added to dissected cortices prior

to mechanical homogenization. Brain lysates were centrifuged at

15,000 × g for 10 minutes, and supernatants were collected and soni-

cated. Protein concentrations were measured using the bicinchoninic

acid (BCA) ProteinAssayKit (ThermoFisher Scientific, 23225). Protein

was diluted in NuPage LDS Sample Buffer (Thermo Fisher Scientific,

NP0007) and Bolt Sample Reducing Agent (Thermo Fisher Scientific,

B0009) and denatured via boiling at 100◦C for 10 minutes. Cortical

samples (25 or 30 µg protein/sample) were used for electrophoresis

with Bolt Bis-Tris Plus Mini Protein Gels, 4% to 12% (Invitrogen,

NW04122BOX). Protein was transferred to polyvinylidene fluoride

membranes at 400 mA. After transfer, membranes were washed

in 0.1% Tween-20 in TBS (TBST) and blocked in 5% bovine serum

albumin (BSA) in TBST. After blocking, the membranes were incubated

overnight at 4◦C in 5% BSA in TBST with the following primary

antibodies: rabbit anti-PLCG2 (1:500; Cell Signaling, #3872), sheep

anti-TREM2 (1:500, R&D Systems, #AF1729), mouse anti-β-actin
(1:5000; Santa Cruz Biotechnology, sc-47778), rabbit anti-CD11c

(1:1000; Cell Signaling, 97585S), mouse anti-IL4R alpha (1:250;

R&D Systems, MAB530), mouse anti-GAPDH (1:5000; Santa Cruz

Biotechnology, sc-32233). After incubation with primary antibodies,

membranes were washed with TBST and incubated with horseradish

peroxidase (HRP) conjugated secondary antibodies at 1:10000 in

5% BSA in TBST at RT for 1 hour, washed with TBST, developed in

enhanced chemiluminescence solution, and imaged. Images were

analyzed using ImageJ software.

2.5 RNA isolation and quantitative polymerase
chain reaction

Brain regions were dissected and processed as described above. Brain

lysates were combinedwith an equal volume of RNA STAT-60 (Tel-Test

Inc., CS-502) and RNA was immediately isolated using the PureLink

RNA mini kit (Invitrogen, 12183020) per the manufacturer’s instruc-

tions. PureLink DNase (Invitrogen, 12185010) was used for DNA

clean-up following the manufacturer’s recommendations. For quan-

titative polymerase chain reaction (qPCR), cDNA was synthesized

from the isolated RNA using the High-Capacity of RNA-to-cDNA

kit (Applied Biosystems). qPCR was performed using the StepOne

Plus Real Time PCR system (Applied Biosystems) with Taqman Gene

Expression Assays (Applied Biosystems) for PLCG2 and TREM2. Rela-

tive gene expression was assessed relative to Gapdh and graphed as

fold change in expression from wild-type levels. The relative delta Ct

methodwas used for statistical comparisons.

2.6 Bulk RNA-seq

LibrariesofRNAsampleswithat leastRIN8werepreparedusingKAPA

mRNAHyperprepKit. Paired-endRNAsequencing (100bp)with≈100

million reads coverage was performed on an Illumina NovaSeq 6000

instrument. FASTQ files were aligned to the reference mouse genome

mm10withUCSC refGene annotation using STAR (v.2.7.10a), and gene

read counts were generated using featureCounts (v. 2.0.3).48–51 Sex-

based batch effects were corrected for by omitting genes expressed

on chromosomes X and Y. Differential gene analysis was conducted

using edgeR (3.38.4).52 Differentially expressed genes (DEG) were

defined as false discovery rate (FDR)-adjusted p value ≤ 0.05 and

an absolute log2foldchange ≥ 0.6. Enrichment analysis of the DEGs

were conducted using DAVID53,54 and enrichments were considered

to be significant if adjusted p value ≤ 0.05. Cluster analysis, heatmap

creation, and principal component analysis (PCA) were done with

ClustVis.55 Raw and processed data have been deposited to Gene

ExpressionOmnibus (GEO; accession number GSE291648).

2.7 Statistical analysis

Data were expressed as the mean ± standard error of the mean. Sta-

tistical analyses were performed using GraphPad Prism (GraphPad

Software, version 10.2.2). Analyses were performed using Student t

test or a non-parametric one-way analysis of variance with Tukey post

hoc test. P< 0.05was considered significant.

3 RESULTS

3.1 PLCG2 deficiency impairs the
TREM2-dependent response to amyloid pathology

In neurodegenerative disease, microglia undergo context-dependent

transcriptional reprogramming based on brain region, age, and pathol-

ogy. AD pathology promotes TREM2-dependent microglial programs

that are thought to be neuroprotective.39 Because PLCG2 is a vital

component of TREM2 signaling, we first evaluated the impact of

PLCG2 depletion on TREM2 expression in response to amyloid pathol-

ogy. The amyloidogenic 5xFAD mouse model begins accumulating

amyloid as early as 2 months of age and, by 4 months of age, will

begin showing behavioral impairments.56,57 We examined 5xFADmice

at 7.5 months of age, a time point with robust amyloid pathology and

behavioral deficits.56,57 In the cortices of 5xFADWT mice, PLCG2 pro-

tein expression assessed by immunohistochemistry and immunoblot-

ting was unchanged and TREM2 protein expression was significantly

increased compared to B6WT mice (Figure 1A–D). PLCG2 protein
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F IGURE 1 PLCG2 deficiency results in reduced TREM2mRNA and protein expression in 5xFADmice. A, Representative images of plaques
(X34, blue), microglia (Iba1, green), and TREM2 (red) for qualitative assessment in the cortices of 7.5-month-old mice. Scale bar, 100 µm.
Representative immunoblot (B) and quantification (C andD) of PLCG2 and TREM2 protein expression in the cortices of 7.5-month-old B6WT,
5xFADWT, 5xFADPlcg2-/−, and 5xFADTrem2-/− mice (n= 4 per group; 2male and 2 femalemice; TREM2 and PLCG2 expression were normalized with
β-Actin). PLCG2 (E) and TREM2 (F) mRNA expression reported as transcripts/million (TPM) asmeasured by bulk-RNA sequencing of the cortices of
7.5-month-old mice (n= 6 per group; 3males and 3 females for 5xFADWT and 5xFADTrem2-/- and 4males and 2 females for 5xFADPlcg2-/−). Male
mice aremarkedwith a square (□), and femalemice aremarkedwith a circle (◦). All data are presented as themean± standard error of themean
analyzed by analysis of variance followed by Tukeymultiple comparisons test. *p< 0.05; **p< 0.01; ***p< 0.001. ns, not significant; PLCG2,
phospholipase C gamma 2; TREM2, triggering receptor expressed onmyeloid cells 2.
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expressionwas appropriately ablated in 5xFADPlcg2-/- mice, and PLCG2

expressionwas increased in5xFADTrem2-/−mice compared to5xFADWT

and B6WT mice (Figure 1C). Interestingly, TREM2 protein expression

failed to increase in5xFADPlcg2-/−mice, despite the continuedpresence

of microglia and Aβ plaques (Figure 1D). Similarly, mRNA expres-

sion analysis showed that while PLCG2 expression in 5xFADTrem2-/−

mice was comparable to 5xFADWT mice (Figure 1E), TREM2 mRNA

expression was significantly reduced in 5xFADPlcg2-/− mice compared

to 5xFADWT mice (Figure 1F). Importantly, in cortices of B6Plcg2-/−

mice, TREM2 expression was not significantly reduced compared to

B6WT mice, suggesting that the observed effects of PLCG2 deficiency

on TREM2 expression might depend on the magnitude of pathology

(Figure S1A,B in supporting information). Overall, these findings indi-

cate that PLCG2 is required for induction of TREM2 in the microglial

response to Aβ plaques.

3.2 PLCG2 expression correlates with TREM2
expression independently of AD pathology in human
bulk RNA-seq

Previously, PLCG2 expression was shown to be associated with Aβ
plaque load and the microglia markers AIF1 and TMEM119 in human

brains.12 To assess whether the relationship we observed between

PLCG2 and TREM2 in 5xFAD mice translates to human brains, we

used bulk RNA-seq data collected by the MSBB study. In addition

to gene expression data across multiple brain regions, this study has

compiled clinical and neuropathological scores for > 200 patients,

including Braak staging, CDR, and the Consortium to Establish a Reg-

istry for Alzheimer’s Disease (CERAD) score.46 In four different brain

regions, simple linear regression analyses were used to test if PLCG2

expression levels could predict the expression of TREM2. Indeed, we

revealed moderate to strong correlations between PLCG2 and TREM2

expression levels in nearly all brain regions surveyed regardless of

pathological scoring (Figure2A–C).Moreover, becausebothPLCG2and

TREM2 are predominantly expressed bymicroglia, we normalized their

gene expression by AIF1 expression levels to account for differing lev-

els of microgliosis (Figure 2D). The correlations between PLCG2 and

TREM2 expression levels remained significant in nearly all regions and

pathologies after AIF1 normalization (Figure 2E). Overall, these find-

ings indicate that PLCG2 expression levels significantly predict TREM2

expression levels regardless of pathological score, suggesting that the

role of PLCG2 in regulating TREM2 is innate tomicroglia function, inde-

pendent of the extent of neuropathology and degree of microgliosis.

3.3 PLCG2 and TREM2 knockouts similarly
exacerbate amyloid pathology and impair microglial
engagement with plaques

We next analyzed the effects that PLCG2 or TREM2 deficiency have

on AD pathology. TREM2 deletion reduces microglial survival and

phagocytosis in vitro and impacts plaque pathology across disease

progression in amyloidogenic mouse models.39,41,42 Moreover, the

loss-of-function TREM2 variant R47H impairs microglial responses

to Aβ and confers increased risk for AD.36,38 In the cortices of

5xFAD mice, TREM2 and PLCG2 deficiencies were associated with

an increase in average X34+ plaque size, but total X34+ area cov-

erage did not reach significance, potentially due to large sex effects

on plaque deposition (Figure 3A–C, Figure S2A in supporting infor-

mation). However, using high-resolution microscopy and previously

defined methods,41,47 we identified changes to the distribution of

X34+ plaque sizes (Figure S2B) and morphologies (Figure S2C), sug-

gesting that TREM2 and PLCG2 deficiencies alter plaque development

and compaction. Moreover, lysosomal-associated membrane protein 1

(LAMP1)-positive dystrophic neurite area normalized to the number

of X34+ plaques was increased with TREM2 and PLCG2 deficien-

cies, although this was only significant in TREM2-deficient animals

(Figure 3A,D, and E). Furthermore, we assessed MOAB2+ plaque

characteristics, including area coverage, size, and degree of colocal-

ization with X34+ plaques. Interestingly, despite increased neuritic

dystrophy, PLCG2 and TREM2 knockout mice showed smaller aver-

age MOAB2+ plaque sizes compared to 5xFADWT mice, potentially

suggesting impaired plaque compaction and increased diffusivity of

oligomeric Aβ (Figure S3A in supporting information). These findings

were corroborated with our assessment of the ratios of X34- and

MOAB2-expressing plaques, whereby PLCG2 and TREM2 deficien-

cies resulted in larger proportions of X34 colocalization with MOAB2

compared to 5xFADWT mice (Figure S3B,C).

We next investigated microglial responses to Aβ using high-

resolution confocal microscopy. We analyzed microglia (IBA1,

green) and amyloid plaques (X34, blue) in the cortices of 5xFAD

mice (Figure 3F). Microglia area coverage was similarly reduced by

both TREM2 and PLCG2 deficiency, suggesting absent or impaired

microgliosis in response to plaque pathology (Figure 3G). Plaque

engagement was assessed by IBA1 and X34 colocalization, as well

as IBA1 area coverage in a 50 µm-diameter circle centered on each

plaque (periplaque IBA1; Figure 3H–K). TREM2 and PLCG2 deficiency

similarly impaired microglial engagement with plaques. As a node

acting downstream of TREM2, the microglial deficits conferred by

PLCG2 depletion may be due to its impacts on TREM2 induction or

signal transduction. Overall, these findings show that the microglial

response to Aβ depends on both TREM2 and PLCG2.

3.4 PLCG2 and TREM2 knockout similarly impair
microglial immune pathways

Bulk RNA-seq of 7.5-month-old 5xFADWT, 5xFADTrem2-/−, and

5xFADPlcg2-/− cortices was conducted to identify how depletion of

these genes impacts gene expression and transcriptional pathways

under significant plaque burden. Differential expression analysis of the

bulk RNA-seq data identified 1256 DEGs (p < 0.05 and logFC > |0.6|)

for 5xFADPlcg2-/− versus 5xFADWT (Figure 4A) and 1002 DEGs for

5xFADTrem2-/− versus 5xFADWT (Figure 4B). Enrichment analysis of

Gene Ontology (GO) biological processes identified many pathways
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F IGURE 2 PLCG2 and TREM2 correlate independently of AD pathology in human bulk RNA-sequencing. Representative scatterplot and
regression lines for PLCG2 and TREM2 in Brodmann area 10 (posterior superior temporal gyrus) by CERAD score (A) and Braak stage (B). The table
(C) shows the R2, p value, β coefficient (β), and population size (N) of the simple linear regression analysis between PLCG2 and TREM2 depending on
each patient’s CERAD score, Braak stage, and CDR score. Blue and orange areas indicate respective linear regression statistics for representative
plots (A–C). D, To account for individual differences in microgliosis, PLCG2 and TREM2were divided by themicroglia marker AIF1, and the simple
linear regression analysis was repeated (E). AD, Alzheimer’s disease; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; CDR,
Clinical Dementia Rating; PLCG2, phospholipase C gamma; TREM2, triggering receptor expressed onmyeloid cells 2.
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F IGURE 3 PLCG2 and TREM2 deficiency exacerbate amyloid pathology and impair microglial engagement with Aβ plaques. (A)
Representative images of dense-core plaques (X34, blue) and dystrophic neurites (LAMP1, magenta) in the cortices of 7.5-month-old 5xFADWT,
5xFADPlcg2-/−, and 5xFADTrem2-/− mice. Scale bar, 1000 µm. Percentage of X34+ area (B) or LAMP1+ area (D) in the cortices of 7.5-month-old mice
of each genotype. Average X34+ plaque size (C), and LAMP1 total area per X34+ plaque (E) in the cortices of 7.5-month-oldmice of each genotype.
F, Representative images of dense-core plaques (X34, blue) andmicroglia (Iba1, green) in cortices of 7.5-month-oldmice. Total percentage of Iba1+
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associated with the immune response that were shared between

both 5xFADPlcg2-/− and 5xFADTrem2-/− compared to 5xFADWT, includ-

ing immune response, regulation of immune system process, and

defense response (Figure 4C,D). Indeed, expression of genes related

to the TREM2-mediated microglial response to Aβ, including Itgax,

Clec7a, and Cd68, were significantly reduced in both 5xFADPlcg2-/−

and 5xFADTrem2-/− mice compared to 5xFADWT mice (Figure 4E).

Immunohistochemistry of phagolysosomal marker CD68 showed

reduced immunoreactivity in both 5xFADPlcg2-/− and 5xFADTrem2-/−

mice compared to 5xFADWT mice, corroborating the bulk RNA-seq

findings (Figure 4F–G,J). Interestingly, 5xFADPlcg2-/- mice showed

greater reductions in CD68 immunoreactivity in IBA1+ microglia

and in the periplaque regions than 5xFADTrem2-/− mice (Figure 4H–I),

suggesting that phagolysosomal processes rely only in part on TREM2

but more substantially on PLCG2, potentially through other receptors

which depend on PLCG2-mediated signal transduction. Additionally,

Itgax/CD11c expression is associated with pro-phagocytic phenotypes

in microglia, and analysis of CD11c in 7.5-month-old 5xFAD animals

using immunoblotting revealed near total depletion of protein in both

5xFADPlcg2-/− and 5xFADTrem2-/− mice compared to 5xFADWT mice

(Figure 4K,L). These results show that PLCG2 and TREM2 deficiencies

similarly impair the microglia-mediated immune response to Aβ by

impacting the induction of TREM2-mediated transcriptional programs,

reinforcing the importance of PLCG2 as a signaling node in the TREM2

signaling pathway.

3.5 PLCG2 and TREM2 knockouts confer distinct
transcriptional perturbations

The intracellular signaling pathway downstream TREM2 is complex

and involves many molecules in addition to PLCG2, including Syk and

PI3K.32,33,35,43,58,59 Likewise, PLCG2 mediates transduction of many

other cell surface receptors in addition to TREM2.13,15–21 To clarify

the role of the TREM2–PLCG2 axis among these pathways in AD, we

dissected the DEGs identified by bulk RNA-seq. PCA revealed dis-

crete clusters of each genotype (Figure 5A). These clusters showed

that despite similar phenotypes in AD, 5xFADPlcg2-/− and 5xFADTrem2-/-

mice exhibit distinct transcriptional profiles. We next analyzed shared

and unshared DEGs between 5xFADPlcg2-/− and 5xFADTrem2-/− versus

5xFADWT to identify what pathways may be unique to the networks in

which PLCG2 and TREM2 participate. There were 469 shared DEGs,

581 specific for 5xFADPlcg2-/- mice, and 382 specific for 5xFADTrem2-/−

mice (Figure5B, Figure S4 in supporting information). Enrichment anal-

ysis of GO biological processes for the shared DEGs revealed mostly

immune response pathways, reinforcing our findings of impaired

microglial functioning in response toAβ (Figure 5C). Interestingly, anal-
ysis of 5xFADPlcg2-/−-specific genes showed unique pathways related

to cell surface receptor signaling, migration, and cytokine production

(Figure 5D), while analysis of 5xFADTrem2-/−-specific genes showed

pathways associated with cell adhesion and development (Figure 5E).

To validate these transcriptomic alterations at the protein level, we

identified Il4ra, a gene associated with cell surface receptor trans-

duction and interleukin 4 signaling, that was differentially expressed

between PLCG2- and TREM2-deficient animals. Interestingly, we iden-

tified a potential sex- and genotype-dependent effect on Il4ra isoform

proportions, potentially indicating an effect on alternative splicing for

this gene (Figure S5A–C in supporting information). Further exper-

iments are required to elucidate the sex- and PLCG2- and TREM2-

dependent mechanisms on this pathway. These genes and associated

pathways reveal insights intowhichmechanismsmight be uniquely dis-

rupted in each condition and will help delineate the role that PLCG2

plays as a node of many different upstream signaling sources.

4 DISCUSSION

While PLCG2 mutations have been most thoroughly studied in the

context of peripheral inflammatory disorders, recent genetic stud-

ies have revealed genetic variants in PLCG2 that divergently impact

AD risk.11,22–27,29 In light of the findings that the GOF P522R vari-

ant of PLCG2 confers protection in AD and the M28L variant confers

risk, it has become critical to achieve a better understanding of the

mechanisms through which PLCG2 augments microglial functioning to

inform the discovery of immunomodulatory therapies for AD. The role

of PLCG2 in vital signal transduction pathways of microglial immune

receptors, especially TREM2, remains unclear in the context of AD.

Here, we identify the importance of PLCG2 in the TREM2-dependent

microglial response in vivo, transcriptomic disturbances distinguishing

PLCG2 and TREM2 function, and a potential upstream regulatory role

of PLCG2 in the 5xFAD amyloidogenic murinemodel of AD.

In AD, amyloid pathology induces the expression of TREM2 in

microglia.36–41,60 Previous work has shown that PLCG2 depletion

inhibits TREM2 signaling in response to TREM2 ligands in vitro.16

Interestingly, we showed that PLCG2 deficiency completely inhib-

ited the induction of TREM2 in plaque-associated microglia and

reduced cortical gene expression to near knockout levels in 5xFAD

mice. Thus, PLCG2-deficient 5xFAD animals appeared to be function-

area (G) within the cortex, total percent of X34+ plaque area colocalized with Iba1+ area (H), and percentage of periplaque Iba1+microglia (I)
within a circular area with a radius of 25 µm centered on X34+ plaques (n= 6mice and> 100 plaques per genotype) in the cortices of
7.5-month-old mice of each genotype. J,K, Representative images illustrating periplaque regions in 5xFADWT and 5xFADPlcg2-/− mice. Scale bar,
25 µm. n= 6 per group; 3males and 3 females for 5xFADWT and 5xFADTrem2-/- and 4males and 2 females for 5xFADPlcg2-/−. Male mice aremarked
with a square (□), and femalemice aremarkedwith a circle (◦). Data points represent means of threematched sagittal sections per mouse. All data
are presented as themean± standard error of themean analyzed by analysis of variance followed by Tukeymultiple comparisons test. *p< 0.05;
**p< 0.01; ***p< 0.001. Aβ, amyloid beta; LAMP1, lysosomal-associatedmembrane protein 1; ns, not significant; PLCG2, phospholipase C gamma;
TREM2, triggering receptor expressed onmyeloid cells 2.
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F IGURE 4 PLCG2 and TREM2deficiency similarly impair immune pathways. Cortices of 5xFADWT, 5xFADPlcg2-/−, and 5xFADTrem2-/- micewere
harvested at 7.5months for bulk RNA-sequencing analysis. A, Volcano plot showing significant DEGs (FDR< 0.05, FC> 1.5) between 5xFADPlcg2-/-

and 5xFADWT mice. B, Volcano plot showing significant DEGs (FDR< 0.05, FC> 1.5) between 5xFADTrem2-/- and 5xFADWT. C, Top 10GO terms for
biological processes using all DEGs that met the significance and FC threshold between 5xFADPlcg2-/- and 5xFADWT mice. D, Top 10GO terms for
biological processes using all DEGs that met the significance and FC threshold between 5xFADTrem2-/− and 5xFADWT mice. E, Heatmap depicting
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ally nearly TREM2 deficient, as well. These results recapitulated in

vitro findings in myeloid cells by Obst et al., which showed a signifi-

cant reduction in TREM2 expression in PLCG2-deficient iPSC-derived

humanmacrophages.43 Moreover, in PLCG2-deficient B6mice, TREM2

expression was reduced, but did not reach significance, potentially due

to low expression of TREM2 in non-diseasedmodel mice. Thus, we can-

not rule out the contribution of PLCG2 deficiency during development

and homeostasis to our findings. Conversely, in 5xFADmice, we found

TREM2 depletion does not affect PLCG2 gene expression. These find-

ings strongly suggest that PLCG2 is critical for the TREM2-mediated

microglial response to amyloid plaques. Furthermore, examining the

human brain bulk RNA-seq data collected by the MSBB,46 this find-

ing was recapitulated because PLCG2 expression significantly predicts

TREM2 expression inmultiple brain regions. Importantly, these findings

are irrespective of neuropathological scores, suggesting that PLCG2

plays a vital role in TREM2regulation in bothhealthy aging anddisease.

While previous research established the importance of PLCG2 down-

stream of TREM2, our study suggests a novel role for PLCG2 upstream

of the TREM2 response.

TREM2 loss-of-function impairs microglial protective functions

and worsens neuronal dystrophy.9,37,38,41,42,61 Likewise, PLCG2

loss-of-function has recently been associated with worsened AD

pathology.12,27,29 Indeed, we observed that both PLCG2 and TREM2

deficiencies similarly exacerbated amyloid-induced neuropathology

and significantly reduced microglial coverage and engagement of

plaques. However, we did identify reduced MOAB2+ plaque sizes

with PLCG2 and TREM2 deficiencies despite increased neuritic plaque

pathology, which may be a result of reduced oligomeric Aβ compaction

as described previously in another amyloidogenic mouse model.62

Overall, these findings agree with previous research that reported

that PLCG2 deficiency phenocopies the deficits in phagocytosis and

immune reactivity to stimuli resulting from TREM2 deficiency in

vitro.16,43 Of note, the effects of TREM2 depletion depend on the

stage of disease progression, in which it ameliorates pathology early

and exacerbates it later in the APP PS1-21 mouse model.42 The

current findings in 7.5-month-old 5xFAD mice recapitulate previous

findings in later disease stages, but changes in pathology andmicroglial

phenotypes due to PLCG2 depletion should be investigated across a

greater range of ages.

Alterations in TREM2 and PLCG2 expression are associated with

significant transcriptional shifts, including in pathways associated with

immunity, metabolism, proliferation, and autophagy.12,16,25,39,43 To

better understand the level of signaling input TREM2 relays to PLCG2

under significant amyloid plaque burden, we conducted bulk RNA-seq

on whole cortices of 7.5-month-old 5xFAD mice in TREM2-deficient

and PLCG2-deficient animals and examined functional pathways. Of

note, bulk RNA-seq does not allow for the assessment of cell type–

specific gene expression. Although the discussed DEGs are predomi-

nantly expressed by microglia, they must be interpreted with respect

to the whole brain rather than specifically microglia. Interestingly,

the DEGs of both genotypes were almost entirely associated with

immune-related terms. The transcriptional shift microglia undergo

in response to Aβ is thought to be at least partially dependent on

TREM2 expression,33,39 and the majority of the genes associated with

the TREM2-dependentmicroglial program are significantly downregu-

lated in PLCG2 deficient brains, as well. Analysis of both Itgax/CD11c

and Cd68, markers of microglial responsivity and phagocytosis associ-

ated with the TREM2 response to Aβ, confirmed significantly impaired

induction of the TREM2-dependent genes in both PLCG2 and TREM2-

deficient cortices. These findings reinforce the importance of PLCG2 in

the TREM2-dependent immune response to Aβ.
PLCG2-deficient iMGs at baseline shared almost 50% of the DEGs

identified in TREM2-deficient iMGs, and these genes were enriched

in pathways associated with phagocytosis and DAP12 signaling,16

illustrating the importance of PLCG2 in these canonically TREM2-

associated mechanisms. Thus, we hypothesized that these transcrip-

tional similarities would exist in vivo in amyloidogenic mouse models,

as well. Our analysis revealed that of the 1256 DEGs identified for

5xFADPlcg2-/− versus 5xFADWT mice and 1002 DEGs for 5xFADTrem2-/−

versus 5xFADWT mice, 578 were shared. Indeed, these shared DEGs

were heavily enriched for immune-related pathways, supporting the

role of PLCG2 in mediating TREM2-dependent microglial responses.

Importantly, the PCA revealed that while PLCG2 and TREM2 deficien-

cies share many significant terms, they are transcriptionally distinct.

This suggests that PLCG2 signaling has non-TREM2-mediated input in

response to pathology. The unshared DEGs provide insight into what

pathways may be uniquely affected by each knockout and can inform

what other signalingmechanisms or downstream nodes participate.

Enrichment of genes specific to PLCG2 deficiency revealed path-

ways associated with cell surface receptor signaling, migration, pro-

liferation, and cytokine production, recapitulating previous in vitro

findings which identified reductions in integrin expression, deficits in

motility, and alterations in cytokine signaling in PLCG2 deficient iPSC-

macrophages, iMGs, and neutrophils.16,18,43 Additionally, these results

bolster our understanding of PLCG2 as a node of many receptors

with numerous downstreamconsequences of activation.Despite these

transcriptomic differences, however, PLCG2 and TREM2 deficiencies

exhibited similar microglial phenotypes, amyloid plaque burden, and

mRNA expression of disease-associatedmicroglia genes between 5xFADWT, 5xFADPlcg2-/−, and 5xFADTrem2-/- mice. F, Representative images of
dense-core plaques (X34, blue), microglia, (Iba1, green), and phagolysosomes (CD68, red). Scale bar, 100 µm. G, Total percentage of CD68+ area. H,
Total percentage of CD68 area normalized to total Iba1+ area. I, Percentage of periplaque CD68+ area within a circular area with a radius of 25 µm
centered on X34+ plaques. J, CD68mRNA expression reported as transcripts/million (TPM). Representative immunoblot (K) and quantification (L)
of CD11c protein from in 5xFADWT, 5xFADPlcg2-/−, and 5xFADTrem2-/− cortices. Malemice aremarkedwith a square (□), and femalemice are
markedwith a circle (◦). All data are presented as themean± standard error of themean analyzed by analysis of variance followed by Tukey
multiple comparisons test. *p< 0.05; **p< 0.01; ***p< 0.001. DEGs, differentially expressed genes; FC, fold change; FDR, false discovery rate; GO,
GeneOntology; ns, not significant; PLCG2, phospholipase C gamma; TREM2, triggering receptor expressed onmyeloid cells 2.
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F IGURE 5 PLCG2 and TREM2-deficient 5xFADmice share altered pathways but are transcriptionally distinct. A, PCA plot showing clustering
of each genotype. B, Euler diagram showing the quantity of shared and unshared DEGs (p< 0.05, FC> 1.5) between 5xFADPlcg2-/− versus
5xFADWT mice and 5xFADTrem2-/− versus 5xFADWT mice. C–E, The top 10GO terms for biological processes for shared DEGs (E; purple) and
unshared DEGs (C; blue andD; red). DEGs, differentially expressed genes; FC, fold change; GO, GeneOntology; PCA, principal component
analysis; PLCG2, phospholipase C gamma; TREM2, triggering receptor expressed onmyeloid cells 2.

neuronal dystrophy, suggesting that the pathways that are most rele-

vant in the context of severe amyloid pathologymaybe those thatwere

shared.

These results help clarify the role of PLCG2 in mediating microglial

responses to Aβ and provide valuable insight into the functions of the

protective and risk PLCG2 variants. Similar to total PLCG2 knockout,

the loss-of-function PLCG2M28L variant reduces PLCG2 expression,

exacerbates AD pathology, impairs microglial responsivity to Aβ, and
disrupts microglial response gene expression.27 Through investigation

of total PLCG2 loss, we show that PLCG2 may be critical for facilitat-

ing upregulation of TREM2 in response to Aβ in addition to mediating

downstream transduction. Future high-powered studies should clarify

how sex impacts PLCG2 and TREM2 function in AD, as well as explore

the relationship between PLCG2M28L and both PLCG2 and TREM2

deficiencies to further elucidate the mechanisms by which it confers

risk for AD.
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