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SUMMARY
Microglia are strongly implicated in the development and progression of Alzheimer’s disease (AD), yet their
impact on pathology and lifespan remains unclear. Here we utilize a CSF1R hypomorphic mouse to generate
amodel of AD that genetically lacks microglia. The resulting microglial-deficient mice exhibit a profound shift
from parenchymal amyloid plaques to cerebral amyloid angiopathy (CAA), which is accompanied by
numerous transcriptional changes, greatly increased brain calcification and hemorrhages, and premature
lethality. Remarkably, a single injection of wild-typemicroglia into adult mice repopulates themicroglial niche
and prevents each of these pathological changes. Taken together, these results indicate the protective func-
tions of microglia in reducing CAA, blood-brain barrier dysfunction, and brain calcification. To further under-
stand the clinical implications of these findings, human AD tissue and iPSC-microglia were examined,
providing evidence that microglia phagocytose calcium crystals, and this process is impaired by loss of
the AD risk gene, TREM2.
INTRODUCTION

Alzheimer’s disease (AD) is the leading cause of age-related de-

mentia and increasingly recognized as a neuroimmune disorder.

As brain-resident immune cells, microglia are implicated in both

the genetics and pathology of AD. For example, neuropatholog-

ical studies have for decades described the juxtaposition of mi-

croglia around beta-amyloid (Ab) plaques. More recently,

genome-wide association studies (GWASs) have identified

over 50 AD-linked loci (Jansen et al., 2019; Kunkle et al., 2019;

Schwartzentruber et al., 2021), the great majority of which are

associated with genes that are highly or even exclusively ex-

pressed by microglia (Efthymiou and Goate, 2017; McQuade

and Blurton-Jones, 2019). Studies in AD mouse models have

further identified a disease-associated microglial (DAM) expres-

sion signature within plaque-associated microglia and shown

that AD risk genes alter the ability of microglia to respond to pla-

ques and induce a DAM transcriptomic profile (Jay et al., 2017;

Keren-Shaul et al., 2017; McQuade et al., 2020; Yuan et al.,
This is an open access article und
2016). Collectively, these studies indicate that the microglial

DAM response likely protects against amyloid-induced neuronal

damage.

The contribution of microglia to AD has been examined in

many animal models by pharmacological depletion or deletion

ofmicroglial genes. The impacts of these interventions on plaque

deposition appear to depend upon age, disease state, and mi-

croglial gene expression. For example, pharmacological deple-

tion of microglia at early ages decreases amyloid plaque load

but at later ages has no effect on amyloid pathology (Sosna

et al., 2018; Spangenberg et al., 2016, 2019). Deletion of the

AD risk gene, triggering receptor expressed on myeloid cells 2

(TREM2), similarly decreased the initial deposition of amyloid

but conversely promotes amyloid deposition at later ages (Jay

et al., 2017). Reduced microglial phagocytosis of Ab via deletion

of Mer and Axl receptors was also recently shown to diminish

dense core plaque pathology (Huang et al., 2021). Pharmacolog-

ical microglial depletion also modulates several other AD-asso-

ciated phenotypes. For example, depletion of microglia in
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9-month-old 5xfAD mice reduces synaptic and neuronal loss

and improves cognition, despite having no effect on Ab plaques

(Spangenberg et al., 2016). Yet other studies have found that mi-

croglial depletion reduces tau-associated neurodegeneration

(Shi et al., 2019). Collectively, these experiments have clarified

the impact of microglia on Ab plaque load, neurodegeneration,

and cognitive function. However, far fewer studies have exam-

ined the potential role of microglia in one of the most prevalent

AD co-pathologies, cerebral amyloid angiopathy (CAA). Yet, up

to 48% of AD patients exhibit substantial CAA, which involves

the accumulation of insoluble Abwithin small and medium blood

vessels of the brain and meninges (Jäkel et al., 2021). This

vascular pathology in turn impairs the localized regulation of ox-

ygen and glucose supply to the neurovascular unit, promoting

cerebral hypoperfusion and microhemorrhages (Bell and Zlo-

kovic, 2009). Importantly, CAA is also associated with a more

rapid onset of dementia, diminished episodic memory, and

increased mortality even when controlling for plaque and tangle

loads (Arvanitakis et al., 2011; Vidoni et al., 2016). Given the

prevalence of CAA in AD and its impact on cognition and mortal-

ity, AD risk genes likely also contribute to the development of this

important pathology. Indeed, apolipoprotein 4 (APOE4), the

strongest genetic risk factor for AD, increases the accumulation

of Abwithin cerebral vessels, promoting the development of CAA

(Tai et al., 2016).

To further understand the impact ofmicroglia onAD-associated

pathologies we crossed 5xfAD transgenic mice (Oakley et al.,

2006) with FIRE mice, a mouse model that is entirely microglia-

deficient but retains meningeal and perivascular macrophages

(Rojo et al., 2019). The FIRE mice harbor a specific deletion of

the microglial-associated fms intronic regulatory element (FIRE)

enhancer of Csf1r locus to produce mice that lack microglia but

retain peripheral macrophage populations. Importantly, FIRE

micedonot exhibit hydrocephalus and other neurological impacts

or the severe peripheral growth and developmental abnormalities

reported in constitutiveCsf1r�/� rodents andhumans (Humeet al.,

2020; Patkar et al., 2021;Rojoet al., 2019). Thismodel ofmicroglial

deficiency also avoids the confounding impacts of CSF1R antag-

onists, which drive widespread microglial apoptosis, leading to

pleiotropic effects on astrocyte function and T cell recruitment (El-

more et al., 2014; Marino Lee et al., 2021; Unger et al., 2018).

In the absence of microglia, we found that Ab neuropathology

undergoes a marked shift toward vascular deposition. Using sin-

gle-nucleus RNA-seq (snRNA-seq), we performed an unbiased

transcriptomic analysis of 5x-FIRE and 5xfAD mice and found

substantial alterations in the gene expression landscape in

neuronal, glial, and brain vascular cell types. Furthermore, we

found that 5x-FIREmice develop robust brain calcification, cere-

bral hemorrhages, and premature death compared with 5xfAD

littermates. Importantly, a single adult bilateral injection of donor

microglia restored occupancy of the microglial niche and

completely reversed the previously observed changes in amyloid

pathology, brain calcification, and cerebral hemorrhage. In addi-

tion, snRNA-seq analysis demonstrated that many of the tran-

scriptional defects associated with a lack of microglia in 5xfAD

mice were rescued across cell types following microglial trans-

plantation. To further explore the translational implications of

these findings, we examined human AD patient brain samples
2 Cell Reports 39, 110961, June 14, 2022
and TREM2 knockout human microglia. These studies revealed

a significant increase in brain calcification in AD patients who

exhibit vascular pathology and further show that TREM2 is

necessary for efficient phagocytosis of calcium crystals. Taken

together, these data demonstrate that microglia regulate

vascular health, calcification, and mortality in the context of am-

yloid pathology and further suggest that microglial AD risk genes

likely influence the development of these diverse pathologies.

RESULTS

FIRE mice provide a genetic approach to model
microglial absence
Microglia are reliant on CSF1R signaling for differentiation, pro-

liferation, and survival (Elmore et al., 2014; Hume et al., 2020;

Rojo et al., 2019). Constitutive deletion of CSF1R results in an

absence of microglia but also leads to postnatal lethality and

developmental defects, including hypomyelination and ventricu-

lar enlargement (Dai et al., 2002; Patkar et al., 2021). Conditional

deletion of CSF1R, inducible diphtheria toxin models, and

CSF1R antagonists provide alternative approaches. However,

these models induce the rapid death of adult microglia leading

to pleotropic effects on astrocytes and promoting T cell recruit-

ment to the brain (Elmore et al., 2014;Marino Lee et al., 2021; Un-

ger et al., 2018). In addition, surviving microglia quickly prolifer-

ate to repopulate the microglial niche so that the long-term

consequences of microglia absence with such models cannot

be effectively studied (Bruttger et al., 2015; Han et al., 2020;

Lund et al., 2018; Pons et al., 2020, 2021). As an alternative,

we have utilized a recently developed mouse model that harbors

a deletion of the FIRE enhancer within theCsf1r locus. The result-

ing FIRE mice lack microglia (Figure 1) but otherwise exhibit

normal brain anatomy and health (Rojo et al., 2019).

AD mice that genetically lack microglia exhibit
premature lethality
To produce an ADmouse model that genetically lacks microglia,

we crossed FIRE knockout mice with 5xfAD transgenic mice that

harbor familial AD mutations in amyloid precursor protein (APP)

and presenilin 1 (PSEN1) and develop robust parenchymal amy-

loid pathology (Oakley et al., 2006). F1 progeny were further

crossed to produce mice carrying four key genotypes: wild

type for both alleles (WT-WT), 5xFAD hemizygous and wild

type forCsf1r (5x-WT), wild type for the 5xfAD transgene and ho-

mozygous Csf1r DFIRE/DFIRE (WT-FIRE), and 5xFAD hemizygous

and homozygous Csf1rDFIRE/DFIRE (5x-FIRE). To confirm the

absence of microglia, cohorts of each genotype were examined

by confocal microscopy and flow cytometry. Whereas WT-WT

mice exhibit a typical tiled distribution and ramified morphology

of IBA-1+ microglia, 5x-WT mice exhibit a more activated clus-

tering of microglia as they respond to amyloid plaques (Fig-

ure 1A). In WT-FIRE and 5x-FIRE groups, microglia remained

absent throughout the brain (Figures 1A and 1B). This finding in-

dicates that Ab pathology does not induce the recruitment of

IBA-1+ monocytes or macrophages from the periphery, even in

the presence of an empty microglial niche. Flow cytometry anal-

ysis further confirmed these results, demonstrating a complete

loss of homeostatic (P2RY12+/TMEM119+) microglia in both
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WT-FIRE and 5x-FIRE mice (Figure S1A). Most surprisingly,

Kaplan-Meier analysis indicated that less than 29% of 5x-FIRE

(n = 90) mice remained alive at 6 months of age, whereas WT-

WT (n = 108), 5x-WT (n = 68), and WT-FIRE (n = 87) mice ex-

hibited minimal premature mortality (Figure 1C). This striking

finding indicates that the absence of microglia per se has no

adverse impact on lifespan, but the concurrent presence of Ab

pathology with microglial absence drives premature mortality.

Single-nucleus RNA sequencing reveals cell-type-
specific expression signatures and confirms the
absence of microglia in WT-FIRE and 5x-FIRE mice
We next sought to identify transcriptional changes associated

with a genetic depletion of microglia in 5xfAD mice.

Therefore, we performed snRNA-seq using split-pool ligation-

based transcriptome sequencing (SPLiT-seq) of 5–6-month-old

mice (n = 8 per genotype; 4 female [F]/4 male [M]). After rigorous

quality control filtering, we retained 30,442 high-quality single-

nucleus transcriptomic profiles, which we grouped into 37 bio-

logically relevant cell clusters using dimensionality reduction

and Leiden clustering (Figures 1D and S2). Cell clusters were

well mixed across genotype and sex, revealing that our analysis

grouped cells based on each cell’s underlying gene expression

state rather than confounding technical factors (Figure S2).

Cell-type identities of each cluster were annotated based on

two complementary approaches: an unbiasedmarker gene anal-

ysis (Figure 1E) and a supervised machine learning approach to

predict each cell’s identity based on a high-quality annotated

reference dataset of the mouse brain (Figure S3) (Rosenberg

et al., 2018). Using this approach, we resolved transcriptional

profiles of many different neuronal, glial, and vascular cell types,

including region-specific excitatory neurons, inhibitory neurons,

multiple subtypes of astrocytes and oligodendrocytes, and an

immune cell population containing signatures of microglia and

other immune cells. For example, marker gene analysis high-

lighted cluster-specific expression of known markers, such as

RAR-related orphan receptor B (Rorb) in cortical layer 4 excit-

atory neurons and retinoic acid receptor b (Rarb) in medium

spiny neurons (Figure 1E). Several additional transcripts en-

riched in each cluster are shown in Figure S2I, and all signifi-

cantly enriched genes for each cluster between the four

genotypes are available via Mendeley (https://doi.org/10.5281/

zenodo.6565145).
Figure 1. Genetic absence of microglia in AD mice induces premature
(A) Brains form 5–6-month-old mice (n = 8/group) were stained with IBA-1 (green

distribution of IBA-1 immunoreactive microglia in WT-WTmice, a more activated c

5x-FIRE mice.

(B) FIRE mice lack microglia throughout the brain as quantified within the cortex

(C) Kaplan-Meier survival analysis reveals early lethality in 5x-FIRE mice, with fewe

alive at 7.5 months. In contrast, WT-WT, 5x-WT, and WT-FIRE mice exhibit mini

(D) Uniform manifold approximation and projection (UMAP) of snRNA-seq analys

distinct clusters, including multiple neuronal subtypes, several astrocyte and olig

(E) A dot plot of the highest expressed gene for each cluster; size of dots indicates

(F) The absence of microglia in WT-FIRE and 5x-FIRE mice is further confirmed

others. In addition, increased expression of several disease-associated microglia

the 5x-WT group but not within 5x-FIRE mice.

(G) Whereas 5x-WT mice exhibit induction of both stage 1 and 2 DAM module

presented as mean ± SEM. *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001
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As shown previously (Rojo et al., 2019), and consistent with a

complete loss ofmicroglia, FIRE and 5xFIREmice lacked detect-

able expression of microglia-expressed transcripts, including

Csf1r, Cx3cr1, Sall1, and Tmem119, among others (Figure 1F).

As expected, Tmem119 and Sall1, two homeostatic microglial

genes, were diminished in 5x-WT mice versus WT-WT mice,

whereas DAM genes Cd9, Lpl, Trem2, and Ctsd were upregu-

lated in 5x-WT microglia. We did not, however, detect reduced

expression of Cx3cr1 and Csf1r in 5x-WT mice, despite prior re-

ports that these genes are also reduced in 5x mice (Keren-Shaul

et al., 2017). This discrepancy likely results from two technical

differences: (1) snRNA-seq analysis of all brain cells likely pro-

vides diminished sensitivity in comparison with the previously

used CD45+ immune cell enrichment approach, and (2) a recent

report demonstrates that microglia genes are underrepresented

in single-nuclei sequencing versus whole-cell sequencing

methods (Thrupp et al., 2020). To further examine the potential

induction of DAM genes, we calculated gene module scores

for homeostatic, stage 1 DAM, and stage 2 DAM genes. This

analysis further revealed a significant induction of both DAM

stages in 5x-WT mice versus WT-WT mice and a significant

reduction of all three microglial modules in 5x-FIRE mice (Fig-

ure 1G). Thus, the great majority of transcriptional changes de-

tected in our snRNA-seq analysis of 5x-WT microglia are highly

consistent with prior reports of amyloid-induced changes.

One previous study reported that CSF1R may also be ex-

pressed in neurons (Luo et al., 2013), although a recently devel-

oped CSF1R-reporter model revealed no neuronal expression

(Grabert et al., 2020). To further determine whether the FIRE

deletion induces differential expression of CSF1R within neu-

rons, we examined our snRNA-seq dataset. This analysis re-

vealed no detectible expression of CSF1R mRNA in neurons or

any other cell type beside the immune cell cluster (data not

shown). Thus, it appears CSF1R mRNA expression within the

murine brain is restricted to immune cells, and amyloid pathol-

ogy does not induce non-immune CSF1R expression.

Flow cytometry further demonstrates the loss of
microglia and reveals minimal changes in peripheral
immune populations
Because CSF1R is expressed in other myeloid cell populations,

it is important to determine whether FIREmice exhibit alterations

in any other immune cells beside microglia. We therefore
lethality and alters cell-specific transcriptional states
). Representative confocal images from the cortex demonstrate a homeostatic

lustering of microglia in 5x-WTmice, and absence of microglia in WT-FIRE and

, hippocampus, and thalamus.

r than 29% of mice remaining alive at 6 months of age and only 15% remaining

mal lethality.

is of 5–6-month-old mice (n = 8/group) provides transcriptomic evidence of 37

odendrocyte subtypes, and endothelial and immune cell clusters.

percent of cells expressing that gene; color indicates relative expression levels.

by lack of CSF1R, CX3CR1, SALL1, and TMEM119 gene expression, among

l (DAM) transcripts, including CD9, LPL, TREM2, and CTSD, is observed within

genes, 5x-FIRE show no such induction. Scale bars, 100 mm in (A). All data

.

https://doi.org/10.5281/zenodo.6565145
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performed flow cytometry on several tissues collected from each

of the four genotypes (Figure S1). Analysis of CD11b+/CD45int

expression is commonly used to identify microglia but also de-

tects border-associated macrophages (BAMs). As expected,

CD11b+/CD45int cells were greatly reduced in both FIRE groups,

although a few residual cells remained, likely representing

meningeal and perivascular macrophages, which were previ-

ously shown to be unaffected in FIRE mice (Rojo et al., 2019).

Importantly, when all CD11b/CD45 double-positive cells were

further examined for expression of the microglia markers

P2RY12 and TMEM119, we observed a complete absence of

P2RY12+/TMEM119+ cells in both WT-FIRE and 5x-FIRE

groups, further confirming the loss of microglia in FIREmice (Fig-

ure S1A). To determine whether the FIRE enhancer deletion

might affect other peripheral immune cells, we also performed

flow cytometry on spleen, deep cervical lymph nodes, and

bone marrow samples. Each of these analyses revealed no sig-

nificant differences in CD8 T cells, CD4 T cells, monocytes/mac-

rophages, neutrophils, B cells, and natural killer (NK) cells across

all four groups of mice (Figures S1B–S1E). We did, however,

detect a small but significant increase in dendritic cell numbers

specifically within the spleen of 5x-WT, WT-FIRE, and 5x-FIRE

groups in comparison with WT-WT mice. The precise impact of

this relatively subtle change remains unclear, but it seems un-

likely that this would contribute to the observed brain pheno-

types. Taken together, these flow cytometry experiments further

confirmed the loss of microglial populations in FIREmice with lit-

tle to no detectable impact on other peripheral immune cell

types.

Absence of microglia reduces plaque intensity and
insoluble Ab but promotes the development of cerebral
amyloid angiopathy (CAA)
Amyloid plaques can exhibit varying features, including dense

core and diffusemorphologies. Dense core plaques are predom-

inately composed of fibrillar Ab aggregates and readily detected

with ThioS or Amylo-Glo (D’Andrea et al., 2004; DeTure and

Dickson, 2019). In contrast, diffuse plaques are typically associ-

ated with less compact protofibrils and Ab oligomers and stain

more weakly with ThioS/Amylo-Glo but can be readily detected

with Ab antibodies. To further understand the impact of micro-

glial absence on dense core plaques, Amylo-Glo labeling was

performed on 5–6-month-old mice (Figure 2A), revealing a signif-

icant reduction of parenchymal plaque intensity in 5x-FIRE mice

within the cortex, hippocampus, and thalamus (Figures 2A and

2B). 5x-FIRE plaques also exhibited a more filamentous, diffuse
Figure 2. Microglial-deficient ADmice exhibit reduced intensity of pare

of cerebral amyloid angiopathy (CAA)

(A) The 5–6-month-old 5x-WT mice exhibit parenchymal plaque deposition (Amy

(B and C) In contrast, 5x-FIRE mice exhibit diminished plaque intensity and more

regions examined.

(D) Western blots reveal a small but significant increase in human APP protein ex

(E–G) (E) Imaris image analysis was used to further classify parenchymal versus va

(F) or sphericity (G).

(H) However, the number of CAA deposits (H) was significantly increased in 5x-F

(I) ELISA analysis further reveals significantly reduced levels of insoluble Ab40 an

(J) Whereas 5x-WT plaques are only occasionally observed adjacent to CD31+ blo

Scale bars, 25 mm in (A) and (B); 15 mm in (E); and 100 mm and 10 um in (J). All data
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distribution in comparison with the more compact and intense

morphology of 5x-WT plaques. These morphological and inten-

sity changes in parenchymal plaques were further accompanied

by a marked increase in CAA intensity within the cortex, hippo-

campus, and thalamus (Figure 2C). To determine whether

changes in amyloid intensity might be influenced by altered hu-

man APP expression, western blots were performed, revealing

a small but significant increase in APP holoprotein expression

in 5x-FIRE mice (Figure 2D). Therefore, the observed reduction

in Ab plaque intensity in 5x-FIRE mice cannot be attributed to

reduced APP expression.

Next, Imaris image analysis was used to further classify Ab pa-

thology as parenchymal plaques or CAA (Figures 2E–2H and S4).

Despite the reduction in the intensity of parenchymal plaques, no

differences in the total number of parenchymal plaques or their

sphericity were detected (Figures 2F and 2G). In contrast, amy-

loid deposits with a lengthR40 mm, indicative of CAA pathology,

were increased in all three brain regions of 5xFIRE mice (Fig-

ure 2H). The observed histological changes were also accompa-

nied by alterations in biochemical measures of Ab. Soluble levels

of both Ab40 and Ab42 detected by ELISA remained unchanged

between 5x-WT and 5x-FIRE mice, although a small but signifi-

cant reduction in the ratio of soluble 42/40 was detected (Fig-

ure 2I). However, a significant reduction in both Ab40 and Ab42

was detected within the insoluble fractions of 5x-FIRE mice,

consistent with the previously observed reduction in paren-

chymal plaque intensity. Co-labeling for Amylo-Glo and the

endothelial cell marker CD31 within the thalamus revealed a

significantly increased association between blood vessels and

parenchymal plaques in 5x-FIRE mice (Figure 2J). Thus,

although total plaque numbers remain unchanged, the develop-

ment of parenchymal plaques appears to be shifted in 5x-FIRE

mice toward a perivascular origin.

Adult transplantation of wild-type microglia prevents
the effects of FIRE deletion on parenchymal Ab and CAA
Congenital absence of microglia might potentially lead to devel-

opmental changes that predispose to amyloid pathology. To

exclude this possibility, we examined the impact of adult trans-

plantation of WT murine microglia into 5x-FIRE mice (Figure 3A).

Donor microglia derived from postnatal WT C57BL7 mice were

characterized by flow cytometry, revealing robust expression

of the homeostatic microglia markers P2RY12 and TMEM119

(Figure 3B). At 2 months of age, 5x-WT mice are just beginning

to develop parenchymal plaque pathology (Oakley et al., 2006).

Therefore, 2-month-old 5x-FIRE mice were randomly assigned
nchymal plaques and diminished insoluble Ab but a robust induction

lo-Glo, white) and clustering of IBA-1 microglia (green).

diffuse morphology (B) and a robust induction of CAA (C) within all three brain

pression in 5x-FIRE mice.

scular amyloid pathology, revealing no significant differences in plaque number

IRE mice.

d Ab42.

od vessels, 5x-FIRE plaques are more frequently associated with blood vessels.

presented as mean ± SEM. *p% 0.05, **p% 0.01, ***p% 0.001, ****p% 0.0001.



Figure 3. Microglial transplantation leads to brain-wide repopulation of the microglial niche

(A) A schematic illustration of the design of adult microglial transplantation studies.

(B) Donor wild-type haplotype-matchedmicroglia (red) were examined by flow cytometry in comparisonwithmurine blood-derivedmonocytes (blue) and found to

express high levels of the homeostatic markers P2RY12 and TMEM119.

(C–G) (C and E) IBA-1 labeling of 5x-FIRE-PBS mice show very little immunoreactivity. In contrast, 3 months post bilateral transplantation of 160,000 total wild-

type microglia, the brains of 5x-FIRE-MG mice are almost fully repopulated, with IBA-1+ donor microglia (D and F), quantified in (G).

(legend continued on next page)
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to microglia transplantation (5x-FIRE-MG) or PBS control (5x-

FIRE-PBS) groups, and 80,000 WT microglia or equivalent

volume of PBS vehicle were delivered stereotactically into the

hippocampus and overlying cortex of each hemisphere. Three

months later, 5-month-old mice were sacrificed (n = 8/group,

4F/4M), and confocal analysis of IBA-1 immunoreactivity per-

formed. Remarkably, bilateral injection of donor microglia led

to widespread and near complete engraftment of the previously

empty microglial niche (Figures 3C–3G). Pilot, shorter-term,

24-day engraftment studies were also performed to better un-

derstand microglial repopulation kinetics. Following unilateral

transplantation, we observed partial microglial repopulation

emanating from the injection site and the appearance of ‘‘wave-

fronts’’ of proliferative Ki67+ microglia adjacent to unoccupied

regions of the brain (Figures 3H–3N). These wavefronts appear

to be highly similar to those recently described during microglial

repopulation following complete pharmacological depletion

(Hohsfield et al., 2021). Thus, WTmicroglia appear capable of re-

populating the entire brain of FIRE mice within 3 months.

Importantly, we also found that delivery of donor microglia

entirely reversed the changes in parenchymal versus CAA pa-

thologies and diffuse plaque morphology within the cortex, hip-

pocampus, and thalamus (Figures 4A–4C). To further confirm

that FIREmice exhibit a brain-wide loss of microglia, and that mi-

croglial transplantation can reverse that loss, western blotting for

IBA-1 was performed. As expected, IBA-1 levels were signifi-

cantly reduced in FIREmice and FIREmice that received PBS in-

jections but restored to levels equivalent to 5x-WTmice following

microglia transplantation (Figure 4D). As a result, 5x-FIRE-MG

mice also exhibited more compact plaque morphology and a

recapitulation of the close juxtaposition between parenchymal

plaques and microglia (Figure 4E). Just as the absence of micro-

glia had no effect on total plaque numbers, microglial transplan-

tation also had no impact on this measure (Figures 4F, S4E, and

S4I). However, adult replacement of microglia did have a signif-

icant impact on the sphericity of plaques in both the hippocam-

pus and thalamus (Figures 4G and S4L), supporting the concept

that microglia contribute to the compaction of parenchymal pla-

ques. Because Amylo-Glo labels dense core plaques more

robustly than diffuse plaques, we also examined total amyloid

pathology via immunofluorescent staining with the human-spe-

cific antibody 82 3 101. This analysis revealed highly similar re-

sults to our Amylo-Glo analysis, including no significant changes

in plaque number between any 5x group but a robust reduction in

CAA via either length- or area-based analyses (Figure S5).

Transplanted microglia exhibit altered morphology and
increased association with blood vessels
Transplanted microglia did not entirely recapitulate the

morphology of endogenous 5x-WT microglia as they exhibited

decreased numbers of branches, reduced branch complexity,

shorter branch length, and reduced branch area (Figure 5A). The
(H–N) Pilot studies were performed to examine the repopulation kinetics 24 da

(J) marks the injection site from which microglia migrate and expand into the uno

show a dense wavefront of microglia. (N) Immunolabeling with the mitotic marker

Scale bars, 1000 mm in (C) and (D), 100 mm in (E) and (F), 1100 mm in (H–K) and (M),

0.01, ***p % 0.001, ****p % 0.0001.
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sphericity of transplantedmicrogliawas also increased regardless

of whether they were proximal or distal to parenchymal plaques.

To further understand whether transplanted microglia also exhibit

differential phagocytic activity, we examined levels of the micro-

glial phagolysosomal protein CD68, revealing a significant

decrease in CD68 within the cortex of 5x-FIRE-MG mice but no

differences within the hippocampus and thalamus (Figure 5B).

To identify gene expression changes brought on by microglial

transplantation, we performed a combined snRNA-seq analysis

ofmicrogliaandPBS-transplantedgroupswith theoriginal fourge-

notypes. Following a similar analytical workflow, we revealed 43

cell clusters and an overall highly similar cell-type composition to

our previous analysis (FigureS6). Interestingly, this further analysis

revealed significantly increasedDAM1andDAM2gene signatures

in transplanted microglia versus endogenous 5x-WT microglia

(Figure 5C). Within the hippocampus and thalamus, transplanted

microglia were also closely associated with Claudin-5+ vascula-

ture (Figure 5D). Collectively, these data suggest that transplanted

microglia adopt adifferential activation state fromendogenous5x-

WT microglia, likely in response to CAA pathology.

Meningeal and perivascular macrophage populations
remain unchanged in FIRE mice
Meningeal and perivascular macrophages were previously re-

ported to be unchanged in FIRE mice (Rojo et al., 2019). How-

ever, the addition of amyloid pathology might further impact

these BAM populations. We therefore quantified meningeal

and perivascular macrophage numbers by examining CD206

(Mrc1). This analysis clearly demonstrated the sensitivity of

CD206 for meningeal and perivascular macrophages but also re-

vealed no examples of CD206+ cells within the parenchyma that

were not immediately adjacent to CD31+ blood vessels (Fig-

ure S7). As CD206 also labels brain-infiltrating macrophages,

this finding further supports the notion that little to no macro-

phage infiltration occurs in 5xfAD mice even when microglia

are absent. Importantly, quantification of total CD206 numbers

across all six groups of mice also revealed no significant

differences in meningeal and perivascular macrophage density

(Figure S7). Thus, the effects of the FIRE deletion on amyloid pa-

thology do not involve alterations in meningeal or perivascular

macrophage density.

Few changes in astrocyte numbers are detected in
5x-FIRE mice
Astrocytes can also respond to amyloid plaques and microglial-

astrocytic crosstalk plays an important role in AD pathogenesis

(Liddelow et al., 2017; Sadick et al., 2022). We therefore exam-

ined the density of glial fibrillary acidic protein (GFAP) immunore-

active astrocytes within the cortex, hippocampus, and thalamus

and quantified astrocytic proximity to amyloid plaques (Fig-

ure S8). As expected, the accumulation of amyloid pathology

in 5x-WT mice increased the density of GFAP+ astrocytes within
ys after unilateral transplantation of 80,000 microglia. The red arrowhead in

ccupied niche. (L and M) Higher-power views of the boxed regions in H and M

Ki67 shows increased levels of proliferation within these wavefront microglia.

and 100 mm in (L) and (N). All data presented as mean ± SEM. *p% 0.05, **p%



Figure 4. Adult transplantation of wild-type donor microglia prevents the effects of microglial deficiency on amyloid pathology

(A–C) (A) Microglial repopulation leads to a reversal of the previously observed changes in amyloid distribution, increasing parenchymal Ab intensity back to 5X-

WT levels (B), while concurrently decreasing CAA (C) in comparison with PBS-injected control 5x-FIRE mice.

(D) Western blot analysis of IBA-1 further demonstrates the loss of microglia in FIRE mice and the return of IBA-1 signal following microglial transplantation.

(legend continued on next page)
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the cortex and thalamus in comparison with WT-WT mice. How-

ever, no differences in astrocytes density were detected

between 5x-WT and 5x-FIRE mice within the cortex and hippo-

campus. In contrast, astrocyte numbers within the thalamus

were significantly reduced in 5x-FIRE versus 5x-WT mice and

partially restored following microglial transplantation (Fig-

ure S8A). To further determine whether absence of microglia

impacts the association of astrocytes with Ab pathology, we

examined the proximity of GFAP+ astrocytes to Ab plaques but

detected no differences within any of the three brain regions

examined. Although limited in scope, these data suggest that

absence ofmicroglia only subtly impacts the astrocytic response

to Ab pathology in 5x-FIRE mice.

Co-expression network analysis further implicates
vascular dysfunction in 5x-FIRE mice
Next, we sought to further characterize systems-level changes in

the gene expression landscape between all six groups of mice

and within specific cell populations. We therefore performed

weighted gene co-expression network analysis (WGCNA), taking

measures to account for the sparsity of snRNA-seq measure-

ments by constructing aggregate metacells in each major cell

type (STAR Methods). We identified co-expressed gene mod-

ules in excitatory neurons, inhibitory neurons, astrocytes, oligo-

dendrocytes, and vascular cells and we revealed significant

changes among the different genotypes (Figures S9–S13). Given

the marked effects of FIRE deletion on CAA and the association

of transplanted microglia with brain vasculature, we focused our

attention on endothelial cells (ENDs). Examination of one mod-

ule, in particular (END-M1, blue module, Figure S9), revealed a

significant increase in the module eigengene in 5x-FIRE-MG

compared with 5x-FIRE groups (Figure 6A). This module con-

tained many important blood-vessel-associated genes,

including Tie1, Cdh5, and Lef1, and was specifically expressed

in the brain vasculature cell compartment (Figure 6B). Gene

ontology analysis of this module pointed toward significant

changes in transforming growth factor beta (TGF-b) and

platelet-derived growth factor beta (PDGF-b) pathways (Fig-

ure 6C), both of which have been strongly implicated in neuro-

vascular function (Arnold et al., 2014; Buckwalter et al., 2002;

Kandasamy et al., 2020; Lindahl et al., 1997). In addition, prior

studies have shown that microglia express the highest mRNA

levels of these two growth factors within both mouse and human

brains (Zhang et al., 2014, 2016). The potential interactions be-

tween microglia and vascular cells were further examined using

CellChat to quantitatively examine intercellular communication

(Jin et al., 2021) (STAR Methods). This analysis revealed a strik-

ing loss of PDGF-b-dependent pathways that interconnect mi-

croglia (IMM) with pericytes (PERs), vascular leptomeningeal

cells (VLMCs), astrocytes (ASCs), and oligodendrocyte precur-

sors (OPCs) within 5x-FIRE mice (Figure 6D). The loss of this
(E) Representative high-power images of parenchymal plaques further demonstr

PBS mice toward more compact, intense morphology in 5x-FIRE-MG mice.

(F) Transplantation of microglia has no effect on total plaque numbers.

(G and H) In contrast, plaque sphericity within both the hippocampus and thala

deposits in all three brain regions was significantly reduced (H). Scale bars, 25 mm

0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001.
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PDGF-b signaling pathways was in turn reversed by adult micro-

glial transplantation. Likewise, TGF-b signaling between micro-

glia, PERs, and ENDs was similarly lost in 5x-FIRE mice but

restored by microglial transplantation (Figure 6E).

Importantly, our co-expression analysis further revealed tran-

scriptional systems in other cell types that were significantly

altered in the 5x-FIRE mice but recovered with microglia trans-

plantation. For example, one module in excitatory neurons (EX-

M7, Figure S10), included glutamatergic synapse ontology terms

and network hub genes, such as Satb2 and Gria4. Furthermore,

an oligodendrocyte progenitor module was significantly altered

in the FIRE conditions but unchanged from 5x-WT in the trans-

planted condition (ODC-M3, Figure S11). ODC-M3was enriched

for GO terms related to amino acid transport, Notch signaling,

and extracellular matrix organization, and this module had

network hub genes, including Tnr, Atp1a2, and Dpp6. Moreover,

several co-expression modules were not significantly altered

across genotypes, including myelination-related module ODC-

M1. In addition to WGCNA analysis, we performed differential

gene expression analysis to compare expression signatures be-

tween different genotypes within major cell types (data available

via Mendeley https://doi.org/10.5281/zenodo.6565145).

Absence of microglia promotes intracerebral
hemorrhages in 5–6-month-old 5x-FIRE mice
CAA is associated with increased brain hemorrhages in both hu-

mans and mice (Jäkel et al., 2017; Zhang-Nunes et al., 2006),

and WGCNA analysis further implicated END dysfunction. We

therefore performed Prussian blue staining to measure blood-

brain barrier integrity. At 2 months of age, WT-WT, 5x-WT, WT-

FIRE, and 5x-FIRE show no evidence of hemorrhages

(Figures S14A and S14C). Likewise, at 5–6 months of age WT-

WT, 5x-WT, and 5x-FIRE-MG groups show no signs of intracere-

bral hemorrhage (Figure 6F). In contrast, both small and larger

hemorrhages were detected in multiple brain regions, in partic-

ular the thalamus, in WT-FIRE, 5x-FIRE, and 5x-FIRE-PBS

groups (Figure 6F). Given that our cell-signaling analysis showed

altered PDGF-b signaling, and the well-established importance

of this growth factor in PER survival and function (Lindahl

et al., 1997), we next sought to examine PER density. As ex-

pected and consistent with prior reports (Sagare et al., 2013),

increased vascular leakage was associated with reduced

CD13 immunoreactive PER coverage of LYVE1+ blood vessels

in both the hippocampus and thalamus of 5x-WT mice (Fig-

ure 6G). Yet, no changes in PER coverage were detected

between WT-WT mice and any of the other 4 groups of mice.

However, PER coverage exhibited a positive correlated with

Prussian blue staining in bothWT-FIRE and 5x-FIRE groups (Fig-

ure 6G). Given these findings, we speculate that increased PER

coverage in FIRE mice may be associated with a compensatory

attempt to respond to other causes of blood-brain barrier (BBB)
ated a shift in morphology from more diffuse filamentous plaques in 5x-FIRE-

mus was enhanced by microglial transplantation (G) and the number of CAA

in (C); 25 mm, 20 mm, and 4 mm in (G). All data presented as mean ± SEM. *p%

https://doi.org/10.5281/zenodo.6565145
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dysfunction, such as the loss of microglial/endothelial interac-

tions observed in our CellChat analysis (Figures 6D and 6E).

5x-FIRE mice develop brain calcification that is
prevented by adult microglia transplantation
Mutations in either PDGF-b or its receptor PDGF-R-b lead to pri-

mary familial brain calcification (PFBC), a neurodegenerative dis-

ease that involves accumulation of hydroxyapatite (HAp) calcium

crystals within the basal ganglia and thalamus leading to parkin-

sonian-like symptoms (Tadic et al., 2015). Interestingly, a recent

study found that depletion of microglia with a CSF1R antagonist

or deletion of the ADmicroglia risk gene Trem2 in a PFBCmouse

model led to increased brain calcification (Zarb et al., 2021).

Thus, microglia likely play an important role in regulating levels

of calcium crystals within the brain. Calcification is also a well-

established pathological feature of microglial deficiency associ-

ated with human recessive CSF1R mutations (Guo et al., 2019).

At 2 months of age, WT-FIRE and 5x-FIRE mice exhibit no evi-

dence of calcium accumulation (Figures S14B and S14C). Like-

wise, at 5–6months of age, WT-FIREmice continue to show very

little alizarin red reactivity (Figure 7A). In contrast, 5x-FIRE mice

exhibit a marked increase in calcium accumulation that also per-

sisted in PBS-injected 5x-FIREmice but was fully reversed in mi-

croglia-transplanted 5x-FIRE mice (Figure 7A). Taken together,

these data demonstrate that a combined loss of microglia along

with amyloid pathology markedly increases brain calcification,

which is fully prevented by adult microglial transplantation.

The relationship between microglia and brain calcium accu-

mulation in vivo was further examined using Alexa Fluor

647-labeled risedronate (AF647-RIS), a fluorescently modified

derivative of bisphosphonate, which binds to HAp calcium crys-

tals (Roelofs et al., 2010). This sensitive approach revealed a

small increase in calcium accumulation, particularly within the

thalamus of WT-FIRE mice, that was greatly exacerbated in

5x-FIRE mice (Figure 7B). Importantly, and consistent with our

alizarin red results, the levels of HAp calcium crystals were signif-

icantly reduced in 5x-FIRE mice that had received microglial

transplantation versus 5x-FIRE-PBS mice. Interestingly, the

few remaining AF647-RIS-labeled deposits detected in 5x-

FIRE-MG mice were often surrounded by microglia which could

also be observed engulfing HAp calcium crystals (Figure 7B,

arrows).

Calcification is increased in AD subjects with vascular
pathologies
Accumulation of calcium deposits in human brains has been

described in AD, vascular dementia, and adult-onset leukodys-

trophies (Ayrignac et al., 2017; Fujita et al., 2003; Sellal et al.,
Figure 5. Transplanted microglia exhibit differential morphology, alter

(A) Imaris analysis of microglial branch number, complexity, length, and area re

endogenous 5x-WT microglia. Transplanted microglia also exhibit reduced bran

distant from (>15 mm) Ab plaques.

(B) Immunolabeling for CD68 revealed a significant reduction in transplanted mic

(C) snRNA-seq demonstrates that transplanted microglia adopt both a DAM1 an

(D) Examination of Claudin-5 and IBA-1 immunoreactivity reveal an increased a

within the thalamus and hippocampus (thalamus shown in Imaris 3D view) but

and 10 mm in (A), 50 mm and 20 mm in (B), and 50 mm and 4 mm in (D). Graphical
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2017). To link the current findings in our mouse model to human

clinical pathology, we performed alizarin red staining of 10 sub-

jects that had been diagnosed with AD by the UC Irvine Alz-

heimer’s Disease Research Center (ADRC). Half of these

subjects had known vascular pathologies, including CAA or car-

diovascular disease (CVD). Optical density measurements of

calcification were then examined within the prefrontal cortex,

revealing a significant increase in brain calcification specifically

within AD patients that exhibited vascular pathologies

(Figures 7C and 7D). Thus, calcification appears to be particu-

larly common in AD patients that co-exhibit vascular disease.

Deletion of the AD risk gene TREM2 impairs microglial
phagocytosis of calcium crystals
Given recent evidence that TREM2 canmodulate brain calcifica-

tion (Zarb et al., 2021) and is entirely lost frommicroglia-deficient

mice (Figure 1F), we tested the impact of TREM2 deletion on the

ability of human microglia to respond to and clear pathological

calcium deposits. Using a CRISPR-modified isogenic pair of

TREM2-knockout-induced pluripotent stem cells (iPSCs)

(McQuade et al., 2020), we examined the response of human

iPSC-microglia to fluorescently labeled HAp calcium crystals.

Deletion of TREM2 led to a significant impairment in the robust

calcium crystal internalization seen in control cells (Figure 7E).

These exciting data suggest that, just as TREM2 deletion and

mutations impair the ability of microglia to sense, internalize,

and degrade Ab and lipids, so too can this mutation directly

impair the clearance of brain calcification. Thus, TREM2 and

perhaps other AD risk genes likely modulate the development

of diverse AD-associated pathologies.

DISCUSSION

Recent studies have carefully examined the impact of AD-asso-

ciated microglial risk genes on Ab plaque and neurofibrillary

tangle pathologies (Lee et al., 2021; Leyns et al., 2017; Parhizkar

et al., 2019, 2019, 2019). However, the influence of microglia on

several other AD-associated neuropathologies remains under-

studied. Here we utilized a genetic model of microglial depletion

to examine this important topic, finding compelling evidence that

microglia are critically important for prolonging lifespan in AD

transgenic mice by limiting the development of CAA, brain calci-

fication, and cerebral hemorrhages. Importantly, the ability of

adult microglial transplantation to prevent these pathologies

further demonstrates the progressive nature of this disease

and suggests that therapeutics designed to modify microglial

activity could have important effects on multiple aspects of AD

neuropathology and perhaps even lifespan. By examining
ed CD68 expression, and increased association with blood vessels

veals reductions in each of these measures in transplanted microglia versus

ch complexity and increase sphericity, both adjacent to (%15 mm) and more

roglia within the cortex, but no changes within the hippocampus or thalamus.

d DAM2 transcriptomic response in 5x-FIRE-MG mice.

ssociation between transplanted microglia and blood vessel endothelial cells

no change in Claudin-5 immunoreactive blood vessel area. Scale bars, 1 mm

data presented as mean ± SEM.*p % 0.05, **p % 0.01, ***p % 0.001.
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human AD tissue and iPSC-microglia, we further demonstrate

the translational implications of this research, revealing that hu-

man microglia likely perform an important protective function in

preventing the accumulation of brain calcification and that an

AD-associated gene impacts this role.

Many prior studies have utilized CSF1R antagonists, such as

PLX5622, to ablate microglia. Somewhat surprisingly, microglial

ablation or reduction in ADmousemodels has often been shown

to confer either minimal or beneficial effects (Bennett et al., 2018;

Dagher et al., 2015; Olmos-Alonso et al., 2016; Shi et al., 2019;

Spangenberg et al., 2016). However, one recent study showed

that ablation of microglia at a young age (1.5–2 months) greatly

reduced parenchymal Ab plaque load but concurrently shifts

amyloid distribution toward the vasculature (Spangenberg

et al., 2019). Our current data in 5x-FIRE mice recapitulate one

key aspect of these findings: a robust increase in CAA. However,

PLX5622 treatment also markedly reduced parenchymal plaque

load whereas Ab plaque numbers remain unchanged in 5x-FIRE

mice, despite significant reductions in plaque intensity and insol-

uble amyloid levels. One of the most striking differences

observed between this prior report and our current findings is

that genetic loss of microglia in 5x-FIRE mice leads to a greatly

shortened lifespan, with most 5x-FIRE mice dying by 6 months

of age. In contrast, no changes in survival were observed in

PLX5622-treated 5xfAD mice, although microglial ablation did

lead to significant impairments in behavior (Spangenberg et al.,

2019). Precisely why genetic microglial loss versus pharmaco-

logical ablation leads to these marked differences remains un-

clear. However, one possible explanation relates to the finding

that long-term PLX5622 treatment leads to only a partial deple-

tion of plaque-associatedmicroglia within the thalamus and sub-

iculum of 7-month-old 5xfAD mice (Spangenberg et al., 2019).

Because the thalamus of 5x-FIRE mice exhibits the most robust

increases in calcification, CAA, and hemorrhages, this area may

be particularly vulnerable to the complete loss of microglia

that occurs in FIREmice and thalamic hemorrhages likely under-

lie the increased mortality observed in 5x-FIRE mice. Interest-

ingly, Spangenberg et al. also observed a trend toward

increased Prussian blue staining in PLX5622-treated 5xfAD

mice, with 40% of 7-month-old mice exhibiting signs of thalamic

hemorrhage.
Figure 6. Microglial deficiency induces changes in endothelial gene ex

by adult microglial transplantation

(A and B) Co-expression network analysis of snRNA-seq data from 5–6-month

expression between 5x-FIRE mice transplanted with microglia versus PBS-injec

(C) Gene ontology analysis further highlights several important pathways that are

blood vessel branching, and regulation of endothelial cell proliferation and migra

(D) CellChat analysis was utilized to identify signaling networks between differing c

pericyte clusters that was abolished in 5x-FIRE mice but fully restored with micr

(E) Analysis of TGF-b signaling likewise exhibited a strong connectivity with both

transplantation.

(F) Prussian blue iron staining revealed clear evidence of hemorrhages in WT-FI

microglial transplantation.

(G) Given our CellChat identification of pericytes as microglial signaling recipients

pericytes adjacent to Lyve1+ blood vessels (blue). This analysis confirmed the p

differences between WT-WT and FIRE groups. However, regression analysis com

correlation between these measures. Scale bars, 145 mm in F, 30 mm in (G), and 7

0.05, **p % 0.01, ***p % 0.001.
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Another possible explanation for the observed differences be-

tween PLX5622-treated 5xfAD mice and 5x-FIRE mice is that

the rapid induction of apoptosis of all brain-resident microglia

via CSF1R antagonists likely induces pleiotropic effects that are

not present in FIRE mice. For example, it was previously shown

that ASCs clear microglial corpses following CSF1R antagonist

depletion, suggesting these cells alter their activation state and

become hyperphagocytic (Elmore et al., 2014). Because ASCs

play an integral role in BBB function, changes in astrocytic activity

could provide additional protection against BBB dysfunction.

Pleiotropic effects of CSF1R antagonists on peripheral immune

cell populations have also been described (Lei et al., 2020), and

microglial depletion has been shown to induce cytotoxic T cell

infiltration into the brain (Unger et al., 2018). Given evidence that

changes in T cells can influence Ab pathology (Da Mesquita

et al., 2021; Marsh et al., 2016), this presents an important yet un-

studied aspect of CSF1R antagonists in the context of AD.

Another potential explanation for differences between phar-

macological microglial ablation and the FIRE model relates to

the potential developmental roles of microglia. Previous studies

have implicated microglia and CSF1R signaling in several as-

pects of brain development including synaptic pruning, myelina-

tion, and neuronal survival and differentiation (Chitu and Stanley,

2017; Miron, 2017; Pridans et al., 2018; Schafer et al., 2012). Yet,

FIRE mice exhibit no evidence of neurodevelopmental pheno-

types (Munro et al., 2020; Rojo et al., 2019), suggesting that

numerous functions attributed to microglia in nervous system

development can be fulfilled by other cells (e.g., ASCs) when mi-

croglia are entirely absent. Importantly, differences between

constitutive CSF1R deletion which effects many other cell types

beyond microglia and the CSF1R FIRE-enhancer-specific dele-

tion used in the current study likely underly many of the previ-

ously reported developmental abnormalities observed in tradi-

tional CSF1R knockout mice. To further address the possible

existence of developmental consequences in FIRE mice, we

examined the brains of 2-month-old WT-FIRE and 5x-FIRE

mice, revealing no evidence of either cerebral hemorrhages or

brain calcification. In addition, we performed adult microglial

transplantations, providing evidence that transplantation of

donor WT microglia can achieve robust engraftment within the

adult mammalian brain. Most importantly, these experiments
pression and promotes brain hemorrhages, which can be prevented

-old mice (n = 8/group) reveals significant changes in endothelial cell gene

ted 5x-FIRE controls, untranslated 5x-FIRE mice, and 5x-WT mice.

altered in endothelial cells, including PDGF-b and TGF-b receptor signaling,

tion.

ell types, revealing PDGFb-related connectivity between the IMMmicroglia and

oglial transplantation.

pericytes and endothelial cells that was lost in 5x-FIRE mice but restored by

RE, 5x-FIRE, and 5x-FIRE-PBS mice that was completely prevented by adult

, pericyte coverage of endothelial cells was examined via CD13 labeling (red) of

reviously reported reduction in AD transgenic mice pericytes but revealed no

paring pericyte coverage to Prussian blue+ hemorrhages revealed a positive

mm in the 3D view in (G). Data in (A), (F), and (G) presented as mean ± SEM.*p%



Figure 7. Brain calcification occurs in 5x-FIREmice and a subset of human AD subjects, and loss of TREM2 impairs microglial phagocytosis

of calcium crystals

(A) To determine whether other brain vascular pathologies might impact cerebral hemorrhages, we next examined calcium accumulation with alizarin red,

revealing a striking increase in calcification within the thalamus of 5x-FIREmice and 5x-FIRE-PBSmice that was fully resolved in microglial-transplanted 5x-FIRE

mice.

(legend continued on next page)
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also demonstrated that delivery of donor microglia could rescue

the previously observed changes in amyloid distribution, brain

calcification, and cerebral hemorrhages while restoring many

of the transcriptional alterations that occur in 5x-FIRE mice.

Thus, we conclude it is unlikely that the observed differences be-

tween CSF1R antagonist treatments and FIRE mice are due to

developmental effects.
Limitations of the study
Important potential limitations of the current study include the

use of the constitutive FIRE knockout mousemodel that, despite

the discussion above, may confer some as of yet unrecognized

developmental effects. The use of 5xfAD mice that express

high levels of Ab42 relative to Ab40 could also have important im-

pacts on CAA pathology, because CAA is typically associated

with a greater ratio of Ab40/42. Lastly, given our neuropatholog-

ical findings, our snRNA-seq analysis focused primarily on

vascular cell types. However, this dataset also uncovers many

other transcriptional changes in neurons, ASCs, and oligoden-

droglia when microglia are present, absent, or replaced

(Figures S9–S13). Thus, we anticipate that these data will enable

the formulation of exciting hypotheses regarding how microglia

interact with many other CNS cell types during the progression

of AD. Taken together, this study provides intriguing evidence

that microglia are intimately involved in the development of mul-

tiple AD-associated pathologies. Our findings also highlight the

need for additional studies that examine the impact of microglial

genetics and function on vascular function, brain calcification,

cerebral hemorrhages, and longevity.
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Pons, V., Lévesque, P., Plante, M.-M., and Rivest, S. (2021). Conditional ge-

netic deletion of CSF1 receptor in microglia ameliorates the physiopathology

of Alzheimer’s disease. Alzheimer’s Res. Ther. 13, 8. https://doi.org/10.

1186/s13195-020-00747-7.

Pridans, C., Raper, A., Davis, G.M., Alves, J., Sauter, K.A., Lefevre, L., Regan,

T., Meek, S., Sutherland, L., Thomson, A.J., et al. (2018). Pleiotropic impacts of

macrophage and microglial deficiency on development in rats with targeted

mutation of the Csf1r locus. J. Immunol. 201, 2683–2699. https://doi.org/10.

4049/jimmunol.1701783.

Roelofs, A.J., Coxon, F.P., Ebetino, F.H., Lundy, M.W., Henneman, Z.J., Nan-

collas, G.H., Sun, S., Blazewska, K.M., Bala, J.L.F., Kashemirov, B.A., et al.

(2010). Fluorescent risedronate analogues reveal bisphosphonate uptake by

bone marrow monocytes and localization around osteocytes in vivo. J. Bone

Miner. Res. 25, 606–616. https://doi.org/10.1359/jbmr.091009.

Rojo, R., Raper, A., Ozdemir, D.D., Lefevre, L., Grabert, K., Wollscheid-Leng-

eling, E., Bradford, B., Caruso, M., Gazova, I., Sánchez, A., et al. (2019). Dele-

tion of a Csf1r enhancer selectively impacts CSF1R expression and develop-

ment of tissue macrophage populations. Nat. Commun. 10, 3215. https://doi.

org/10.1038/s41467-019-11053-8.

Rosenberg, A.B., Roco, C.M., Muscat, R.A., Kuchina, A., Sample, P., Yao, Z.,

Graybuck, L.T., Peeler, D.J., Mukherjee, S., Chen, W., et al. (2018). Single-cell
profiling of the developing mouse brain and spinal cord with split-pool barcod-

ing. Science 360, 176–182. https://doi.org/10.1126/science.aam8999.

Sadick, J.S., O’Dea, M.R., Hasel, P., Dykstra, T., Faustin, A., and Liddelow,

S.A. (2022). Astrocytes and oligodendrocytes undergo subtype-specific tran-

scriptional changes in Alzheimer’s disease. Neuron. https://doi.org/10.1016/j.

neuron.2022.03.008.

Sagare, A.P., Bell, R.D., Zhao, Z., Ma, Q., Winkler, E.A., Ramanathan, A., and

Zlokovic, B.V. (2013). Pericyte loss influences Alzheimer-like neurodegenera-

tion in mice. Nat. Commun. 4, 2932. https://doi.org/10.1038/ncomms3932.

Schafer, D.P., Lehrman, E.K., Kautzman, A.G., Koyama, R., Mardinly, A.R., Ya-

masaki, R., Ransohoff, R.M., Greenberg, M.E., Barres, B.A., and Stevens, B.

(2012). Microglia sculpt postnatal neural circuits in an activity and comple-

ment-dependent manner. Neuron 74, 691–705. https://doi.org/10.1016/j.

neuron.2012.03.026.

Schwartzentruber, J., Cooper, S., Liu, J.Z., Barrio-Hernandez, I., Bello, E., Ku-

masaka, N., Young, A.M.H., Franklin, R.J.M., Johnson, T., Estrada, K., et al.

(2021). Genome-wide meta-analysis, fine-mapping and integrative prioritiza-

tion implicate new Alzheimer’s disease risk genes. Nat. Genet. 53, 392–402.

https://doi.org/10.1038/s41588-020-00776-w.

Sellal, F., Wallon, D., Martinez-Almoyna, L., Marelli, C., Dhar, A., Oesterlé, H.,
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Human Insulin Sigma Aldrich Cat #I2643

Recombinant Human IL-34 Peprotech Cat #200-34

Recombinant Human M-CSF Peprotech Cat #300-25

Recombinant Human TGF-b1 (HEK293

derived)

Peprotech Cat #100-21

Recombinant Human Fractalkine (CX3CL1) Peprotech Cat #300-18

Recombinant Human OX-2/MOX1/CD200

(C-6His)

Novoprotein Cat #C311

ReLeSR StemCell Technologies Cat #05872

BD Matrigel Matrix Growth Factor

Reduced, PhenolRed-Free

BD Biosciences Cat #356231

Thiazovivin StemCell Technologies Cat #72252

BamBanker Wako Cat #NC9582225

1X DPBS, no Ca2+, no MG2+ Thermo Fisher Scientific Cat #14190250

10X HBSS, no Ca2+, no MG2+, no phenol

red

Thermo Fisher Scientific Cat #14185052

1X HBSS, no Ca2+, no MG2+, no phenol red Thermo Fisher Scientific Cat #14025126

MACS BSA Stock Solution Miltenyi Biotech Cat #130-091-376

Critical commercial assays

Nuclei Fixation Kit Parse Biosciences Cat #SB1003

Single Cell Whole Transcriptome - 100k

cells/nuclei, up to 48 samples

Parse Biosciences Cat #SB1003

Barcoding - Whole Transcriptome Parse Biosciences Cat #SB1010

Library Prep - Whole Transcriptome Parse Biosciences Cat #SB1011

(Continued on next page)
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Nuclei EZ Lysis Buffer Millipore Sigma Cat # NUC101-1KT

RNase Inhibitor Fisher Scientific Cat #M0314L

Sucrose cushion buffer Sigma-Aldrich Cat #NUC-201

Direct-zol RNA Miniprep Plus Kits ZYMO Research Cat #R2071

STEMdiff Hematopoiesis kit StemCell Technologies Cat #05310

Povidone Iodine Phoenix Cat #36LF58

Lidocaine Hydrochloride Jelly Akorn Cat #NDC17478-711-30

Lidocaine Hydrochloride Injectable Phoenix Cat #PHO5731909305

Vetbond 3M Cat # 014006

Sterile Saline CareFusion Cat # AL4109

Isoflurane Patterson Veterinary Cat #14043070406

Sterile Artificial Tears Ointment Rugby https://www.chewy.com/

akorn-artificial-tears-lubricant/dp/315333

Deposited data and code

SPLiT sequencing datasets This study GEO series #GSE189033

Tables providing cell-type specific gene

expression differences and WGCNA

analyses

This study Mendeley https://doi.org/

10.5281/zenodo.6565145

Code used to process and analyze SPLiT-

seq dataset

This study https://doi.org/10.5281/zenodo.6565145

Experimental models: Cell lines

mono-allelic mEGFP-tagged WTC11 iPSC

line

Coriell Cat# AICS-0036-006

TREM2 CRISPR knockout on mEGFP-

tagged WTC11 iPSC

Blurton-Jones lab see McQuade et al., 2020

Experimental models: Organisms/strains

Mouse: 5X-FAD; B6.Cg-

Tg(APPSwFlLon,PSEN1*M146L*L286V)

6799Vas/Mmjax

The Jackson Laboratory Jax stock no. 34848-JAX

Csf1rDFIRE/DFIRE *C57BL/6 David A. Hume & Clare Pridans See Rojo et al., 2019

Mouse: 5x-FIRE cross: This paper 5x-FIRE mice

Software and algorithms

GraphPad Prism 9 GraphPad RRID:SCR_002798

ImageJ NIH RRID:SCR_003070

FlowJo software V10.8 FlowJo; Ashland, OR RRID:SCR_008520

Imaris (9.2.0) Imaris RRID:SCR_007370

BioRender BioRender RRID:SCR_018361

Split-pipe software (v0.7.7p, Parse

Biosciences).

Parse Biosciences Split-pipe software (v0.7.7p)

R (v3.6.3) https://cran.r-project.org/web/packages/

Matrix/index.html

RRID:SCR_001905

Seurat (v3.2.2) https://www.r-project.org/ RRID:SCR_016341

DoubletFinder (v2.0.3) Stuart et al., 2019 RRID:SCR_018771

Harmony (v1.0) McGinnis et al., 2019 RRID:SCR_022206

Python (v3.7.9) https://www.python.org RRID:SCR_008394

SCANPY (v1.6.0) Wolf et al., 2018 RRID:SCR_018139

scWGCNA R package (v 0.0.0.9000) Morabito et al., 2021 https://github.com/smorabit/scWGCNA

WGCNA (v1.69) Langfelder and Horvath, 2008 RRID:SCR_003302

ComplexHeatmap (v2.7.6.1010) Gu et al., 2016 RRID:SCR_017270

Enrichr Chen et al., 2013, Kuleshov et al., 2016 RRID:SCR_001575

(Continued on next page)
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CellChat (v1.0.0) Jin et al., 2021 RRID:SCR_021946

Other

Olympus FV3000RS confocal microscope Olympus https://www.olympus-global.com/news/

2016/nr160405fv3000e.html

Keyence BZ-X810 Keyance https://www.keyence.com/products/

microscope/fluorescence-microscope/

bz-x700/models/bz-x810/

Fortessa flow cytometer BD Biosciences https://www.bdbiosciences.com/en-eu/

products/instruments/flow-cytometers/

research-cell-analyzers/bd-lsrfortessa

6-well plates Corning Cat #3516

Microscope slides VWR Cat #16004-392

Coverslips Fisher Scientific Cat #12-548-5M

Masterflex L/S Perfusion Pump Masterflex L/S Perfusion Pump https://www.masterflex.com/collections/

masterflex-ls-complete-pump-systems

10uL Gastight syringe, Model 1701 RN Hamilton Cat #7653-01

30-gauge, Small hub RN needle, 12mm,

Pt:4, 45 tip

Hamilton Cat #7803-07

Germinator 500 Dry Sterilizer Cell Point Scientific Cat #GER5287120V

Sliding microtome Leica SM 2010R Leica SM 2010R

Agilent 4200 Tapestation Agilent Part Number:G2991BA

Illumina NovaSeq 6000 S4 Illumina https://www.illumina.com/systems/

sequencing-platforms/novaseq.html

BioRad Molecular Imager ChemiDoc XRS BioRad ChemiDocTM XRS+ System with Image

LabTM Software #1708265
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Dr. Mathew Blurton-Jones (mblurton@uci.edu).

Materials availability
Mouse models and induced pluripotent stem cell lines generated or used in this study will be made available on request but may

require completion of a Materials Transfer Agreement.

Data and code availability
d Single-nuclei RNA-seq data have been deposited at GEO and are publicly available as of the date of publication under series

GSE189033. Microscopy and biochemical data reported in this paper will be shared by the Lead contact upon request.

Tables providing cell-specific gene expression differences between groups and WGCNA analyses can be downloaded from

Mendeley https://doi.org/10.5281/zenodo.6565145). The DOI is listed in the Key resources table.

d All code used to process and analyze the SPLiT-seq dataset is publicly available on GitHub: https://github.com/swaruplabUCI/

FIRE-mouse-2021-paper.

d Any additional information required to reanalyze the data reported in this paper is available from the Lead contact upon request.
EXPERIMENTAL MODELS AND SUBJECT DETAILS

Mice
All animal procedures were conducted in accordance with the guidelines set forth by the National Institutes of Health (NIH) and the

University of California, Irvine Institutional Animal Care and Use Committee. Equivalent numbers of both male and female mice were

used and all groups were age and sex matched and group housed on a 12h/12h light/dark cycle with food and water ad libitum.

Csf1r(DFIRE/DFIRE) mice were generated and previously characterized by Drs. Clare Pridans and David Hume (Rojo et al., 2019).

FIRE mice were generated on a B6CBAF1/J background. Founders were then crossed with C57BL/6 mice and their offspring
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interbred. 5xFAD transgenic mice with C57BL/6J background overexpress both mutant human APP (695) with the Swedish (K670N,

M671L), Florida (I716V), and London (V717I) Familial Alzheimer’s Disease (FAD) mutations and human PS1, harboring two FAD mu-

tations, M146L and L286V. Expression of both transgenes is regulated by neural-specific elements of the mouse Thy1 promoter to

drive overexpression in the brain. The 5XFAD-Csf1r(DFIRE/DFIRE) (5XFIRE) model was created by crossing the Csf1r(DFIRE/DFIRE)

mouse with 5xFAD (+/�) mouse. Progeny of these pairings were genotyped and backcrossed with Csf1r(DFIRE/DFIRE) mice. All tis-

sue and samples examined in this study were collected from 5-6month oldmice that showed no overt evidence of health problems at

the time of sacrifice. For example, all mice were active, well groomed, and exhibited normal weight and activity. In addition, liver,

lungs, and heart were examined at the time of sacrifice and all organs appeared normal. Any mice within the colony that exhibited

signs of distress or illness were instead euthanized and not used for histological, biochemical, and RNA-sequencing studies. Impor-

tantly, none of the mice that were sacrificed at 5–6 months and used in the survival analyses depicted in Figure 1.

Human autopsy cases
De-identified fixed human prefrontal cortex tissue was obtained from the tissue repository located at the Alzheimer’s Disease

Research Center (ADRC) at the University of California Irvine. Tissue collection and handling adhered to the University of California,

Irvine, Institutional Review Board guidelines. Brain tissue was fixed in 4% paraformaldehyde and stored at 4�C in a solution of PBS

with 0.02% sodium azide until used for histological analysis.

METHOD DETAILS

Immunohistochemistry/immunofluorescence
Animals were perfused with ice-cold 1XPBS. Half brains were drop fixed in 4%PFA for 48 hours. Hemispheres were cryoprotected in

30% sucrose/1XPBS until the tissue sank in the solution. The brains were coronally sectioned at 30 mm thickness on a sliding micro-

tome (Leica SM 2010R) cooled to �70�C. For long-term storage, free-floating sections were stored in 0.05% NaN3 and 1XPBS so-

lution. Sections were blocked in 10%goat/donkey serum in 13 PBS, and 0.2%Triton X-100, for 1 hour at room temperature. Amyloid

Stain Reagent Amylo-Glo RTD was used before adding primary antibodies (1:100; Biosensis TR-300-AG). Overnight incubation was

performed for primary antibodies followed by 1-hour secondary incubation. Sections were stained with IBA-1 (1:200, 019-19741,

Wako) followed by Alexa Fluor secondary antibodies (1:400, Invitrogen). Additional samples were stained in anti-claudin-5 (1:500;

35–2500; Invitrogen), goat anti-CD13 (1:500, cat. # AF2335, R&D Systems), or AF647-RIS (1:1000; BV500101, Biovinc). Immunoflu-

orescence-stained sections were visualized using an Olympus FV3000RS confocal microscope. Images represent confocal Z-stack

taken with identical laser and detection settings. For quantification, Z-stack images were taken at340magnification (10 slices taken

with a Z thickness of 1 mm). The Prussian blue staining was performed using Iron stain kit (ab150674; Abcam), and Alizarin Red S

(A5533, Milipore) was used for calcification labeling. Keyence BZ-X810 Widefield Microscope/Maestro Edge was used to capture

these labels. Using ImageJ software boundaries of the stained area were detected andmeasured. n = 8 (4 Female and 4Male) animal

per genotype and condition (WT-WT, 5x-WT, WT-FIRE, 5x-FIRE, 5x-FIRE-PBS, 5x-FIRE-MG) overall n = 48 animals.

Flow cytometry
5–6 month-old WT-WT (n = 4), 5x-WT (n = 4), WT-FIRE (n = 4), and 5x-FIRE (n = 3) mice were sacrificed by carbon dioxide asphyx-

iation. Spleen, bone marrow, and deep cervical lymph nodes were harvested prior to intracardial perfusion with 0.01M phosphate

buffered saline (PBS) which was followed by brain isolation without removal of the meninges. Spleens were collected in 5mL of

RPMI and kept cold, manually dissociated with glass homogenizers, treated with TAC to lyse red blood cells, filtered through

70um mesh, resuspended, and stained for flow. Bone marrow was carefully extracted from the femur and tibia of the mice, treated

with TAC, filtered through 70ummesh, resuspended, and stained for flow. Deep cervical lymph nodes were collected in 5mL of RPMI

and kept cold, manually dissociated with glass homogenizers, filtered through 70ummesh, resuspended, and stained for flow. Brain

samples were examined using the following panel of antibodies (catalog numbers provided in Star Methods): BV421-CD11b, APC/

Cy7- CD45, PE-P2RY12, PE/Cy7-TMEM119. Spleen, bone marrow, and deep cervical lymph nodes were immunophenotyped with:

FITC-NK1.1, PE-B220, PE/Cy7-CD45, APC/Cy7- CD8, Alexa 700- CD11b), BV421- CD3, BV510-CD11c, BV785- CD4, BV605- Gr-1,

BV421- CD11b, BV711- CD45. All cells for flow cytometry were FC blocked with anti-CD16/32 (1:200) and incubated in the dark with

flow antibodies for 30 minutes, followed by one rinse in FACS buffer (5 min, 4�C, 1400 rpm). Cells were then examined on a Fortessa

flow cytometer (BD Biosciences) and analyzed with FlowJo V10.8 software (FlowJo; Ashland, OR) using Fluorescence minus one

(FMO) controls to establish gating strategies.

Intracranial transplantation
Bilateral intracranial injections of primarymousemicroglia into the cortex and hippocampuswere performed on 2-month-old 5x-FIRE

mice (n = 4 female and n = 4male). All mouse surgeries and use were performed in strict accordance with approved NIH and AALAC-

certified institutional guidelines. Mice were briefly anesthetized under continuous isoflurane and positioned into a stereotaxic frame

(Kopf). Mice were disinfected with alcohol and iodine before and after shaving the head area, and the anesthetic (Lidocaine 2%) was

applied to the head area before exposing the skull. Primary mouse microglia (ScienCell, Catalog #M1900-57) were thawed into

microglial media (ScienCell, Catalog #1901) and an aliquot of cells was examined by flow cytometry for the homeostatic microglia
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markers P2RY12 and TMEM119. Remaining microglia were placed on ice and used for transplantation within an hour of thawing.

Blood derived murine monocytes (Cell Biologics, Catalog #C57-6271F) were similarly thawed and used as a negative control for

flow cytometry assessment (Figure 3B). Within an hour of thawing, microglia were collected via centrifugation and resuspended in

sterile 1XPBS at 40,000 cells/mL. Using a 30-gauge needle affixed to a 10mL Hamilton syringe, 2mL of microglial suspension was

administered bilaterally. The cells were injected at a rate of 1 mL/30 s with a 4-minute delay between injections. Eachmouse received

a total of 160,000 cells, which were bilaterally transplanted in the hippocampus and cortex, relative to bregma: anteroposterior,

�2.06 mm; mediolateral, ± 1.75 mm; dorsal-ventral, �1.75 mm (hippocampus) and �0.95 mm (cortex). The identical approach

was used to deliver an equivalent volume of PBS vehicle for control mice (n = 4 female and n = 4 male). Following the surgery,

mice received 2 mg/mL acetaminophen diluted in water for five days. All mice were then sacrificed at 5 months of age. Shorter

term (24 day) pilot studies to examine repopulation kinetics were also performed using an equivalent unilateral stereotactic approach

and transplantation of 80,000 microglia (Figures 3H–3N).

MSD/ELISA
Half brain hemispheres, that were stored at � 80�C, were crushed on dry ice using mortar and pestle, then homogenized in T-PER

solution (Thermo Scientific, Waltham, MA) and phosphatase and protease inhibitor mixtures (Thermo Scientific, MA and Roche, CA)

and processed as previously described (Marsh et al., 2016). Quantitative biochemical analysis of human Ab was conducted using

commercially available electro-chemiluminescent multiplex assay system [Meso Scale Discovery (MSD)]. Human Ab duplex (6E10

capture antibody) was used for simultaneous measurement of Ab40 and Ab42 in both soluble and insoluble protein fractions (Marsh

et al., 2016).

iPSC-microglia differentiation
iPSC-microglia were generated as described (McQuade et al., 2018). Briefly, iPSCs were directed down a hematopoietic lineage us-

ing the STEMdiff Hematopoesis kit (StemCell Technologies). After 10–12 days in culture, CD43+ hematopoteic progenitor cells are

transferred into a microglia differentiation medium containing DMEM/F12, 23 insulin-transferrin-selenite, 23 B27, 0.53 N2, 13 glu-

tamax, 13 non-essential amino acids, 400 mM monothioglycerol, and 5 mg/mL human insulin. Media was added to cultures every

other day and supplemented with 100 ng/mL IL-34, 50 ng/mL TGF-b1, and 25 ng/mL M-CSF (Peprotech) for 28 days. In the final

3 days of differentiation 100 ng/mL CD200 (Novoprotein) and 100 ng/mL CX3CL1 (Peprotech) were added to culture.

CRISPR-mediated knockout of TREM2

Generation of isogenic TREM2 knockout iPSC lines was previously described (McQuade et al., 2020). Briefly, iPSCs were nucleo-

fected with RNP complex targeting the second exon of TREM2 and allowed to recover overnight. Transfected cells were dissociated

with pre-warmed Accutase then mechanically plated to 96-well plates for clonal expansion. Genomic DNA from each colony was

amplified and sequenced at the cut site. The amplification from promising clones was transformed via TOPO cloning for allelic

sequencing. Knockout of TREM2 was validated by western blotting (AF1828, R&D) and HTRF (Cisbio) (McQuade et al., 2020).

Phagocytosis of hydroxyapatite
Hydroxyapatite (HAp <200 nm) (Sigma; 677418) were diluted in DMSO (10 mM) and stained 1:400 with AF647-RIS (Biovinc;

BV500101) for 1 hr at room temperature. After staining, HAp was washed with excess DBPS three times (centrifugation at 16,000

xG for 1min) prior to use. iPSC-microglia expressing cytoplasmic GFP (Coriell; WTC11 background) were differentiated as described

above and plated at 70% confluence onMatrigel-coated glass 96-well plates for 24 hrs prior to exposure to 100 uM pre-stained HAp.

No toxicity was observed over 24 hrs via Caspase 3/7 reagent (IncuCyte; 4440). After 24 hours, iPSC-microglia were fixed with 4%

paraformaldehyde for 7 min and washed 3x with excess DPBS. Cells were counterstained with Hoechst.

Western blot
Soluble brain fractions were prepared by homogenizing mouse brain powder in Protein Extraction Buffer containing Tissue Protein

Extraction Reagent, protease and phosphatase inhibitors, and EDTA (Thermo Fisher Scientific). Samples were centrifuged at

16,000g for 5 minutes then the supernatant was collected, and protein concentration was measured using a Pierce BCA Assay

Kit (Thermo Fisher Scientific). Sample volumes containing 20ug of protein were mixed with reduction buffer containing 2X Laemmli

Sample Buffer (BioRad) and 5% beta-mercaptoethanol (Millipore Sigma) and heated at 95�C for 10 minutes. Samples were run on a

4–15% polyacrylamide gel in Tris/Glycine/SDS buffer (BioRad) and transferred to a nitrocellulose membrane (BioRad). The mem-

brane was blocked in 5% BSA in TBST and probed with primary antibodies at the following concentrations overnight at 4�C: Either
goat anti-Human APP (1:1000, AF1168, R&D Biosystems) rabbit anti-IBA-1 (1:500, GTX100042, GeneTex) or mouse anti-beta-Actin

(1:2,000, A2228, Millipore Sigma). The following day, the membrane was washed and probed with either HRP-conjugated anti-goat

(1:5,000, AP180P, Millipore Sigma), anti-Rabbit (1:5000, AP106P, Millipore Sigma) or anti-mouse secondary antibodies (1:5000,

AP180P, Millipore Sigma) for 1 hour at room temperature. After washing, the membrane was imaged with SuperSignal West Dura

Extended Duration Substrate (Thermo Fisher Scientific) using the BioRad Molecular Imager ChemiDoc XRS with Image Lab

Software. Themembranewas stripped and re-blocked between each protein staining and all stepswere carried out with gentle agita-

tion. Analysis was carried out using ImageJ software.
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Single-nucleus RNA-sequencing (SnSeq)
Single nucleus suspensions were generated from5-6 month old mice (n = 48, 6 groups, 4 female 4 male) as previously described

(Chen et al., 2013; Morabito et al., 2020, 2021) except after the 40mm filtration, nuclei were immediately processed using the Nuclei

Fixation kit (Parse Biosciences, formerly Split Biosciences) and then cryopreserved with DMSO until library preparation. Nuclei

isolation was performed in randomized groups of eight samples, while library preparation was performed in a single batch of all

48 samples. Single-nucleus RNA-seq libraries were generated with the Single Cell Whole Transcriptome library preparation kit (Parse

Biosciences), which utilizes split-pool ligation-based transcriptome-sequencing (SnSeq) as described in in (cite Rosenberg et al.,

2018 Science). Briefly, each sample, normalized by nuclei number, was added to one well of a 96-well plate to perform reverse tran-

scription, adding a well-specific barcode (first barcode). All the wells were then pooled together and randomly distributed across a

new 96-well plate with new well-specific barcodes (second barcode) for ligation. After ligating the second barcode, the wells are

again pooled and randomly distributed across another 96-well plate for a third round of barcoding. Throughout this process, the

nuclei are still intact but permeabilized to allow the reactions to append three different barcodes to each transcript. The nuclei

were then pooled into 8 sublibraries of 12,500 nuclei and lysed to allow the construction of the final cDNA libraries, in which a fourth,

sublibrary-specific barcode is added. This thus results in single-nucleus transcriptomes that can be identified based up on the com-

bination of the four different barcodes. cDNA library quality was assessed using the Agilent 4200 Tapestation, and concentrations

were determined using Qubit. Libraries were sequenced using the Illumina NovaSeq 6000 S4 at UCI’s Genomics High-Throughput

Facility for a sequencing depth of 50,000 read pairs/cell.

SnSeq read processing, quality control and filtering
Gene expression was quantified using the split-pipe software (v0.7.7p, Parse Biosciences). First, sequences were downloaded and

gene annotation comprising the mouse reference transcriptome (GRCm38.93, Ensembl), and formatted using the function split-pipe

mkref. Next, SnSeq reads were aligned and gene expression quantified (STAR (Dobin et al., 2013), v2.7.8a) using split-pipe. This pro-

cess was repeated for eight SnSeq sub-libraries, resulting in eight gene expression matrices, which was then merged using the Ma-

trix package (v1.2.18) in R (v3.6.3). Finally, a Seurat (Butler et al., 2018; Stuart et al., 2019) (v3.2.2) object was constructed for the

downstream analysis of this merged gene expression matrix of all 48 experimental samples. Nuclei with greater than 5% of reads

mapped to mitochondrial genes and greater than 20,000 total UMIs were removed. The lowest total UMI value in a single nucleus

was 1,389, therefore nuclei were not filtered out based on low UMI values. DoubletFinder (McGinnis et al., 2019) (v2.0.3) was

used to predict events where one barcode was assigned to multiple nuclei, and 7.5% of nuclei were removed that were confidently

predicted as doublets. In total, 31,746 nuclei were filtered, retaining 51,327 for downstream analysis.

Dimensionality reduction and clustering
The gene expression matrix was normalized and scaled using the Seurat functions NormalizeData and ScaleData respectively. The

Seurat function FindVariableFeatures was used to identify the most variable genes, of which the top 3,500 were used for dimension-

ality reduction. Principal Component Analysis (PCA) was used to reduce the dimensionality of the scaled gene expressionmatrix, and

the first 30 PCs were harmonized by experimental sample using the R package Harmony (Korsunsky et al., 2019) (v1.0). The harmo-

nized PCA representation was used to construct a neighborhood graph using the sc.pp.neighbors function from the Python (v3.7.9)

package SCANPY (Wolf et al., 2018) (v1.6.0) with n = 15 neighbors and cosine distance. Nuclei were grouped into clusters using the

leiden (Traag et al., 2019) clustering algorithmwith the SCANPY function sc.tl.leiden and cluster resolution = 1.5. A cluster-level graph

of the data was generated by performing Partition-based graph-abstraction (PAGA) (Wolf et al., 2019)) with the scanpy function

sc.tl.paga, where each node represents a cluster and weighted edges quantify connectivity between clusters. A two-dimensional

representation of gene-expression space was constructed using the Uniform Manifold Approximation and Projection (McInnes

et al., 2018) (UMAP) algorithm with the SCANPY function sc.tl.umap, using the PAGA graph for initialization.

Cluster annotation and comparison with SnSeq data from the mouse brain
Cell-type annotations were assigned to each cluster based on two levels of evidence. First, the Seurat function FindAllMarkers was

used to identify cluster marker genes based on one-versus-all Wilcoxon rank sum differential expression tests for each cluster. Next,

the cell-type identity of all nuclei was predicted based on a published SnSeq dataset of the mouse brain (Rosenberg et al., 2018).

Anchor points between the labeled reference dataset and our own dataset were identified using the Seurat function

FindTransferAnchors, and cell-type prediction scores were computed for all nuclei based on the 73 annotations present in the refer-

ence dataset. The most likely predicted cell-type annotations were cross-referenced with the marker genes for that cluster to give a

cell-type annotation for each cluster. Furthermore, clusters were manually grouped into major cell classes, for example merging

excitatory neurons from different cortical layers and brain regions into one excitatory cell class. Cell-types without any sub-clusters,

such as ependymal cells, were not grouped into larger cell lineages.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as SEMand n represents the number of technical replicates of cell culture experiments or animal numbers, unless

specified. Most statistical comparisons were conducted by ANOVA for Bonferroni’s post hoc test in GraphPad Prism 9 and
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significant difference was defined as p < 0.05 unless specified. Image processing and quantification was performed using IMARIS

software and for intensity and bright filed images, ImageJ software was used as detailed below.

Differential gene expression analysis comparing experimental conditions
Gene expression signatures of different experimental conditions within each cell class were compared using the Seurat function

FindMarkers using a Wilcoxon rank-sum test. The following comparisons were performed: 5XFAD vs. 5xFIRE; 5XFIRE vs 5XFIRE +

transplanted microglia; 5XFIRE + transplanted microglia vs 5XFIRE + PBS. EnrichR (Kuleshov et al., 2016) (v 3.0) was used to test for

gene sets enriched in up- and down-regulated genes (top 75 by fold-change, false-discovery rate less than or equal to 0.1) in the

following databases: GO Biological Process_2018, GO Cellular Component 2018, GO Molecular Function 2018, Wikipathways

Mouse 2019, KEGG Mouse 2019.

Analysis of disease-associated microglia (DAM) gene expression signatures
Using the Seurat function AddModuleScore, gene module scores were computed for disease-associated microglia signatures

(Keren-Shaul et al., 2017) and a homeostatic microglia signature using the following gene lists: stage 1 Trem2 independent DAM

markers (Tyrobp, Ctsb, Apoe, B2m, Fth1); stage 2 Trem2 dependent DAM markers (Trem2, Axl, Cst7, Ctsl, Lpl, Cd9, Csf1, Itgax,

Clec7a, Timp2); homeostatic microglia markers (Hexb, Cst3, Cx3cr1, Ctsd, Csf1r, Ctss, Sparc, Tmsb4x, P2ry12, C1qa, C1qa). The

distributions of gene module scores were compared within the immune cell class between experimental conditions using aWilcoxon

rank-sum test.

Single-cell weighted gene co-expression network analysis
Single cell Weighted Gene Co-expression Network Analysis (scWGCNA) was performed using the scWGCNA R package

(v 0.0.0.9000). Log-normalized gene expression of nuclei within each cell class and experimental condition were aggregated using

the construct_metacells function from the scWGCNA package. To check if the aggregated expression profiles retain a similar level of

cellular heterogeneity as in the full dataset, dimensionality reduction analysis of the metacell dataset was performed with the

following Seurat workflow: FindVariableGenes with 1,000 variable genes, ScaleData RunPCA, RunHarmony to harmonize by exper-

imental group, and RunUMAP with the first 15 harmonized PCs. Co-expression networks were analyzed using the R package

WGCNA (v1.69) within the following selected cell groupswith themetacell expressionmatrix as input: astrocytes, excitatory neurons,

inhibitory neurons, oligodendrocyte lineage, and vasculature cells (pericytes and endothelial cells). First, the optimal soft power

threshold parameter was exmained using the WGCNA function pickSoftThreshold using a signed network and bicorrelation as

the correlation function, testing every other power threshold value between 1 and 30. The following soft power threshold values

was selected based on the scale-free topology model fit for each cell group: ASC = 8, EX = 8, INH = 8, VASC = 9, ODC = 10.

Next, an unsigned topological overlap matrix and identified co-expression modules was assembled using the WGCNA function

blockwiseConsensusModules with the selected soft power threshold parameter, and the following parameters: deepSplit = 4,

minModuleSize = 50, mergeCutHeight = 0.2, corType = ‘‘pearson’’. Module eigengenes (first principal component of the gene

expressionmatrix for geneswithinmodule) were computed for all modules using theWGCNA functionmoduleEigengenes. Intramod-

ular connectivity (kME) of genes within each module were computed using the WGCNA function signedKME. Gene sets enriched in

each co-expression module were tested using the EnrichR package in the following databases: GO Biological Process_2018, GO

Cellular Component 2018, GO Molecular Function 2018. To check that gene expression signatures of modules could be identified

in the full SnSeq dataset, the Seurat function AddModuleScore was used to compute a gene module score the top 25 hub genes

from each module by kME, and the resulting score was visualized using a the R package ComplexHeatmap (Gu et al., 2016)

(v2.7.6.1010).

Cellular signaling analysis
Intercellular signaling network analysis was performed using the R package CellChat (Jin et al., 2020) (v1.0.0). Separate CellChat

objects were created for all six experimental conditions, grouping by cell classes and using the CellChatDB mouse database for

ligand-receptor interactions. The protocol from the CellChat github was followed to process the data and compute communication

probabilities for each pathway and to construct cell signaling networks. The CellChat function netVisual aggregate was used to view

the cell communication probabilities between each cell class for Pdgf and Tgfb signaling pathways.

IMARIS quantification of microglial density
For quantification of IBA-1 immunoreactive microglial density from confocal z stack images we utilized Bitplane IMARIS 9.8.0. As

IBA-1 also labels border-associated macrophages (BAMs) including meningeal and perivascular macrophages, we therefore utilized

IMARIS’s ‘‘modeling’’ and ‘‘filaments’’ features to identify IBA-1+ cells that exhibit processes emanating from the cell body. The

diameter of the thinnest filament attached to the cell body was chosen as 0.6 mm, and the diameter of the filament at its starting point

was set to be less than 10 mm in diameter (‘‘the soma’’). IMARIS software was then used to automatically detect all microglia in each

image. The outcome of the autodetection was manually reviewed for accuracy and any inaccurate detections were notified to the

software to further optimize the selection algorithm prior to data collection. After confirming that this method accurately detects

all microglia within a given field but does not detect BAMs, all images were examined blinded to genotype and treatment using
e8 Cell Reports 39, 110961, June 14, 2022



Article
ll

OPEN ACCESS
IMARIS batch processing. All parameters of the identified microglia (count, area, average number of branches, branch complexity,

average branch length, average branch area,microglia sphericity, etc.) were saved in a csv file for further analysis. n = 8 (4 Female and

4 Male) animal per genotype and condition (PBS vs microglia transplanted) were examined.

IMARIS quantification of amyloid plaques and CAA
To distinguish between Ab plaques and CAA, Amylo-Glo staining was classified using three parameters independently: length, area,

and sphericity (Figure S4A). Amylo-Glo was detected using the IMARIS ‘‘Surface’’ option and thresholds used for the automated anal-

ysis were determined by visual inspection. In the first classification, surfaces with lengthR40 mmwere classified as CAA and <40 mm

was assigned as a parenchymal plaque. In the second classification, surfaces with sphericity R0.7 mm were assigned as paren-

chymal plaques and these data were also used to compare plaque sphericity between groups. In the third classification, surfaces

with areaR1800 mm2 were considered CAA and <1800 mm2 were assigned as parenchymal plaques. The parenchymal plaque sur-

face was further categorized into ‘‘small’’ with a length <20 mm and ‘‘large’’ with length between 20mm and 40 mm.
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