1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cell. Author manuscript; available in PMC 2022 October 30.

Published in final edited form as:
Cell. 2022 October 27; 185(22): 4135-4152.e22. d0i:10.1016/j.cell.2022.09.030.

-, HHS Public Access
«

SYK coordinates neuroprotective microglial responses in
neurodegenerative disease

Hannah Ennerfeltl:2:3 Elizabeth L. Frostl, Daniel A. Shapirol, Coco Holliday?!, Kristine E.
Zengelerl:2:3, Gabrielle Voithofer!, Ashley C. Boltel:4>, Catherine R. Lammert!:2, Joshua A.
Kulas?!, Tyler K. Ulland®, John R. Lukens1:2:3.4.5.7.

1Center for Brain Immunology and Glia (BIG), Department of Neuroscience, University of Virginia
(UVA), Charlottesville, VA 22908, USA

2Neuroscience Graduate Program, UVA, Charlottesville, VA 22908, USA
3Cell and Molecular Biology Graduate Training Program, UVA, Charlottesville, VA 22908, USA

“Department of Microbiology, Immunology and Cancer Biology, UVA, Charlottesville, VA 22908,
USA

SMedical Scientist Training Program, UVA, Charlottesville, VA 22908, USA

5Department of Pathology and Laboratory Medicine, University of Wisconsin, Madison, WI 53705,
USA

“Lead contact

SUMMARY

Recent studies have begun to reveal critical roles for the brain’s professional phagocytes,
microglia, and their receptors in the control of neurotoxic amyloid beta (Ap) and myelin debris
accumulation in neurodegenerative disease. However, the critical intracellular molecules that
orchestrate neuroprotective functions of microglia remain poorly understood. In our studies, we
find that targeted deletion of SYK in microglia leads to exacerbated Ap deposition, aggravated
neuropathology, and cognitive defects in the 5XFAD mouse model of Alzheimer’s disease (AD).
Disruption of SYK signaling in this AD model was further shown to impede the development of
disease-associated microglia (DAM), alter AKT/GSK?3p-signaling, and restrict Ap phagocytosis
by microglia. Conversely, receptor-mediated activation of SYK limits Ap load. We also found
that SYK critically regulates microglial phagocytosis and DAM acquisition in demyelinating
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disease. Collectively, these results broaden our understanding of the key innate immune signaling
molecules that instruct beneficial microglial functions in response to neurotoxic material.

In brief

SYK is a central intracellular regulator of microglial activation and phagocytosis that is deployed
to limit AR pathology and demyelinating disease.
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INTRODUCTION

Neurodegenerative disorders, such as Alzheimer’s disease (AD), are major public health
issues that are likely to increase in prevalence with the aging population. In general terms,
neurodegenerative diseases are thought to be driven by the accumulation of neurotoxic
material such as amyloid beta (Ap) or myelin debris in the central nervous system (CNS)
(Nussbaum and Ellis, 2003; Trapp and Nave, 2008).The buildup of neurotoxic agents is
believed to cause neuronal damage and death, which can ultimately lead to various forms
of neurological dysfunction that include cognitive decline, motor abnormalities, mental
disorders, and loss of inhibition (Chung et al., 2018; Taylor et al., 2002; Vickers et al.,
2009). Mounting evidence suggests that microglia, which are the professional phagocytes
of the CNS, are critically involved in ensuring the proper containment and removal of
neurotoxic material in neurodegenerative disease pathogenesis (Condello et al., 2015;
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Hickman et al., 2018; Lampron et al., 2015). Indeed, human genome-wide association
studies (GWAS) have implicated mutations in microglial receptors in the development of
several neurodegenerative diseases (Cooper-Knock et al., 2017; Efthymiou and Goate, 2017,
IMSG, 2019).

Most notably, emerging evidence from both AD patients and neurodegenerative mouse
models has identified key roles for TREM2, CD33, and CD22 in disease progression
(Bemiller et al., 2017; Krasemann et al., 2017; Malik et al., 2013; Pluvinage et al.,

2019; Ulland et al., 2017; Wang et al., 2015). Although there is growing interest in
targeting these receptors to treat neurodegenerative disease, we currently lack knowledge

of the major downstream signaling molecules and effector mechanisms employed by these
receptors to influence disease pathogenesis. Identification of the intracellular mediators that
coordinate neuroprotective microglial functions will help to uncover novel pathways that
can be targeted to treat neurodegenerative disease, and will also offer new insights into the
pathoetiology underlying neurodegeneration. Moreover, targeting major shared intracellular
signaling pathways may prove more effective than targeting individual receptors in isolation.

In the studies presented here, we explored whether the intracellular signaling molecule,
spleen tyrosine kinase (SYK), is involved in coordinating neuroprotective functions in
microglia during neurodegenerative disease. SYK is perhaps best known for the critical
role that it plays in mounting protective antifungal immune responses downstream of C-type
lectin (CLEC) receptors expressed on innate immune cells (Lionakis et al., 2017; Mocsai
etal., 2010). In addition, SYK has been identified as the central kinase that instructs
signaling and effector functions downstream of TREM2, CD33, and CD22 receptors (Clark
and Giltiay, 2018; Wissfeld et al., 2021; Yao et al., 2019). The activation of SYK in
microglia surrounding AP and other forms of neurotoxic material (Schweig et al., 2017)
spurred our interest in delineating whether SYK is a critical regulator of microglial
responses in neurodegenerative disease. Though the ability of SYK to modulate Ap and

tau biology has been explored in previous /n vitro studies using immortalized CNS lines
and pharmacological agents with well-described off-target effects (Lawlor et al., 2018;
Paris et al., 2014), the extent to which SYK influences /in vivo microglial responses and
neurodegenerative disease pathogenesis currently remains poorly understood.

Here, we show that microglia-specific deletion of SYK leads to elevated levels of Ap
deposition, exacerbated neuropathology, and cognitive impairment in the 5XFAD mouse
model of AD. We further demonstrate that SYK is critically involved in both the compaction
and phagocytosis of Ap by microglia as well as the regulation of AKT/GSK3p-signaling.
Interestingly, we identify SYK as a key intracellular regulator of disease-associated
microglia (DAM) phenotype acquisition and further show that CLEC7A-induced activation
of SYK in 5XFAD mice promotes improved clearance of AB. Moreover, we show that the
neuroprotective effects of SYK on microglia are replicated in the context of demyelinating
disease. Collectively, these findings define SYK as a central regulator of neuroprotective
microglial responses in neurodegenerative disease.
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RESULTS

SYK signaling in microglia limits Ap accumulation

To investigate how SYK signaling in microglia impacts AB-mediated neurodegenerative
disease, we first generated Sykfl Cx3criERT2Cre mice (hereafter referred to as SyAAMG
mice) as a genetic tool to delete SYK from microglia. We then crossed SyA2MG mice

with 5XFAD mice, an AD mouse model that develops aggressive Ap pathology starting

at 1.5 months of age (Richard et al., 2015). Importantly, SYK expression is unchanged
between 5xFAD and non-5xFAD immune cells that have been described to modulate AD
pathogenesis (Figures S1A and S1B). 5XFAD SykAMC mice were given tamoxifen food for
2 weeks after weaning to induce deletion of SYK and then returned to normal chow to

allow for peripheral Cx3cri-expressing immune cells to turn over and regain Syk expression,
while permitting long-lived microglia to remain SYK-deficient (Figures SIC-S1H). As
controls, Cre-negative Syf/fl 5XxFAD littermates (hereafter referred to as 5xFAD mice) were
similarly fed tamoxifen for 2 weeks at weaning and then returned to normal chow for the
remainder of the experiment. It is important to note that this genetic targeting strategy may
also induce deletion of SYK in Cx3cri-expressing CNS border-associated macrophages
(BAMs), which do not undergo the frequent turnover characteristic of Cx3cri-expressing
peripheral immune cells (Wu et al., 2021).

Using these newly generated transgenic mouse lines, we found that SYK-deletion in 5xFAD
SykAMG mice leads to significantly elevated accumulation of AB in the cortex, hippocampus,
and thalamus at 5 months of age (Figures 1A and 1B). Microglia help to limit the spread

of pathological A in the brain parenchyma by forming a barrier around Ap deposits and
promoting the physical compaction of Ap into dense spherical plagues, which ultimately
decreases AP interaction with susceptible neurons (Condello et al., 2015). Therefore, the
lack of Ap plaque sphericity is often used to identify potentially neurotoxic AP aggregates
and to provide insights into the efficacy of microglial compaction (Condello et al., 2018;
Wang et al., 2016). In addition to higher amounts of AP load, we observed that A plaques
in the cortex and hippocampus of 5XFAD SyA2MC mice exhibited lower sphericity than the
plaques found in 5XFAD littermate controls (Figures 1C,1D, S2A, and S2B). Importantly,
delayed deletion of SYK in 4-month-old 5xFAD mice yields similarly increased plaque

load in the hippocampus and decreased plaque sphericity in the cortex when harvested at 8
months of age (Figures S2H-S2K). This suggests that microglial SYK remains influential

in attenuating pathology after disease onset in 5XFAD mice. In further support of there
being less-efficient compaction of Ap into plaques by SYK-deficient microglia, we observed
that A aggregates in 5xFAD SyA2MCG mice were more filamentous (increased 6E10
antibody labeling that detects filamentous Ap; Lee et al., 2018) and less compact (decreased
staining of Thioflavin S [ThioS] that detects inert plaques; Lee et al., 2018) than the Af
deposits found in 5XFAD littermate controls (Figures 1E and 1F). Taken together, these
findings suggest that SYK signaling in microglia plays a critical role in the control of Ap
accumulation and compaction.

Microglia are required for the consolidation of neurotoxic soluble Ap oligomers into more
inert insoluble fibrils and for construction into compact plaques (Brown et al., 2020; Huang
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et al., 2021; Martin et al., 1994). To evaluate whether the absence of SYK in microglia
also affects the levels of both soluble and insoluble AB40 and AB42 in 5XFAD mice, we
next evaluated AP load using an ELISA and various extraction techniques to isolate AP
based on solubility. From these studies, we saw that the levels of soluble AB40 and AB42
were considerably higher in 5XxFAD SyA2MG mice than in 5XFAD littermate controls (Figure
1G). Although we did not detect any appreciable differences in Ap ELISA levels between
experimental groups in the Triton X-100 extraction samples, we did observe reduced

levels of insoluble AB42 in the guanidine fractions isolated from 5XFAD SyAAMC mice
(Figures 1H and 11), indicating that SYK centrally contributes to the ability of microglia to
construct more inert AR structures. Altogether, these data indicate that SYK is critical for
AP consolidation and plague compaction by microglia in 5XFAD mice.

SYK deletion in microglia leads to worsened neuronal health and memory impairment in

5xFAD mice

Due to the influence of SYK signaling in microglia on Ap accumulation and composition,
and the propensity of Ap to impair neuronal function (Colie et al., 2017; Jawhar et al.,
2012), we next assessed neuronal health in 5XFAD and 5XFAD SyA2MG mice. We found that
5-month-old 5XFAD SykAMC mice had a ~1.5-fold increase in plaque-associated dystrophic
neurites in the cortex compared with 5XxFAD controls (Figures 2A and 2B). Heightened
accumulation of hyperphosphorylated tau, labeled with the AT8 antibody, was also observed
around plaques in the cortex of 5XFAD SyA2MG mice (Figures 2C and 2D). This increase

in hyperphosphorylated tau is likely indicative of neuronal debilitation (Gendron and
Petrucelli, 2009; Kanno et al., 2014) that has culminated from the accumulation of
neurotoxic AB. 5XFAD Syk2MG mouse neurons in the CA1 region of the hippocampus

also displayed increased levels of cell death, as visualized by TUNEL staining (Figures 2E
and 2F). These collective findings suggest that SYK activity in microglia helps to preserve
neuronal health in 5XFAD mice.

To better understand how Syk deficiency in microglia impacts brain function, we evaluated
the performance of 4-month-old 5XFAD and 5xFAD SyAAMG mice in the Morris water
maze (MWM), which is commonly used to assess spatial learning and memory. In parallel
with increased A plague load and neuronal death, we found that it took markedly longer
for 5XFAD Syk2MC mice to find the hidden platform in comparison to 5xFAD littermate
controls on day 4 of the MWM test (Figure 2G), which suggests that there is impaired
spatial learning in 5XFAD SyAAMG mice. Importantly, these differences in performance were
not due to altered bodyweight or defects in locomotor activity in 5XFAD SykAMC mice,

as we observed that body weight and travel velocities in the MWM were similar between
the experimental mouse groups (Figures S20 and S2P). Moreover, when the platform

was removed for a probe trial on day 5 of the MWM test, 5XFAD SyAAMG mice spent
significantly less time than 5xFAD mice in the quadrant of the pool where the hidden
platform had previously been located (Figure 2H), which is indicative of impaired spatial
memory in 5XFAD SykAMG mice.

AP deposition in 5XFAD mice has also been shown to spur the development of risk-taking
and exploratory behaviors, as can be observed in some AD patients (Ha et al., 2012; Jawhar
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etal., 2012). Therefore, we evaluated the performance of 4-month-old 5xFAD SyxAMG

mice and 5XFAD littermate controls in the elevated plus maze (EPM). In these studies,

we observed that 5XFAD SyA2MG mice spent more time exploring the open arms of the
maze compared to 5XFAD controls (Figure 21 and S2Q), which suggests that SYK deletion
in microglia on the 5xFAD background also leads to greater levels of risk-taking and
exploratory behaviors. Taken together, these data demonstrate a critical role for microglial
SYK in preventing neuronal loss as well as limiting the development of memory impairment
and risk-taking-related behaviors in Ap-mediated neurodegenerative disease.

SYK regulates microglial proliferation and association with Ap plagues

To gain insights into how SYK influences microglial biology in response to A pathology,
we next explored the impact of SYK deletion on microgliosis. Here, we found that 5XxFAD
littermate controls have significantly more cortical and hippocampal microglia than 5XxFAD
SyKAMG mice (Figures 3A, 3B, S2C, and S2D). We also observed impaired microglia
clustering to AB plaques in the cortex and hippocampus of 5XFAD SyA2MG mice, with

the number of plaque-associated microglia being 2-fold lower in 5xFAD SyAAMG mice
than 5xFAD littermate controls (Figures 3A, 3C, 3D, S2C, and S2E). Interestingly, the
reduction in microglia numbers observed in 5XFAD SyA2MG mice appears to be specific

to AB-mediated pathology, as we did not observe any appreciable differences in microglia
numbers between SyA2MC mice and Cre-negative Cx3cr1ERT2Cre i/l mice (Sykon) that
do not express the 5XFAD transgenes (Figures S2R and S2S). In addition, 5XFAD mice that
underwent delayed deletion of SYK at 4 months of age displayed a corresponding decrease
in microglial number and association with Ap plaques at 8 months of age compared

with 5XFAD controls (Figures S2L-S2N). Thus, the criticality of SYK driving microglial
responses exists during both disease onset and disease progression in 5XFAD mice. To
distinguish what might contribute to the reduced numbers of microglia in 5XFAD Syx2MG
mice, we evaluated the proliferative capacity of SYK-deficient microglia. We found that
SYK deficiency in 5XFAD mice leads to reduced microglial proliferation, as illustrated by
the ~3-fold decrease in Ki67* microglia seen in the cortex and hippocampus of 5XFAD
SykKAMG mice (Figures 3E and 3F). In contrast, in the absence of A accumulation in mice
that lack the 5XFAD transgenes, we did not detect any appreciable differences in microglial
Ki67 staining between SyAc°" and SyA2MG mice (Figures S2R and S2T).

The possibility also exists that increased microglial death could be contributing at some level
to reduced numbers of microglia seen in the brains of 5XFAD SyA2MG mice (Figures 3A

and 3B). Therefore, we performed TUNEL staining in the cortex of 5-month-old 5xFAD and
5XFAD SykAMG mice. We did not, however, detect appreciable numbers of Ibal* microglial
cells that stained positive for TUNEL in either 5xFAD or 5XFAD SykAMC mice (Figures
S2W and S2X). This suggests that apoptosis is likely not a major driver of decreased
microglial cell numbers in 5XFAD SyAAMG mice at this time point. In summary, these
results suggest that SYK is critically involved in coordinating microgliosis in response to A
pathology.
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AB-induced microglial activation is impaired in the absence of SYK

To ascertain whether SYK signaling also impacts microglia activation in response to Ap, we
first evaluated differences in microglia morphology via Sholl analysis. Homeostatic/resting
microglia typically exhibit highly ramified processes, whereas activated microglia tend to
retract these processes and acquire an ameboid morphology (Parakalan et al., 2012). We
observed that non-plaque-associated microglia in the cortex and hippocampus of 5XxFAD
SyKAMG mice had significantly more ramified processes compared with 5XFAD controls
(Figures 4A, 4B, S2F, and S2G). In contrast, resting morphological differences were not
seen between Syko" and SyAAMC mice in the absence of AB (Figures S2U and S2V),
suggesting that SYK-dependent morphological differences in microglia are specific to AB-
driven neurological disease. Taken together, these results suggest that microglia-intrinsic
SYK signaling plays a central role in coordinating the ability of microglia to take on a
morphologically activated state in response to Ap pathology.

Recent studies have also shown that microglia upregulate a unique transcriptional program
in neurodegenerative disease. This activation-induced transition into DAM is thought

to endow microglia with key neuroprotective machinery (Keren-Shaul et al., 2017).

This progressive shift from resting-state microglia to DAM involves the coordinated
downregulation of many homeostatic markers in stage 1, followed by an upregulation of
genes related to microglial response to neurodegenerative pathology in stage 2. Therefore,
we next aimed to elucidate whether SYK affects DAM acquisition in response to Ap-
driven neuropathology. To answer this question, we performed bulk RNA sequencing
(RNA-seq) on magnetic bead-sorted CD11b* cells isolated from the brains of 5-month-old
SyKeon SykAMG 5xFAD, and 5XFAD SyAAMG mice (Figure S3A). Principal component
(PC) analysis revealed, as expected, that 5XFAD microglia form a distinct cluster from
control microglia (Figure 4C), which is indicative of the altered transcriptional profile
microglia take on in the presence of AB. In contrast, the loss of SYK in microglia

blocked this transformation, as 5XFAD SyA2MC microglia clustered with unperturbed SyAcon
and SykAMG microglia, suggesting that 5XFAD Syk2MG are more similar to homeostatic
microglia than those isolated from the 5xFAD mouse model of AD (Figure 4C). Upon
further inspection, we observed 2,769 downregulated and 2,668 upregulated genes (false
discovery rate [FDR] < 0.1) when comparing microglia isolated from 5xFAD SyA2MG and
5xFAD mice (Figures 4D and S3D). Moreover, KEGG analysis revealed that many of the
repressed genes in 5XFAD SyAAMG microglia were related to neurodegeneration (Figure 4E).
In contrast to the numerous transcriptional differences seen between 5XxFAD and 5xFAD
SyKAMG microglia, we only observed a marginal effect of SYK deletion when comparing
SyKAMG and Syko microglia in the absence of Ap pathology (Figures S3B and S3C).
These findings suggest that SYK acts as a critical regulator of the transcriptional shift that
microglia undergo in response to Ap-associated neuropathology in 5xFAD mice.

Notably, we found that a large number of genes were markedly repressed in 5XFAD Syx2MG
microglia (Figure 4F). More specifically, upon Syk deletion we observed a significant
downregulation of stage 1 DAM genes between 5XFAD Syk2MG and 5xFAD microglia
(Figure 4F). However, an even more striking downregulation of stage 2 DAM genes (i.e.,
Lpl, Cst7, Itgax, Axl, Clec7a, Csfl, and Ccl6)was observed in 5XFAD SykAMC microglia
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relative to 5xFAD microglia (Figures 4F and S3D). Therefore, SYK appears to be especially
critical for the ability of microglia to acquire the more activated stage 2 DAM transcriptional
phenotype in 5xFAD mice. To validate this transcriptional block in DAM generation seen

in SYK-deficient microglia at the protein level, we performed immunofluorescence staining
to evaluate the expression levels of the signature microglial homeostatic marker, Tmem119.
As DAM undergo transcriptional activation, homeostatic Tmem119 expression canonically
decreases in stage 1 DAM (Krasemann et al., 2017). However, we observed that 5XFAD
SykAMG microglia retained higher Tmem119 expression compared to 5XxFAD microglia
(Figures S3E and S3F), suggesting their retention of a homeostatic state. In addition, we
investigated the expression of stage 2 DAM marker, CLEC7A (Krasemann et al., 2017),

on lbal* microglia surrounding A plaques in 5XFAD and 5xFAD SyAMC mice. These
imaging studies revealed significantly reduced expression of CLEC7A on Ibal* microglia
surrounding plaques in 5XFAD Syk2MG mice (Figures S3G-S3lI). Altogether, these findings
reveal that SYK centrally contributes to the critical transformation of homeostatic microglia
into DAM following exposure to Ap.

The downstream signaling that coordinates DAM acquisition has remained poorly described,
although it has been suggested that PI3BK/AKT signaling can regulate many of the processes
and pathways linked to microglial activation in AD (Chu et al., 2021). Therefore, we chose
to investigate how the loss of SYK in microglia regulates PI3K/AKT signaling in response
to AP pathology. Utilizing magnetic bead-sorted CD11b* microglia isolated from the
brains of 5-month-old 5XFAD and 5xFAD SyAAMG mice, we evaluated the phosphorylation
status of 18 proteins that have been shown to be centrally involved in the PI3K/AKT
signaling pathway. In these studies, we found that one particular arm of the AKT signaling
pathway was differentially regulated between 5XFAD and 5XFAD SyAAMG microglia. More
specifically, we observed that phosphorylation levels of both AKT (P-S473) and GSK3p
(P-Ser9) were reduced in 5XxFAD SyAAMG microglia when compared with 5XFAD control
microglia (Figures 4G and 4H). These findings are notable as decreased phosphorylation

of AKT (P-S473) and GSK3p (P-Ser9) has been observed in the brains of AD patients

in comparison to age-matched controls (Mateo et al., 2006; Steen et al., 2005). Moreover,
mutations in GSK3B have also been linked to both familial and sporadic forms of AD in
humans (Schaffer et al., 2008). Our data indicate that 5XFAD SyA2MC microglia exhibit
decreased AKT activation as well as diminished phosphorylation of GSK3p at Ser9 (Figures
4G and 4H). Phosphorylation of GSK3p at Ser9 leads to its potent inactivation (Doble

and Woodgett, 2003; Steen et al., 2005), which ultimately indicates that there is increased
activation of GSK3p in 5XxFAD SyA2MG microglia. Given that GSK3p activation has been
shown to contribute to Ap accumulation, tau phosphorylation, and neuronal damage in
models of AD (DaRocha-Souto et al., 2012; Hernandez et al., 2013; Hurtado et al., 2012;
Reddy, 2013), SYK-related modulation of the GSK3p pathway may contribute to the
exacerbation of disease seen in 5XxFAD SyA2MG mice.

Extensive work has characterized microglial receptor TREM2 as influential in driving
microglial acquisition of the DAM transcriptome (Keren-Shaul et al., 2017; Krasemann
etal., 2017; Wang et al., 2015). Based on these findings, we wanted to determine if

the impaired transcriptional shift we observed in our SYK-deficient 5XFAD microglia
phenocopies the previously described deficiency in microglial transcriptional activation seen
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in TREM2-deficient 5XFAD microglia. To this end, we compared our RNA-seq dataset with
a previously published dataset analyzing 5XFAD TremZ2~/~ microglia (Griciuc et al., 2019).
We found that 25% of genes upregulated and ~60% of genes downregulated in 5XxFAD
TremZ™'~ microglia were shared with 5XFAD SyA2MC microglia (FDR < 0.05) (Figure S3J).
In addition, the genes downregulated by 5xFAD 7rem2~ and 5xFAD SykAMC microglia
share molecular function terms such as “signaling receptor binding” and “protein binding”
(Figure S3K). These data suggest an important shared signaling axis between TREM2 and
SYK. However, the transcriptional shift upon SYK deletion in 5XxFAD SyA2MC microglia
encompasses a substantial population of uniquely upregulated (>97%) and downregulated
(>63%) differentially expressed genes not observed in 5XFAD mice that lack TREM2 (FDR
< 0.05) (Figure S3J). Therefore, it is likely that TREMZ2 signaling through SYK is only
partially regulating microglial DAM transition, and that SYK conceivably transmits signals
from multiple receptors in addition to TREMZ2 in the 5xFAD mouse model.

AP pathology promotes increased lipid droplet formation and ROS production in SYK-
deficient microglia

Our RNA-seq findings revealed that 5XFAD SyAAMG microglia exhibit a prominent
reduction in lipoprotein lipase (Lp/) expression (Figure 4F), a DAM marker known to be
critical for regulating cellular lipid homeostasis and lipid droplet accumulation (Loving

et al., 2021). Recent work in microglial biology studying aging and neurodegeneration

has identified a population of lipid-droplet-accumulating microglia (LDAM), which
display impaired phagocytosis and increased reactive oxygen species (ROS) production
(Marschallinger et al., 2020). Therefore, we chose to evaluate lipid homeostasis in
SYK-deficient microglia using BODIPY, a fluorescent dye that detects lipid droplets
(Marschallinger et al., 2020). In these studies, we observed a significant increase in
BODIPY fluorescence in 5XxFAD SykAMG CD11b*CD45™ microglia, indicating an increase
in lipid droplet accumulation in SYK-deficient microglia (Figures S4A and S4B). Previous
work has defined several dysfunctions in LDAM, including their increased production of
ROS (Marschallinger et al., 2020). Consistently, 5XFAD SyA2MG microglia also displayed
an increase in CellROX fluorescence, a cell-permeant dye that fluoresces when oxidized
by ROS, when compared with control 5XFAD microglia (Figures S4C and S4D). These
collective findings suggest that SYK may act to partially limit microglial transition to an
LDAM-like state.

Phagocytosis of AB is coordinated by SYK

Given that the loss of Syk limits microglia DAM marker expression and augments

AP accumulation, we hypothesized that SYK may also play critical roles in microglial
phagocytosis of Ap in 5XFAD mice, which could help to explain the elevated deposition of
AB seen in 5XFAD SykAMGC mice (Figure 1). To investigate this possibility, we measured AR
engulfment by microglia using immunofluorescence staining and saw that 5xFAD microglia
engulfed more than twice the amount of AB than 5XFAD SyA2MG microglia (Figures 5A
and 5B). Similarly, approximately twice the volume of A was engulfed within CD68, a
well-described marker of microglial phagolysosomes (Walker and Lue, 2015), in 5XFAD
microglia compared with 5XFAD SyA2MG microglia (Figures 5C and 5D). Notably, we
noticed that 5XxFAD SyA2MG and 5xFAD microglia upregulated CD68 to comparable total
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levels across the cortex (Figures SAE and S4F). However, though much of the engulfed AR
detected in 5XFAD microglia colocalized with CD68, there was far less Ap engulfed within
CD68 in SYK-deficient 5XFAD microglia (Figures 5C and 5D).

To further substantiate a role for microglial SYK in Ap phagocytosis, we next explored this
in a secondary experimental system. In these studies, 5-month-old 5xFAD SyA2MG mice
and 5XFAD littermate controls received an intraperitoneal (i.p.) injection of Methoxy-X04,
a brain penetrant dye that labels fibrillar Ap. After 3 h, we harvested brains from these
mice and used flow cytometry to quantify the percentage of microglia that had taken

up Methoxy-X04-labeled Ap. Approximately 20% of 5XxFAD microglia had ingested AR
(Methoxy-X04*) while almost none of the 5xFAD SyA2MG microglia contained Methoxy-
X04-stained AP (Figures 5E and 5F). In total, these combined results provide evidence that
SYK promotes the phagocytic capacity of microglia in response to Ap.

We next explored what contributes to defective Ap phagocytosis in 5XFAD SyA2MG mice.
We turned our attention to GSK3p signaling as this was found to be profoundly affected in
5xFAD SykAAMG microglia (Figures 4G and 4H). To this end, we pre-treated wild-type (WT)
and SYK-deficient bone marrow-derived macrophages (BMDMs) with the GSK3p inhibitor
Tideglusib and then evaluated phagocytosis of CypHer5E-tagged A oligomers. CypHer5E
fluoresces in a low pH environment such as the phagolysosome; therefore, we analyzed
CypHer5E fluorescence by flow cytometry as a readout for AB phagocytosis. In these
studies, we found that GSK3p inhibition with Tideglusib treatment significantly increased
AP phagocytosis in SYK-deficient macrophages (Figures 5G and 5H). This suggests that
the dysregulated GSK3p signaling that unfolds in the absence of SYK can contribute to
defective phagocytosis of AR by macrophages.

Exogenous activation of the CLEC7A-SYK signaling pathway promotes improved
clearance of Ap

Thus far, we have demonstrated that SYK-deficiency impairs microglial responses to Ap
pathology in 5XFAD mice. However, to reinforce the integral role for SYK in driving
microglial responses in this environment, we investigated if the reciprocal activation of SYK
signaling would enhance protective microglial activities in the AD brain. To achieve this,
we chose to induce SYK activation through CLEC7A, a receptor shown to be important for
microglial activation in response to AD pathology. CLEC7A is a canonical fungal pathogen
receptor that signals through SYK in the periphery and has recently been identified to be
upregulated in stage 2 DAM (Drummond et al., 2011; Keren-Shaul et al., 2017). In our
studies presented here, we have identified SYK as critical for AR phagocytosis (Figures
5A-5H); therefore, we aimed to determine if CLEC7A-stimulated SYK signaling could
enhance microglia-mediated phagocytosis of AB. Thus, we injected pustulan, a B-D-glucan
and ligand for CLEC7A, into the hippocampus of 2-month-old 5xFAD and 5xFAD SyxAMG
mice. We chose the hippocampus due to its reliable accumulation of Ap in 5XFAD mice. As
an internal control, one hemisphere of the hippocampus received a vehicle injection, while
the other hippocampal hemisphere received a pustulan injection. After 7 days, we harvested
the brains from the injected mice and investigated levels of Ap between the vehicle

and pustulan-injected hippocampal hemispheres using immunofluorescence (Figure 51).
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Strikingly, 5xFAD mice displayed decreased AP load in the pustulan-injected hippocampal
hemisphere compared to the vehicle-injected hippocampal hemisphere (Figures 5J and 5K),
indicating that pustulan-induced microglial CLEC7A activation can boost AP clearance in
the 5XFAD brain. In contrast, pustulan treatment in 5XFAD SyA2MC mice did not promote
AB clearance in the hippocampus (Figure 5J and 5L), suggesting that SYK is necessary

for the protective CLEC7A-driven phagocytic response by microglia. Altogether, our data
suggest that CLEC7A signals through SYK to enhance the phagocytosis of Ap.

DAM generation is regulated by SYK in demyelinating neuroinflammatory disease

Next, we investigated whether SYK also influences DAM generation and microglial biology
in other models of neurological disease. As a first approach, we explored the impact of

SYK deletion in microglia on demyelinating neuroinflammatory disease progression in

the experimental autoimmune encephalomyelitis (EAE) mouse model of multiple sclerosis
(MS). Importantly, microglia have previously been described to play pivotal roles in EAE
disease progression (Plastini et al., 2020). In particular, the clearance of myelin debris by
microglia is believed to be critically required to limit neuronal damage in EAE (Cignarella
et al., 2020; Takahashi et al., 2007; Weinger et al., 2011). In our studies, we found that
SykKAMG mice develop exacerbated paralyzing disease and more severe demyelination in
comparison to Syk<o" littermate controls (Figures 6A-6C). Ablation of SYK in SyxAMG
mice was also found to have an effect on T cell responses in the EAE disease model.

More specifically, we observed a modest, albeit statistically significant, increase in total

T cell numbers, and more T cells producing GM-CSF, IFN-vy, and IL-17 in the spinal

cords of SyAAMG EAE mice relative to SyA°" EAE controls during the effector phase of
EAE disease (>30 days post-immunization) (Figures SSA-S5E). Moreover, we detected less
splenic CD4* T cells making GM-CSF, IFNy, and IL-17 in SyAAMG EAE mice compared
to Syk®°" EAE controls when mice were harvested during the EAE effector phase (Figures
S5F-S5H). These collective findings point toward key neuroprotective roles for SYK in
microglia during demyelinating neuroinflammatory disease.

Having seen that SYK ablation in SyA2MC mice leads to more severe demyelinating
neuroinflammatory disease, we next wanted to better understand how SYK influences
microglial responses in EAE. Given our results in the 5XFAD model, we were particularly
interested in investigating whether SYK also instructs DAM generation and modulates
microglial transcriptional expression of phagocytic machinery in this separate model of
neurodegenerative disease. To accomplish this in a comprehensive and unbiased fashion,
we conducted single-cell RNA-sequencing (sScCRNA-seq) on sorted spinal cord macrophages.
Due to the known infiltration of peripheral myeloid cells in the EAE model (Constantinescu
etal., 2011), we crossed Syk** Cx3criERT2Cre and Sykflfl Cx3criERT2CTe mice with the
Ai6-ZsGreen reporter mouse line to target Ai6-ZsGreen expression to Cx3crl-expressing
cells. This Ai6-ZsGreen model system has been adopted by others in the field to purify
microglia in settings where peripheral-derived myeloid cells are expected to infiltrate the
CNS (Batista et al., 2020; Whittaker Hawkins et al., 2017).

In our studies, we purified ZsGreen* cells from the spinal cords of Ai6-ZsGreen Syk*'*
Cx3crIERTZCre ( 5y peon-Aib) and Ai6-ZsGreen SykVfl Cx3criERT2Cre (S pAMG-AIG) mjce at
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day 35 post-EAE induction using flow cytometry-based cell sorting (Figure S5I). Utilizing
scRNA-seq, we uncovered 6 unique microglia populations, including homeostatic microglia,
highly metabolic microglia, M1-like microglia, and M2-like microglia (Figure 6D). We also
identified a unique population of microglia that we denoted as CD36hi microglia, as Cd36
was one of the top-defining genes of this cluster and it failed to conform with other known
microglia types (Figures 6D and 6E). The final microglia cluster highly expressed canonical
DAM genes, including Cst7, Lpl, Sppl1, Tyrobp, and /tgax (Figures 6D and 6E).

To understand if microglia followed a trajectory in their maturation state during EAE and
if this was influenced by SYK, we performed a pseudotime analysis of the microglia
transcriptional data. After establishing homeostatic microglia as the earliest point in
pseudotime, three potential pathways were revealed: a homeostatic to highly metabolic and
M1-like microglia pathway, a homeostatic to CD36hi pathway, and a homeostatic to DAM
and M2-like pathway (Figure 6F). We observed that SyA“°"~Ai® microglia tend to follow
the homeostatic to DAM and M2-like pathways more than SyAAMG-Ai6 microglia (Figures
6F and 6G). In contrast, SykAMG-Ai6 microglia, when compared to Sy °°"-Ai6 microglia,
more commonly followed the homeostatic to CD36hi trajectory (Figures 6F and 6G). These
pathway biases are confirmed by the proportion of cells in each cluster by sample, where
the Syko"-Ai6 samples have a higher proportion of DAM microglia and the SyxAMG-Ai6
samples have a higher proportion of homeostatic and CD36hi microglia (Figure 6H).

To further examine the failure of SyA2MG-Ai6 microglia to take on a DAM transcriptional
signature, we generated feature plots to visualize gene expression of DAM markers Cst7,
Lpl, Itgax, and Spp1 by cluster (Figure 61). We observed that SyA*MG microglia in the
DAM cluster had much lower average expression of these DAM genes when compared
with microglia obtained from SyAc°"-Ai6 mice (Figure 61). Finally, to better understand the
biological processes potentially being driven by the DAM cluster, we used DAM-defining
genes to plot KEGG and GO terms related to phagocytosis. These shared terms included
“phagosome,” “abnormal phagocyte morphology,” and “microglia pathogen phagocytosis
pathway” (Figure 6J). In summary, our collective EAE findings corroborate our 5XFAD data
characterizing SYK as a pivotal intracellular regulator of DAM generation and promoter of
neuroprotective functions in microglia during neurodegenerative disease.

Defective SYK signaling in microglia during demyelinating disease causes damaged
myelin debris accumulation and impaired oligodendrocyte proliferation

To further validate the ability of SYK to modulate microglial responses in a separate model
of demyelinating disease that does not involve autoimmune attack, we explored the effects
of cuprizone intoxication on neurological disease in SyAAMS mice and SyA°°" littermate
controls. Cuprizone is toxic to myelinating oligodendrocytes, including those found in the
corpus callosum, thus 5 continuous weeks of feeding cuprizone to mice leads to localized
areas of demyelination (Zhan et al., 2020). Importantly, in the absence of cuprizone, we
did not observe any appreciable differences in myelin basic protein (MBP) levels between
SykKAMG and SykcoM mice, indicating that baseline corpus callosum myelination at steady-
state is not affected in SYK-deficient mice (Figures S6A and S6B). However, we noticed
that the corpus callosum of SyA2MG mice had significantly fewer microglia than Sy4con
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controls during both cuprizone-induced demyelination and remyelination (Figures S6C and
S6D). We determined that the decreased number of microglia in SyAAMG mice is likely not
due to differential apoptosis, as the levels of TUNEL staining in Ibal* cells was found to

be similar between the experimental groups(Figures S6E and S6F). Consistent with previous
studies, we found that feeding SyA“°" mice a cuprizone diet leads to increased staining

of the phagocytic marker CD68 in Ibal* cells (Figures S6G and S6H) (Cignarella et al.,
2020). In contrast, CD68 positivity was substantially decreased in Ibal* cells found in the
corpus callosum of cuprizone-fed SyA*MG mice during the demyelinating phase (Figures
S6G and S6H), suggesting impaired phagocytic microglial response compared to SyA®°"
mice. Indeed, increased damaged myelin basic protein (dMBP) accumulation was evident
during both demyelination and remyelination in the SyAAMS corpus callosum compared with
Syk®O" mice (Figures 7A and 7B). Microglia are established to phagocytose damaged myelin
in the cuprizone model of demyelination; therefore, this accumulation is likely due to a
microglial phagocytic deficit (Gudi et al., 2014). These results provide evidence that SYK
signaling in microglia is critically involved in the clearance of myelin debris independent of
the robust autoimmune response associated with EAE.

The inability to phagocytose myelin debris in the cuprizone model is known to obstruct
aspects of oligodendrocyte biology, including the differentiation of oligodendrocyte
precursor cells (OPCs) into myelin-producing oligodendrocytes (Back et al., 2005).
Therefore, we hypothesized that any phagocytic deficits seen in SyA2MC mice in the
cuprizone model would subsequently manifest as impaired OPC proliferation and/or
differentiation into mature oligodendrocytes during the remyelination phase that follows
cuprizone cessation. Consistent with this hypothesis, we found that SYK deficiency in
cuprizone-treated SyAAMG mice leads to greatly reduced numbers of OPCs (Olig2*Pdgfra.*
cells) and oligodendrocytes (Olig2*CC1*cells) during the remyelination phase of the
cuprizone model (Figures 7C—7E). We also noted that OPCs in cuprizone-treated SyA2MG
mice had severely impaired proliferation during demyelination (Figures S61 and S6J), which
likely accounts for the decreased numbers of OPCs and oligodendrocytes seen in cuprizone-
treated SyA®MC mice. In comparison, we observed comparable numbers of OPCs and
oligodendrocytes in SyAAMG mice and Sy4°°n littermate controls that were fed normal chow
(Figures 7C-7E), suggesting that SYK deficiency in microglia does not appreciably affect
oligodendrocyte-lineage cell numbers under homeostatic conditions. Our findings indicate
that disruption of SYK signaling in microglia causes prominent defects in the clearance of
damaged myelin in the cuprizone model of demyelinating disease. Moreover, they suggest
that the lack of neuroprotective functions in SYK-deficient microglia can ultimately lead

to impaired oligodendrocyte generation during remyelination. Altogether, these cuprizone
data support our 5xFAD and EAE findings that define a critical role for SYK in promoting
protective microglial responses that limit neurodegenerative disease progression.

DISCUSSION

In the studies presented here, we have identified SYK as a pivotal intracellular regulator of
neuroprotective microglial responses in mouse models of both AD and MS. SYK is perhaps
best known for its essential roles in the generation of protective immunity against many
fungal infections as well as in the regulation of T cell and B cell receptor signaling (Cornall

Cell. Author manuscript; available in PMC 2022 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ennerfelt et al.

Page 14

et al., 2000; Latour et al., 1997; Malik et al., 2018). However, in recent years there has been
growing appreciation for the critical involvement of SYK in models of sterile inflammation
(Chung et al., 2019). For instance, the SYK homolog in Drosophila, known as Shark,

was shown to be critical for glial phagocytosis of axonal debris (Ziegenfuss et al., 2008).

In addition, there have been a handful of recent studies that have used pharmacological
inhibitors and /n vitro cell culture systems to explore how SYK affects CNS biology (Paris
et al., 2014). Beyond these initial studies, we lack more integrated knowledge concerning
how SYK signaling affects neurological health and disease.

The role of SYK in demyelinating neuroinflammatory disease also currently remains poorly
described. This is surprising given that mutations in various SY K-related molecules have
been identified as prominent MS genetic risk factors (Ramagopalan et al., 2010). For
instance, mutations in multiple upstream activators of SYK, including CD37, TREM2,
numerous CLEC receptors (e.g., CLEC16A, CLECL1, and CLEC2D), and Fc receptor-like
proteins (i.e., FCRL2 and FCRL3) have been strongly linked to MS in GWAS studies
(IMSG, 2019; IMSG, 2011). Likewise, mutations in downstream molecules involved in SYK
signaling, including BCL10 and MALT1, have also been associated with MS risk (Mc Guire
et al., 2013; Molinero et al., 2012).

In summary, although pivotal roles for microglia have recently been uncovered in AD,

MS, and many other neurodegenerative disorders (Krasemann et al., 2017), the key
signaling pathways that microglia leverage to instruct neuroprotective functions remain
poorly defined. Through the studies presented here, we have identified SYK as an
instrumental regulator of neuroprotective microglial responses in mouse models of AD

and MS. Moreover, our studies suggest that targeting SYK may offer novel strategies to
boost microglial protective responses, including phagocytosis of neurotoxic material, to treat
neurodegenerative disease.

Limitations of the study

Future studies are needed to fully define all of the key microglial receptors that rely on SYK
to influence neurodegenerative disease progression. Based on receptor structure alone, there
are a wide range of microglial receptors that could potentially leverage SYK to coordinate
their effects on neuropathogenesis. Most notably, and of relevance to neurodegenerative
disease research, this list includes TREM2, CLEC7A, CD33, CD22, FcgR, and complement
receptor 3 (CR3) (Clark and Giltiay, 2018; Hadas et al., 2012; Pluvinage et al., 2019;
Wissfeld et al., 2021; Yao et al., 2019; Ye et al., 2020). However, various other CLEC
receptors, SIGLEC receptors, and integrin receptors could also potentially leverage SYK
signaling to influence neurological disease (Mocsai et al., 2010).

Though previous /n vitro studies have shown that TREM2 activation can provoke SYK
signaling (Yao et al., 2019), it still remains to be seen whether TREM2 relies exclusively on
SYK to coordinate its effects on /n vivo Alzheimer’s-related disease progression. Therefore,
additional /n vivo studies in relevant disease models are needed to address this. Likewise,
even though our studies provide promising early evidence that promoting SYK activation
via CLEC7A engagement can boost the clearance of AB, future studies are needed to better
characterize the role of CLEC7A in AD-related disease. In particular, it still remains to be
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seen why CLECT7A is so highly expressed by microglia in response to neurodegenerative
disease pathology in mice (Deczkowska et al., 2018; Keren-Shaul et al., 2017; Krasemann
et al., 2017). Therefore, although our early studies suggest the SYK is a major regulator of
neuroprotective microglial responses in models of AD and MS, future studies are needed to
better characterize both the upstream and downstream players that coordinate the effects of
SYK on neurodegenerative disease progression.

It is also important to note that replacing one allele of Cx3cr with Cre-recombinase

in Cx3crIERT20e mice may potentially affect aspects of microglial biology. However, in

a recent study it was shown that targeting microglia with this strategy actually leads to
improved clearance of AP and ameliorated disease progression in the APP/PS1 mouse
model of AD (Hickman et al., 2019). Therefore, our observation of worsened disease status
in 5XFAD Syk2MG js likely not explained by this variable. In addition, future studies are also
needed to ascertain whether SYK deletion in long-lived BAMs contributes at any level to the
phenotypes seen in our SyA*MG studies.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, John R. Lukens (JrI7n@virginia.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—Bulk and Single-cell RNA-seq data have been deposited
at GEO and are publicly available as of the date of publication (accession number: GEO:
GSE212310) and can be found in the key resources table. All original code has been
deposited at Zenodo and is publicly available as of the date of publication (Zenodo: https://
doi.org/10.5281/zenodo.7026051) and is listed in the key resources table. Any additional
information required to reanalyze the data reported in this paper will be shared by the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All mouse experiments were performed in accordance with the relevant guidelines
and regulations of the University of Virginia and approved by the University of Virginia
Animal Care and Use Committee. 5xFAD mice (Stock #34848-JAX), SykV/fl mice

(Stock #017309) and Cx3crIERT2Cre mice (Stock #020940) were obtained from The
Jackson Laboratory and were crossed to generate Syl (denoted as Sykcon), Syfl/fl
Cx3crIERT2ere (denoted as Syk2MG), 5xFAD SyATfl (denoted as 5xFAD), and 5XFAD
Syl Cx3cr1ERT2Cre (denoted as 5XFAD SyAAMG) experimental mice. Upon weaning,
female Syk°" and Syk2MG 5xFAD, and 5XFAD SyA2MG |ittermates were fed tamoxifen
diet (Envigo Teklad #TD.130858) ad /ibitum for two weeks and then returned to normal
chow. Ai6-ZsGreen (Stock #007906-JAX) reporter mice were generously provided by Dr.
Tajie Harris and crossed with Syk™* Cx3cr1ERT2CTe and Syk™ Cx3cr1FRT2CTe mice. In
EAE experiments, SyAco", SykAMG - 5y peon-Ai6 and SysAMG-AI6 mice were fed tamoxifen
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diet for two weeks upon weaning and then returned to normal chow. In cuprizone
experiments, Syk“°" and SyAAMG were fed tamoxifen diet for two weeks upon weaning and
then returned to normal chow. Mice were housed for AD and demyelinating experiments in
specific pathogen-free conditions under standard 12-h light/dark cycle conditions in rooms
equipped with control for temperature (21 £ 1.5°C) and humidity (50 + 10%).

Experimental autoimmune encephalomyelitis (EAE) induction and scoring—
On the day of immunization (Day 0), mice were injected subcutaneously over each shoulder
with 100 L of an emulsion containing 0.5 mg/mL MOG3s_s5 peptide (Bio-Synthesis, 12—
668-01) and 1.25 mg/mL heat-killed Mycobacterium tuberculosis (Becton, Dickinson, &
Company, 231-141) in Complete Freund’s Adjuvant (Sigma Aldrich, F5881). Mice were
intraperitoneally injected with 200 ng of Pertussistoxin (List Biological Laboratories, 180)
on days 0 and 2 post-immunization.

Beginning at approximately day 7 post-immunization, mice were monitored daily for onset
of hindlimb paralysis and scored for EAE severity using the following 5-point clinical
scoring system: 0 = normal tail; 0.5 = limp at tip of tail; 1 = completely limp tail; 1.5

= partial hindlimb weakness/mouse can be flipped onto its back; 2 = complete hindlimb
weakness with abnormal gait; 3 = partial hindlimb paralysis; 3.5 = complete hindlimb
paralysis in both legs; 4 = hind- and fore-limb paralysis; 5 = moribund/dead.

Cuprizone model—For the cuprizone model, adult mice were fed regular chow mixed
with 0.3% cuprizone (Sigma, 14,690) ad /ibitum for 5 weeks to induce demyelination.

METHOD DETAILS

Western blotting—MACS-sorted microglia, monocytes, and T cells were resuspended

in Western blot lysis buffer [dH,0, RIPA, cOmplete Protease Inhibitor Cocktail (Roche),
and PhosSTOP (Roche)]. Protein concentration was measured using Pierce 660 nm Protein
Assay Reagent (Thermo Scientific, 22-660). 4X SDS loading dye was added to protein
lysates and incubated at 95°C for 3 min. For each sample, 25 ug of protein was loaded per
lane of a 4-20% Mini-PROTEAN TGX Stain-Free Protein Gel (BioRad, 4-568-093) and
run at 120 V for 1.5 h using Mini-PROTEAN Tetra Cell (BioRad, 1-658-004). Proteins
were transferred to an Immun-Blot Low Fluorescence PVDF membrane (BioRad, 1-620-
264) using Trans-Blot Turbo transfer system (BioRad, 1-704-150) set to 2 mini gels and
mixed MW for 21 min. SYK protein was probed using anti-SYK (D3Z1E) XP Rabbit

mADb (Cell Signaling Technologies, 13,198, 1:1000 overnight at 4°C) and goat anti-rabbit
IgG StarBright Blue 700 secondary antibody (BioRad, 12-004-161, 1:1000 for 2 h at

room temperature). The stain-free gel and blotted membrane were imaged using ChemiDoc
MP Imaging System (BioRad, 12-003-154). Total protein loaded was quantified using
Image lab touch software (BioRad), Beta-Actin (Cell Signaling, 12-620), Ponceau S stain
(Sigma-Aldrich, P7170) and SYK protein were quantified using Fiji. Samples underwent the
same preparation for the AKT pathway phosphorylation kit (RayBiotech, AAH-AKT-1-8).
The AKT assay was performed in accordance to manual instructions and pixel density was
analyzed using Adobe Photoshop.
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Brain sample preparation—Mice were euthanized using CO» asphyxiation and
transcardially perfused with 20 mL of 1xPBS. For AD experiments, brains were dissected
out with the left hemisphere drop-fixed in 4% paraformaldehyde over night at 4°C and the
right hemisphere flash-frozen and stored at —80°C. Drop-fixed samples were transferred to
30% sucrose for 48 h and then mounted and frozen in Tissue-Plus OCT compound (Fisher
Scientific). These brains were then sectioned at 50 um in thickness using a cryostat (Leica)
and stored in PBS +0.05% sodium azide at 4°C for downstream staining and imaging.

The flash-frozen brains were thawed for RNA and protein extraction and mechanically
homogenized in 500 pL of Tissue Protein Extraction Reagent T-PER (Thermo Fisher, 78—
510) containing phosphatase inhibitor cocktail PhosSTOP (Roche, 04-906-845-001) and
protease inhibitor cocktail cOmplete (Roche, 11-873-580-001). Following homogenization,
50 pL of the brain sample was diluted in 500 pL Trizol for future RNA extraction and stored
at —80°C. The stock brain samples were then spun down at 16,000 rpm for 10 min and

the supernatant and pellet were isolated for soluble and insoluble amyloid beta analyses,
respectively. For EAE experiments, brain tissue was dissected and immersion fixed in 4%
paraformaldehyde for 48 h, followed by dehydration in 30% sucrose and freezing in OCT.
Free-floating cryosections were cut (40 um) and collected in PBS containing 0.02% sodium
azide and stored at 4°C until further analysis.

ELISA—Brain samples underwent guanidine-extraction in which pelleted brain samples
were incubated 1:6 in 5 M guanidine HCL/50 mM tris, pH = 8.0 at room temperature for 3
h, then diluted 1:5 in PBS containing protease inhibitor cocktail cOmplete (Roche, 11-873-
580-001), centrifuged at 16,000 g for 20 min at 4°C, and the supernatant was collected and
stored at —80°C pending ELISA. Triton X-extraction was performed by diluting the pelleted
brain samples 1:5 in 1% Triton X-100 in T-PER buffer and sonicating the samples for 30
min at room temperature, then spun down at 16,000 g for 20 min at 4°C and the supernatant
stored at —80°C until used for AP measurement by ELISA. Amyloid beta 40 or 42 Mouse
ELISA kits were utilized (Thermo Fisher, KMB3481, KMB3441) on samples obtained with
the soluble fraction (T-PER extracted supernatant) diluted 1:10, Triton X- fraction diluted
1:40, and the guanidine fraction diluted 1:200 following manufacturer’s instructions.

Immunofluorescence microscopy—~Floating brains sectioned stored in PBS +0.05%
sodium azide were blocked with 2% donkey serum, 1% BSA, 0.1% Triton-X, 0.05%
Tween20 in PBS for 1 h at room temperature before applying the primary antibody master
mix diluted in this block overnight at 4°C. Samples were stained with anti-Ap (D54D2,

Cell Signaling, 1:300; or 6e10, BioLegend, 1:1000) to label plaques. To study microglial
morphology and numbers, sections were stained with Ibal (ab5076, Abcam, 1:300). To
further characterize microglia, we labeled with Ki67-EF660 (SolA15, Thermo Fisher,
1:100), anti-Clec7a (R1-8g7, Invivogen, 1:30), Tmem119 (ab209064, Abcam, 1:300), and
anti-CD68 (FA-11, BioRad, 1:1000). Neuronal health was probed by staining for anti-APP
(Y188, abh32136, Abcam, 1:750), anti-phospho-tau (AT8, Thermo Fisher, 1:500), and anti-
NeuN (MAB377, Millipore Sigma, 1:500). For cuprizone experiments, sections were stained
with PDGFRa (AF1062, R&D Systems, 1:200), CC1 (OP80, 1:200, Millipore), Olig2
(AB9610, 1:500, Millipore), dMBP (AB5864, Millipore Sigma, 1:2000), and MBP (ab7349,
Abcam, 1:1000). Sections were then washed 3 times for 10 min at room temperature in
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PBS and 0.05% tween 20, then incubated in matched donkey Alexa Fluor 488, 594, 647
anti-rabbit, -goat, -rat, -streptavidin, and -mouse (Thermo Fisher, 1:1000 dilution) at room
temperature for 2 h. Samples were washed again 3 times for 10 min at room temperature
and incubated with DAPI (1:1000) for 10 min at room temperature, or stained for plaques
with ThioflavinS (Sigma-Aldrich, 2 mg/10mL) for 8 min followed by three 2-min washes
with 50% ethanol at room temperature. To investigate cell death, sections were stained by
TUNEL (Millipore Sigma, 11-684-795-910) following the manufacturer’s protocol. All
tissue sections were then transferred to wells containing PBS before being mounted to glass
slides with ProLongGold antifade reagent (Invitrogen, P36930) and coverslips. Mounted
slides were stored at 4°C until imaged using LAS AF software (Leica Microsystems) on a
Leica TCS SP8 confocal microscope. Quantification of images were performed using Fiji
software or Imaris software (9.5.1).

Behavior—All behavior experiments were performed between 8 am and 12 pm in a
blinded fashion. All mice were 4 months old at the time of the assay. Mice were transported
from their home vivarium room to the behavior core and allowed 30 min to habituate before
beginning each test.

Morris water maze—The MWM was done as described previously (Da Mesquita et al.,
2018). In brief, the test involved four days of training consisting of four trials and one day
of probe consisting of one trial. Mice were alternately placed facing different visual cues for
each trial in a 23°C pool made opaque with white paint. The hidden platform was placed 1
cm below the water surface. Each trail lasted 60 s, and the mouse was placed on the hidden
platform for 5 s if unable to locate it within the 60 s trial. All trials were tracked and scored
using video tracking software (Noldus Ethovision XT).

Elevated plus maze—EPM was used to investigate anxiety in mice and was performed as
described previously (Lammert et al., 2020). The maze has two open arms (35 x 6 cm?) and
two closed arms (35 x 6 cm?) with 20 cm-tall black plexiglass walls elevated 121 cm from
the floor. The mice were placed in the center square connecting the open and closed arms
and allowed to explore during a 5 min trial. Activity was monitored and scored using video
tracking software (Noldus Ethovision XT).

In vivo A phagocytosis assay—5xFAD, 5xFAD SyA2MG, and littermate controls were
intraperitoneally injected with 10 mg/kg methoxy-X04 (ApexBio, B5769) in a 1:1 ratio of
PBS and DMSO. A brain harvest was completed 3 h after injection in which mice were
euthanized using CO, asphyxiation before being intracardially perfused with 20 mL of

PBS + Na heparin (5 units/mL). The brains were placed in a Hanks buffer saline solution
(HBSS) (Thermo Fisher, 14-025-092) with DNAse | (50 U/mL) (Sigma-Aldrich, 10-104—
159-001) and papain (2 mg/mL) (Worthington, LS003124) and homogenized using a 10 mL
serological pipette. The brain homogenates were then incubated at 37°C for 15 min. This
process was repeated for a total of 3 times with the final two homogenizations accomplished
using a 5 mL serological pipette. The brain homogenates were then passed through a 70

um strainer to create a single-cell suspension. The cell suspension was then placed in

20 mL of DMEM/F12 buffer (21-331-020, Thermo Fisher) with 10% fetal bovine serum

Cell. Author manuscript; available in PMC 2022 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ennerfelt et al.

Page 19

(FBS) (Thermo Fisher, 10-082-147), 1% Anti-anti (Thermo Fisher, 15-240-096), and 1%
Glutamax (Thermo Fisher, 35-050-061) and spun down with a slow brake at 300 g for 10
min. The cell pellet was then resuspended in 13 mL of 37% Percoll (Cytvia, 17-0891-02)
and spun down with no brake at 2000 rpm for 12 min. Myelin was removed and cells were
resuspended in MACS buffer (Miltenyi Biotec, 130-0910376) to wash. Flow cytometry for
microglia was then performed (as described below) with additional gating for methoxy-X04.

CypHer5E-Ap preparation—Monomerization of Ap (1-42) (641-15, California peptide)
was achieved using a previously published protocol (Stine et al., 2011), using
hexafluoroisopropanol (HFIP) (52-517, Sigma-Aldrich). 5 mM monomeric Ap samples
were incubated for 24 h at 4°C in F12 media to make a 200 uM stock of oligomeric

AB. Samples were then incubated with CypHer5E-NHS ester (PA15401, Cytvia) diluted

in 0.1 M sodium bicarbonate for 30 min covered and at room temperature. Following
incubation, Biospin columns (7-326-227, Bio-Rad) were used to quench unbound dye.
CypHer5E-tagged AP oligomers were stored at 4°C prior to BMDM treatment.

In vitro Ap phagocytosis assay—Bone marrow-derived macrophages (BMDMs) were
isolated from the hindlimbs of WT and Syf/fl £:sA/€¢ mice. Marrow-containing bones
were sprayed with 70% ethanol before being placed in IMDM (Thermo Fisher, 12—-440-
053) containing penicillin/streptomycin (P/S) (Thermo Fisher, 15-140-163). A 25-gauge
needle was used to flush marrow from the bones using 20 mL of IMDM containing P/S.
An 18-gauge needle was then used to triturate flushed bone marrow 5 times to make a
single-cell suspension. Samples were spun down at 1500 rpm for 5 min at 4°C. Cell pellets
were resuspended in BMDM media containing IMDM, 10% FBS, 1% non-essential amino
acids, 1% P/S, and 50 ng/mL M-CSF (PeproTech, 315-02). Cell plating was performed
using 150 x 25 mm culture dishes (430-597, Thomas Scientific). After three days, 5 mL of
BMDM media was added to each dish. Six days post initial cell plating, media was aspirated
from dishes and 10 mL of PBS was added to each plate and incubated for 10 min at 4°C.
BMDMs were removed from the dish using a scraper and transferred to a conical tube,
spun down, and resuspended in BMDM media. 100,000 cells/well were pipetted in into a
flat bottom 96 well plate. The next day, BMDMs were treated with vehicle or 10 pM of
Tideglusib (Selleck Chemicals, S2823) 1 h prior to treatment with 10 uM of oligomeric
AP tagged with CypHer5E. 24 h post Ap treatment, BMDMs were then collected and flow
cytometry was used to assess CypHer5E fluorescence.

Intrahippocampal injection—5xFAD and 5xFAD SyAAMG mice were anesthetized
before receiving a bilateral hippocampal injection of 2 uL of vehicle or 2 pg pustulan

into the right and left hemisphere of the hippocampus (at +2 mm lateral, -2 mm

posterior, and —2 mm ventral relative to the intersection of the coronal and sagittal suture
(bregma) at a rate of 200 nL/min) using a stereotaxic frame (51730U, Stoelting) and
nanoliter injector (NL2010MC2T, World Precision Instruments). Seven days post injection,
mice were euthanized using CO» and transcardially perfused before preparing brains for
immunofluorescent staining to evaluate Ap clearance in the hippocampus. Images were
analyzed using Fiji software and Imaris software (9.5.1).

Cell. Author manuscript; available in PMC 2022 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ennerfelt et al.

Page 20

MACS isolation of microglia, T cells, and monocytes—Mice were euthanized with
CO, and immediately transcardially perfused with 20 mL 1X PBS. Brains were collected
and their meninges and choroid plexus were removed before using a previously described
MACS-sorting protocol (Norris et al., 2018) to isolate microglia. Spleens from these mice
were collected and kept on ice in DMEM (Thermo Fisher, 11-885-084) with penicillin/
streptomycin (Thermo Fisher, 15-140-163) and homogenized by gently mashing through a
70 um cell strainer. Spleen homogenates were then centrifuged at 1500 rpm for 5 min then
resuspended in 2 mL ACK lysis buffer (Quality Biological,118-156-101) and incubated at
room temperature for 3 min to lyse red blood cells. Finally, the MACS-sorting protocol
was used to isolate T cells and monocytes. Spinal cords were dissected and kept on ice

in DMEM (Thermo Fisher, 11-885-084) with penicillin/streptomycin (Thermo Fisher, 15—
140-163). Tissues were homogenized by gently mashing through a 70 um cell strainer.
Homogenates were centrifuged at 1500 rpm for 5 min then resuspended in 13 mL 37%
isotonic Percoll (GE Healthcare, 17-0891-01) in 1X PBS. Samples were centrifuged at
2000 rpm for 12 min at room temperature with no brake. After centrifugation, the top
myelin layer and supernatant were aspirated and the cell pellet was resuspended in MACS
buffer before using the MACS-sorting protocol to isolate microglia (Miltenyi Biotec, 130—
0910376). We proceeded with column purification of microglia using CD11b microbeads
(Miltenyi, 130-093-634), purification of T cells using CD90.2 microbeads (Miltenyi, 130—
121-278), and purification of monocytes using CD11b microbeads (Miltenyi, 130-049-
601). We performed sorting utilizing LS columns and a QuadroMACS magnet (Miltenyi,
130-042-401 and 130-091-051) according to manufacturer’s instructions. Column-bound
cells were analyzed for purity by flow cytometry, probed for SYK expression by gPCR and
Western blotting, or submitted for RNA-seq.

Flow cytometry—For MACS-sort validation, an aliquot of the microglia-positive and
-negative fractions were transferred to a 96-well round bottom plate, then washed with 1X
PBS and spun down at 1600 rpm for 5 min. The cells were then stained with fixable viability
dye (eBioscience, 65-0866-14) at 1:1000 for 30 min at 4°C. Following incubation, cells
were then washed with FACS buffer (pH 7.4; 0.1 M PBS; 1 mM EDTA, and 1% BSA). Cells
were then stained 1:200 with CD11b (APC), CD45 (PE-Cy7), and TCR B chain (Brilliant
Violet 510) flow antibodies (all from eBioscience) in FACS buffer (pH 7.4; 0.1 M PBS; 1
mM EDTA, and 1% BSA) for 15 min at 4°C. The cell pellets were then washed with FACS
buffer then resuspended in 100 uL of FACS buffer. Microglia were identified as the CD45!"t
and CD11bN after gating for single and live cells.

For lipid-droplet-accumulation and reactive oxygen species (ROS) assessment in microglia,
mice were euthanized with CO» at 8 months of age and immediately transcardially perfused
with 20 mL 1X PBS. Brains were collected and their meninges and choroid plexus removed
and prepped as a single cell suspension as described in (Norris et al., 2018). Brain
homogenates were centrifuged at 1500 rpm for 5 min then resuspended in 13 mL 37%
isotonic Percoll (GE Healthcare, 17-0891-01) in 1X PBS. Samples were centrifuged at
2000 rpm for 12 min at room temperature with no brake. After centrifugation, the top myelin
layer and supernatant were aspirated and the cell pellet was washed with PBS. Cells were
then stained either 1:500 with CellROX (Thermo Fisher, C10491) for 30 min or 1:2000 with
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BODIPY (Invitrogen, D3861) for 10 min diluted in PBS at 37°C. Cells were spun down
and washed with FACS buffer. Cells were then stained 1:200 with CD11b (APC), CD45
(PE-Cy7), and TCR p chain (Brilliant Violet 510) flow antibodies (all from eBioscience) in
FACS buffer for 15 min at 4°C. The cell pellets were then washed with FACS buffer then
resuspended 1:5000 with DAPI in 100 pL of FACS buffer. Microglia were identified as the
CD45!" and CD11bM after gating for single and live cells.

For flow cytometry staining of BMDMs, cells were washed with FACS buffer and
centrifuged at 1500 rpm for 5 min, and resuspended in 100 puL of FACS buffer with
fluorescently labeled antibodies (all from eBioscience) specific for CD11b (clone M1/70)
and F4/80 (clone BM8) diluted 1:200. Cells were incubated in the dark for 20 min at room
temperature, washed with FACS buffer, and resuspended 1:5000 with DAPI in 100 L of
FACS buffer. BMDMs were identified as the CD11b" and F4/80M after gating for single and
live cells.

For flow cytometry staining in EAE experiments, cells were plated (100 pL of resuspended
spinal cord or 1x108 splenocytes) in a 96-well plate and washed with FACS buffer. After
centrifugation at 1500 rpm for 5 min and removal of supernatants, cells were resuspended
in 100 pL 1X PBS with 1:1000 fixable viability dye (eBioscience, 65-0866-14) and 1:1000
Fc Block (eBioscience, 14-0161-86). Cells were incubated at 4°C for 30 min. Cells were
then washed with FACS buffer, centrifuged at 1500 rpm for 5 min, and resuspended in

100 pL of FACS buffer with fluorescently labeled antibodies (all from eBioscience) specific
for CD45 (clone 30-F11), CD11b (clone M1/70), Gr-1 (clone RB6-8C5), MHC-I11 (clone
M5/114.15.2), TCRp (clone H57-597), CD4 (clone RM4-5), CD8 (clone 53-6.7), CD11c
(clone N418), and CD80 (clone 16—-10A1) diluted 1:200. Cells were incubated in the dark
for 20 min at room temperature, washed twice with FACS buffer, and fixed with 1%
paraformaldehyde in FACS buffer.

For intracellular cytokine staining, cells were plated (100 uL of resuspended spinal cord

or 1x106 splenocytes) in a 96-well plate in IMDM stimulation media (Iscove’s Modified
Dulbecco’s Media) (Thermo Fisher, 12-440-053), penicillin/streptomycin (Thermo Fisher,
15-140-163), 10% heat-inactivated fetal bovine serum (Thermo Fisher, 10-082-147), 1%
L-glutamine (Thermo Fisher, 25-030-081), and 50 uM beta-mercaptoethanol (Thermo
Fisher, 21-985-023)] with 20 ng/mL PMA (Sigma-Aldrich, P1585), 1 pg/mL ionomycin
(Sigma-Aldrich, 19657), and 1:1000 monensin (eBioscience, 00-4505-51). Cells were
incubated for 5 h at 37°C with 5% CO,, then washed with 1X PBS prior to proceeding

with surface staining for flow cytometry as described above. Cells were fixed and
permeabilized using IC fixation buffer (eBioscience, 00-8222—49) and permeabilization
buffer (eBioscience, 00-8333-56) following manufacturer’s instructions. Cells were then
stained with 100 pL fluorescently labeled antibodies (all from Thermo Fisher) for GM-CSF
(clone MP1-22 x 109), IFN-y (clone XMG1.2), and IL-17A (clone eBio17B7) diluted 1:200
in 1X permeabilization buffer for 20 min at room temperature. Cells were washed twice with
1X permeabilization buffer, then twice with FACS buffer.
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Sample data were acquired within a few days of fixation using a Gallios flow cytometer (10
colors, 3 lasers, B5-R1-V2 Configuration with Kaluza Acquisition; Beckman Coulter) and
analyzed using FlowJo software (Becton, Dickinson, & Company).

Multiplex cytokine assay—Immune cells isolated from spleens were plated in a 96-well
plate at up to 2x10° cells/well and stimulated with 30 ug/mL MOGgzs_ss peptide in IMDM
stimulation media for 48 h at 37°C with 5% CO,. After incubation, cells were centrifuged at
1600 rpm for 5 min and supernatants were collected for storage at —80°C.

Supernatants were assayed for concentrations of various cytokines using Bio-Rad Bio-Plex
Pro reagent kit (Bio-Rad, 171-304070M) and Bio-Plex Pro Mouse Cytokine 23-Plex Group
I magnetic beads and detection antibodies for IL-1a, IL-1p, IL-2, IL-4, IL-6, IL-10, IL-17,
G-CSF, GM-CSF, IFN-v, KC, and TNF-a according to manufacturers’ instructions (Bio-
Rad). Sample data for Bio-Plex Pro assays were acquired with a Bio-Plex 200 System
(Bio-Rad) and analyzed using Bio-Plex Manager software (Bio-Rad).

Histopathological analysis of EAE spinal cords—Mice were euthanized with CO»
and immediately transcardially perfused with 20 mL 1X PBS followed by 20 mL 10%
neutral buffered formalin (NBF; Azer Scientific). Spinal columns were dissected and
immersion fixed in 10% NBF for at least 48 h. The thoracic region of the spinal cord

was carefully dissected from the column, embedded in paraffin, sectioned coronally from
the rostral end of each piece, and mounted on slides. Sections were stained with Luxol Fast
Blue (LFB; Thermo Fisher, 212-170-250) to label myelin. In brief, after deparaffinization,
sections were incubated at 60°C for 16-24 h in 0.1% Luxol Fast Blue in 95% ethanol
+0.05% acetic acid. Excess stain was removed with 95% ethanol and slides were dipped

in 0.05% lithium carbonate (Thermo Fisher, 446—-322-500) in dH,O for 10-20 s then in
70% ethanol to remove LFB staining from gray matter but not from myelinated white
matter. Slides were washed with dH,O then counterstained with hematoxylin (Sigma
Aldrich, HHS128) to label nuclei. Brightfield images were acquired on a Keyence BZ-X810
microscope at 4X and 40X magnification.

Isolation of immune cells—Mice were euthanized with CO, and immediately
transcardially perfused with 20 mL 1X PBS. Spinal cords and spleens were dissected and
kept on ice in DMEM (Thermo Fisher, 11-885-084) with penicillin/streptomycin (Thermo
Fisher, 15-140-163). Tissues were homogenized by gently mashing through a 70 um cell
strainer. For spinal cords, homogenates were centrifuged at 1500 rpm for 5 min then
resuspended in 13 mL 37% isotonic Percoll (GE Healthcare, 17-0891-01) in 1X PBS.
Samples were centrifuged at 2000 rpm for 12 min at room temperature with no brake. After
centrifugation, the top myelin layer and supernatant were aspirated and the cell pellet was
resuspended in 500 uL DMEM with penicillin/streptomycin. For spleens, homogenates were
centrifuged at 1500 rpm for 5 min then resuspended in 2 mL ACK lysis buffer (Quality
Biological, 118-156-101) and incubated at room temperature for 3 min to lyse red blood
cells. Cells were washed and resuspended in DMEM with penicillin/streptomycin. Cells
were counted using a Cellometer Auto 2000 (Nexelcom Bioscience).
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RNA isolation, cDNA synthesis, gPCR—RNA was isolated from the left hemisphere
of the brain of 5xFAD and 5xFAD SyA2MG mice. 50 pL of brain homogenate (described in
the brain sample preparation section) was added to 500 pL of TRIzol (Life Technologies,
15,596,018). Following vortexing of these samples, 200 uL of chloroform (Fisher Scientific,
BP1145-1) was added and incubated for 5 min before being spun down at 14,000 rpm

at 4°C for 15 min. The top aqueous fraction was transferred to a new tube and an equal
volume of isopropanol (Sigma-Aldrich, 19516) was added then vortexed. The samples

were incubated at room temperature for 10 min and then spun down at 12,000 rpm

at 4°C for 5 min. The pellet was then washed with 1 mL 70% ethanol 2 times, then

allowed to air dry for 15 min before resuspending the RNA pellet in 100 uL of DNAse/
RNAse free water. RNA was isolated from MACS-sorted microglia in the brain and

spinal cord using an RNeasy Micro kit (Qiagen, 74—-004) according to manufacturer’s
instructions. Sample quality and quantity for AD and EAE samples was evaluated using
NanoDrop 2000 Spectrophotometer (Thermo Fisher). The RNA was then converted to
cDNA using a Sensifast cDNA Synthesis kit (Bioline, BIO-65054). Levels of Sykb
(Mm01333035_m1) and Gapah (Mm99999915 g1) mRNA were determined using Tagman
Gene Expression Assay primer/probe mix (Thermo Fisher), Sensifast Probe No-ROX kit
(Bioline, BIO-86005), and a CFX384 Real-Time PCR System (BioRad, 1-855-484). All
reagents were used according to manufacturer’s instructions.

FACS sorting for RNA sequencing—Ai6-ZsGreen reporter mice possess a LoxP-
flanked STOP cassette that prevents the expression of green fluorescent protein variant
ZsGreenl until the stop site is excised after tamoxifen induction of Cre-recombinase activity.
Following the withdrawal of tamoxifen, short-lived Ai6-ZsGreen expressing cells in the
periphery are promptly replaced by newly derived cells that lack Ai6-ZsGreen expression.
In contrast, the long-lived nature of microglia allows them retain their Ai6-ZsGreen signal
for months post-tamoxifen withdrawal (Goldmann et al., 2013). Syk°"-Ai6 and SykAMG-Ai6
mice were euthanized on EAE Day 35 with CO, and immediately transcardially perfused
with 20 mL ice-cold 1X PBS. Spinal cords were dissected and placed on ice in DMEM
+10% FBS. Tissues were gently homogenized by mashing through a cell strainer then
centrifuged at 1500 rpm for 5 min. Pellets were resuspended in 13 mL 37% isotonic

Percoll (GE Healthcare, 17-0891-01) in 1X PBS. Samples were centrifuged at 2000 rpm
for 12 min at room temperature with no brake. After centrifugation, the top myelin layer
and supernatant were aspirated and the cell pellet was resuspended in FACS buffer. Cell
suspensions were incubated with Fc Block and antibodies for CD45, CD11b, and Gr-1.
After two washes with FACS buffer, cells were resuspended in FACS buffer +0.2 mg/mL
DAPI and sorted on DAPI~ CD45* ZsGreen™ cells using an Influx Cell Sorter (BD) in the
University of Virginia Flow Cytometry Core Facility.

RNA sequencing data analysis

AD microglia RNA-Seq: MACS-sorted microglia were sent to GENEWIZ Next Generation
Sequencing. The raw sequencing reads (FASTQ files) were aligned to the UCSC mm10
mouse genome build using the splice-aware read aligner HISAT2. Samtools was used

for quality control filtering. Reads were sorted into feature counts with HTSeq. DESeq?2
(v1.32.0) was used to normalize the raw counts based on read depth, perform principal
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component analysis, and conduct differential expression analysis. The p values were
corrected with the Benjamini-Hochberg procedure to limit false positives arising from
multiple testing. The significantly repressed and enhanced genes were put into GProfiler

to gather the KEGG terms. The analysis itself was performed using the Seq2Pathway,

fgsea, tidyverse, and dplyr software packages. Heatmaps were generated using the pheatmap
R package [https://github.com/raivokolde/pheatmap] while other plots were made with

the lattice (https:/lattice.r-forge.r-project.org/) or ggplot2 [https://ggplot2.tidyverse.org]
packages.

EAE microglia scRNA-Seq: FACS-sorted single cell suspensions were submitted to

the University of Virginia Genome Analysis and Technology Core for single-cell RNA
sequencing library preparation. The raw sequencing reads (FASTQ files) were aligned

to the UCSC mm10 mouse genome build using Cell Ranger (v1.3.1) which performs
alignment, filtering, barcode counting and unique molecular identifier (UMI) counting. R
studio (v4.0.5) was used for all downstream analyses and Seurat (v.4.0.2) was used for
filtering out low-quality cells, normalization of the data, determination of cluster defining
markers and graphing of the data on UMAP. Low-quality cells were excluded in an initial
quality-control (QC) step by removing genes expressed in fewer than three cells, cells with
fewer than 150 genes expressed, and cells expressing more than 5000 genes. Cells with
more than 20% of mitochondrial-associated genes and cells with more than 5% hemoglobin
among their expressed genes were also removed. Genes with high variance were selected
using the FindVariableGenes function, then the dimensionality of the data was reduced

by principal component analysis (PCA) and identified by random sampling 20 significant
principal components (PCs) for each sample with the PCElbowPlot function. Cells were
clustered with Seurat’s FindClusters function. Differential gene expression analysis was
performed within clusters using the ZinBWave function and DESeq?2 (v1.32.0). ToppCluster
(Cincinnati Children’s) was used for network analyses to identify KEGG and GO terms

in the DAM cluster. Data was organized and graphs were created using patchwork, dplyr,
tidyverse, and Seurat. The frequency plot was created using Prism GraphPad. Pseudotime
analysis was conducted using Monocle (v0.2.3.0).

QUANTIFICATION AND STATISTICAL ANALYSIS

Mean values, SEM values, Student’s ftest (unpaired), one-way ANOVA, and two-way
ANOVA were calculated using Prism software (GraphPad). Significance for pooled EAE
experiments was performed by a Mann-Whitney test. pvalues less than 0.05 were
considered significant. ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Disruption of microglial SYK signaling exacerbates disease in models of AD
and MS

Microglial proliferation and association with AB plaques is coordinated by
SYK

SYK is a pivotal regulator of microglial activation and AKT/GSK3-
signaling

Phagocytic clearance of neurotoxic material by microglia is dependent on
SYK
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Figure 1. Deletion of Syk in microglia leads to increased Ap burden and altered plaque
composition in 5XFAD mice
5xFAD Syklfl Cx3criERT2Cre (5xFAD SykAMC mice) and Cre-negative 5xFAD Sykf!/fl

littermate controls (5XxFAD mice) received tamoxifen food for 2 weeks starting at 3 weeks of
age and then mice were returned to regular food for the remainder of the experiment. Mice
were later harvested at 5 months of age to evaluate amyloid beta (Ap) load in the brain.

(A and B) Immunofluorescence staining of Ap (D54D2, red; DAPI, blue) was performed on
sagittal sections and the percent area covered by AP was quantified.

(C) Sphericity of ThioflavinS (ThioS)-labeled and Imaris-rendered A plaques in the cortex.
(D) Quantification of sphericity with 1.00 being the most spherical, combined data from a
total of 50-100 plaques from 3 matching brain sections per mouse.

(E) Representative images of Ap plague composition labeling 6E10 (purple) and ThioS
(blue).

(F) Quantification represents the percent volume of the 6E10/ThioS ratio per field of view
(FOV) from a total of 10-15 plaques from 3 brain sections per mouse.

(G-I) Soluble and insoluble fractions of AB1_s40 and Apy_4p measured by ELISA.

Statistical significance between experimental groups was calculated by unpaired Student’s t
test (B), (D), and (F)—(1). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars
represent mean = SEM and each data point represents an individual mouse.

See also Figures S1 and S2.
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Figure 2. Loss of Syk in microglia negatively affects neuronal health and exacerbates AD-related
behaviors in 5XFAD mice

(A-F) Brains were harvested from 5xFAD SyA2MG mice and 5xFAD littermate controls at 5
months of age to evaluate neuronal health and cell death.

(A) The formation of dystrophic neurites surrounding plaques in the cortex was determined
by staining for APP (blue) and AP using ThioS (pink).

(B) Quantification of APP* puncta found within 15 and 30 um of AB plaques from a total of
~40 plaques from 3 matching brain sections per mouse.

(C) Cortical sections were stained with AT8 (yellow) for phosphorylated tau (p-tau) puncta
found within 15 pm of ThioS (pink)-stained Ap plaques.

(D) Quantification of p-tau from a total of ~40 plaques from 3 matching sections per mouse.
(E) TUNEL assay (green) and NeuN staining (pink) in the hippocampal CA1 region.

(F) Quantification of volume of TUNEL™ stain found in NeuN* nuclei from 2 corresponding
brain sections per mouse.

(G and H) 4-month-old 5xFAD (n = 6) and 5xFAD SyA2MG (n = 8) mice were evaluated in
the Morris water maze (MWM). Statistics for MWM acquisition were calculated on day 4.
Combined data from 3 independent experiments.
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(1) Performance in the elevated plus maze (EPM) was measured in 4-month-old 5XxFAD

and 5xFAD SyAAMG mice. Combined data from 2 independent experiments. Statistical
significance between experimental groups was calculated by unpaired Student’s #test (B),
(D), and (F)—(1). *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent mean + SEM and
each data point represents an individual mouse.

See also Figures S1 and S2.
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Figure 3. Syk-deficiency limits microglial proliferation and association with Ap plaques
Brains were harvested from 5XFAD SyAAMG mice and 5xFAD littermate controls at 5

months of age to evaluate microgliosis.

(A-C) Microglia were imaged by labeling with Ibal (green) surrounding Ap plaques
labeled with ThioS (pink) to assess microglial coverage and proximity to plaques. (A)
Representative images of Ibal and ThioS staining in the cortex. (B) Quantification of
microglial numbers. (C) Quantification of microglial association with plaques as the percent
of microglia within 15 um of a plaque normalized to the total number of microglia.

(D) Quantification of the number of microglia within a 15 and 30 um radius surrounding
ThioS-labeled AB plaques. Each point represents an individual mouse with an average of
50-100 plaques from 3 matching brain sections per mouse.

(E) Representative images of microglial proliferation measured by evaluating Ki67 (blue)
colocalization with Ibal+ (green) microglia in the cortex.

(F) Quantification of Ki67* microglia.

Statistical significance between experimental groups was calculated by an unpaired
Student’s t test (B)-(D), and (F). **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars
represent mean = SEM and each data point represents an individual mouse.

See also Figure S2.
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Figure 4. Defective activation of Syk-deficient microglia in 5xFAD mice
5xFAD SykVfl Cx3criERT2Cre (5xFAD SykAMC mice), Cre-negative SXFAD Syfl/fl

littermate controls (5XxFAD mice), SykV/fl Cx3cr1ERT2Cre (5ykAMG mice), and Cre-negative
Syl ittermate controls (SyA°°" mice) received tamoxifen food for 2 weeks starting at

3 weeks of age and then mice were returned to regular food for the remainder of the
experiment. Brains were later harvested at 5 months of age to evaluate microglial activation.
(A) Imaris-rendered microglia morphology labeled with Ibal (blue) in the cortex.

Cell. Author manuscript; available in PMC 2022 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ennerfelt et al.

Page 37

(B) Sholl analysis quantification from a total of 12 microglia from 3 matching brain sections
per mouse (5XFAD n = 9, 5xFAD SyAAMG n = g).

(C—F) Bulk RNA-seq performed on CD11b*-magnetic bead sorted microglia from 5-month-
old mice. (C) Principal component (PC) analysis of sample clustering.

(D) Volcano plots depicting differentially expressed genes (FDR < 0.1). (E) KEGG term
enrichment scatterplot highlighting major pathways that are repressed in 5XFAD SykAMG
microglia in comparison to 5XFAD microglia. (F) Heatmap representation of significantly
downregulated (FDR < 0.1) stage 1 and 2 disease-associated microglia (DAM) genes
between 5XxFAD SyA2MG and 5xFAD groups.

(G and H) Mouse AKT pathway phosphorylation array conducted on microglia from
5-month-old 5XFAD SykAMG and 5xFAD mice. (G) Representative membranes incubated
with 5XFAD and 5XFAD Syk2MG microglia measuring AKT phosphorylation targets. (H)
Quantification of dot pixel density normalized with respective positive and negative control
sample dot pixel density. Data are plotted in membrane order of phosphorylated protein
probes; n of 3 for each group.

Statistical significance between experimental groups was calculated by a two-way ANOVA
with a Bonferroni post-hoc test (B) and an unpaired Student’s t test (H). *p < 0.05, **p <
0.01, ****p < 0.0001. Error bars represent mean + SEM.

See also Figure S3.
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Figure 5. SYK is critical for microglial uptake and phagocytosis of AR
(A-F) Brains were harvested from 5xFAD SyA2MG mice and 5xFAD littermate controls at 5

months of age to evaluate microglial phagocytosis.

(A) Imaris-rendered AB plaques (ThioS, pink) and Ibal* cells (green) with the completely
localized Ap-microglia (engulfed) channel in blue.

(B) Percent area of engulfment quantification from a total of ~20 plaques from 3 matching
brain sections per mouse.
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(C) Imaris-rendered AR plaques (ThioS, pink) and CD68 (yellow) with the completely
localized Ap-CD68 (engulfed) channel in blue.

(D) Percent area of engulfment quantification from a total of ~20 plaques from 3 matching
brain sections per mouse.

(E and F) Mice received intraperitoneal injections of Methoxy-X04 and then brains were
harvested 3 h later to evaluate microglial phagocytosis of Methoxy-X04* labeled A.

(E) and (F) Representative flow cytometry plots and quantification of the percentage of
CD11bMCDA45M cells that had taken up Methoxy-X04" labeled AB.

(G and H) WT and Sy4"/fl £ ysp/CTe bone marrow-derived macrophages (BMDMs) pre-
treated with vehicle or 10 uM Tideglusib, a GSK3p inhibitor, for 1 h prior to treatment with
10 uM CypHer5E-tagged Ap oligomers. AR phagocytosis by BMDMs was determined 24 h
later by measuring CypHer5E fluorescence by flow cytometry. (G) and (H) Representative
flow cytometry plots and quantification of percent CypHer5E CD11b"F4/80M cells.

(1-L) 10-week-old 5xFAD and 5xFAD SyA2MC mice received bilateral intrahippocampal
injections of vehicle and CLEC7A agonist pustulan. Seven days post injection (dpi)

brains were harvested to measure AP load between matched vehicle and pustulan injected
hippocampal hemispheres. (J) Representative immunofluorescence staining of D54D2-
labeled AB (pink) in hippocampal sections. (K and L) Mouse-matched quantification of

AB in vehicle- and pustulan-injected hippocampal hemispheres.

Statistical significance between experimental groups was calculated by unpaired Student’s t
test (B), (D), and (F), one-way ANOVA with multiple comparisons (H), and paired Student’s
t test (K) and (L). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent
mean + SEM and each data point represents an individual mouse.

See also Figure S4.
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Figure 6. Syk-deletion in microglia impedes the formation of DAM in EAE
(A-C) SykAMG mice and SyAo" littermate controls received tamoxifen food for 2 weeks

starting at 3 weeks of age and then mice were returned to regular food for the remainder
of the experiment. Mice were then immunized with MOG + CFA and pertussis toxin at
8-14 weeks of age to induce experimental autoimmune encephalomyelitis (EAE). Control
mice did not receive EAE induction. (A) Severity of hindlimb paralysis was assessed using
a 5-point clinical scoring system. (B) and (C) Representative images and quantification of
spinal cords stained with Luxol fast blue (LFB).
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(D-J) Syk*!* Cx3criERT2Cre and Sykffl Cx3criERT2CTe were crossed onto the Ai6-ZsGreen
reporter background (denotated as Sykc°"-Ai6 and SykAMG-AI6 mjce) to isolate microglia in
the EAE disease model. SyAcon-Ai6 and SykAMG-AI6 mice were pre-treated with tamoxifen
and EAE was induced as described in (A)—(C). Spinal cords were harvested from mice on
day 35 post-immunization and single-cell RNA-sequencing was performed on FACS-sorted
ZsGreen* microglia.

(D) Uniform Manifold Approximation and Projection (UMAP) representation of combined
SyKeon-Aib and SykAMG-AIB microglia cell populations.

(E) Dot plot representation of cluster defining genes for each cell population.

(F) UMAP representation of pseudotime cellular trajectory profiles showing microglia
maturation trajectories.

(G) UMARP representation of the cell populations present in each of the clusters.

(H) Breakdown of cluster proportions.

() Feature plots depicting several DAM genes.

(J) Plotted KEGG and GO terms related to phagocytosis using defining genes of the DAM
cluster.

Statistical significance between experimental groups was calculated by non-parametric
Mann-Whitney U-test (A) and unpaired Student’s t test (C). **p < 0.01. Error bars represent
mean + SEM and each data point represents an individual mouse (C).

See also Figure Sb.
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Figure 7. Disruption of SYK signaling in microglia during demyelinating disease leads to
accumulation of damaged myelin debris and impaired oligodendrogenesis
SyKAMG mice and Sykeon littermate controls received tamoxifen food for 2 weeks starting

at 3 weeks of age and then mice were returned to regular food. Adult (8-12 month old)

mice were later fed a diet consisting of 0.3% cuprizone for 5 weeks to induce demyelination.
Mice were then either harvested after 5 weeks of cuprizone treatment (demyelination group)
or returned to normal chow for one additional week before being harvested (remyelination
group). Control mice were not introduced to the cuprizone diet.
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(A) Representative images of microglia labeled with Ibal (green) and damaged myelin basic
protein (dMBP; pink) staining in the corpus callosum (CC).

(B) Quantification of dMBP volume in the CC.

(C) Representative images of oligodendrocyte lineage markers in the CC.

(D and E) Quantification of the number of Pdgfra* Olig2* oligodendrocyte precursor cells
(D) and number of CC1* Olig2* mature oligodendrocytes (E) in the CC.

Statistical significance between experimental groups was calculated by one-way ANOVA
with multiple comparisons (B), (D), and (E). ns = not significant, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. Data are mean + SEM and combined from two independent
experiments and each data point represents an individual mouse.

See also Figure S6.
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