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ABSTRACT

BACKGROUND: Parkinson’s disease (PD) is the second most common neurodegenerative disease, following Alz-
heimer’s. It is characterized by the aggregation of a-synuclein into Lewy bodies and Lewy neurites in the brain.
Microglia-driven neuroinflammation may contribute to neuronal death in PD; however, the exact role of microglia
remains unclear and has been understudied. The A53T mutation in the gene coding for a-synuclein has been
linked to early-onset PD, and exposure to A53T mutant human a-synuclein increases the potential for
inflammation of murine microglia. To date, its effect has not been studied in human microglia.

METHODS: Here, we used 2-dimensional cultures of human pluripotent stem cell-derived microglia and
transplantation of these cells into the mouse brain to assess the cell autonomous effects of the A53T mutation on
human microglia.

RESULTS: We found that A53T mutant human microglia had an intrinsically increased propensity toward proin-
flammatory activation upon inflammatory stimulus. Additionally, transplanted A53T mutant microglia showed a strong
decrease in catalase expression in noninflammatory conditions and increased oxidative stress.

CONCLUSIONS: Our results indicate that AS3T mutant human microglia display cell autonomous phenotypes that

may worsen neuronal damage in early-onset PD.
https://doi.org/10.1016/j.biopsych.2024.07.011

Microgliosis is an early and sustained response in Parkinson’s
disease (PD) (1,2), and microglia-driven neuroinflammation
may contribute to neuronal death in PD. However, the exact
role of microglia remains unclear. The A53T mutation in the a-
synuclein gene SNCA is associated with autosomal dominant,
early-onset PD (3). Exposure of mouse microglia to human
A53T mutant a-synuclein promotes their inflammatory re-
sponses more strongly than exposure to the wild-type (4).
However, to our knowledge, the impact of this mutation on
human microglia remains uninvestigated.

Mouse models incompletely mirror PD pathogenesis (5) and
have yet to yield a cure. Furthermore, although mouse and
human microglia are largely similar, human microglia express
genes relevant to human neurodegenerative disease not
expressed by other mammals (6). Therefore, there is a need to
study human-relevant pathways using human microglia.

Conventional culture methods fall short of replicating hu-
man microglia physiology (7,8). In contrast, myeloid precursors
(MPs) derived from human pluripotent stem cells (hPSCs) and
transplanted into the brain of immune-deprived mice colonize
the mouse brain and yield microglia that retain their human
identity and more closely resemble ex vivo human microglia
than in vitro 2-dimensional cultures (9-12). Therefore,

transplantation of human MPs carrying PD-related mutations
in the mouse brain may yield new, more physiologically rele-
vant insights into the dysfunction of microglia in PD.

Here, we used both the transplantation of A53T mutant (PD)
hPSC-derived MPs and isogenic controls into mice and their
differentiation into microglia in vitro to characterize the effects
of the A53T mutation on human microglia.

METHODS AND MATERIALS

See Supplemental Methods in Supplement 1 for detailed in-
formation on all methods.

Experimental Animals

We used Rag2/IL2rg double knockout mice expressing the
human allele of CSF1.

hPSC Culture and Labeling

We used hPSC lines carrying the A53T mutation in a-synuclein
and control cell lines previously generated and characterized
by our group, listed in Table S1 in Supplement 1 (13). They
were targeted with GFP (green fluorescent protein) at the
AAVS1 locus as previously described (14). To prevent acci-
dental inversion of the cell lines, the A53T mutation was
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genotyped before starting each differentiation (Tables S2 and
S3 in Supplement 1).

In Vitro Differentiation of Microglia and Stimulation
With Lipopolysaccharide and Interferon Gamma

In vitro differentiation of microglia was performed using the
modified version of a published protocol (15). On day 29 of
differentiation, cultured cells were stimulated using lipopoly-
saccharide (LPS) (5 pg/mL) and interferon gamma (IFN-v)
(20 ng/mL).

MP Differentiation and Transplantation

hPSCs were differentiated into MPs using the modified version
of a previously published protocol (16) and transplanted on
postnatal day 0 (P0) to P3 into mouse pups of both sexes.

LPS Injections in Transplanted Mice

Two months after transplantation, the mice received a single
intraperitoneal injection of LPS (Sigma-Aldrich L2630) dis-
solved in sterile saline (5 mg/kg). Animals were euthanized 24
hours after the injection, and brains were harvested.

Transplanted Cell Extraction for RNA Sequencing

Transplanted cells were extracted from the mouse brains as
previously described (10).

Sample Fixation and Immunofluorescence Staining

Cultured microglia and mouse brains were fixed using 4%
paraformaldehyde. Immunostainings were performed using
antibodies listed in Tables S4 and S5 in Supplement 1.

Detection of Oxidative Stress, Apoptosis, and
Senescence in Cultured Human Microglia

Oxidative stress was measured using the CellROX Orange
Reagent (Invitrogen). Apoptosis was detected using the Cel-
IEventTM Caspase 3/7 Red detection reagent (Invitrogen).
Cellular senescence was assessed using the Cellular Senes-
cence Assay Kit (Merck-Millipore).

Fluorescence Imaging and Analyses

We used Zeiss confocal microscopes to acquire confocal im-
ages and an EVOS epifluorescence microscope for epifluor-
escence images.

Statistical Analyses of Microscopy

Statistical analyses were performed using GraphPad Prism
version 9 (GraphPad Software; http://www.graphpad.com).

RESULTS

Human A53T Mutant Microglia Display Gene
Signatures That Suggest an Altered State of
Activation

To generate hypotheses about the impact of the SNCA A53T
mutation on human microglia, we first performed bulk RNA
sequencing on PD and isogenic control cultured microglia.
Most cultured cells (81%-98%) were Ibal and P2RY12 posi-
tive on day 29 of differentiation, confirming successful differ-
entiation into human microglia across all cell lines (Figure 1A
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and Table 1). RNA from 3 independent in vitro microglia dif-
ferentiations per cell line was pooled at equal weight to
generate 6 samples, each representing a cell line. We
assessed the expression of key microglial genes (7,10) in
cultured microglia. Most of these genes were expressed at
high levels, with no differences detected in their expression
levels between PD and control microglia (Figure S1A in
Supplement 1). This confirmed the successful differentiation
and similar differentiation stages of PD and control microglia,
indicating that observed differences between PD and control
microglia were unlikely to be due to different stages of
differentiation.

The impact of the A53T mutation on SNCA expression
levels is unclear in the literature (17-19). Here, neither the A53T
mutation nor its correction altered SNCA gene expression
levels in microglia (Figure S1B in Supplement 1). Gene set
enrichment analysis revealed significant alterations in path-
ways related to immune response, inflammation, microglia
activation, and immunomodulation in PD microglia (Figure 1B;
Tables S6-S9 in Supplement 2). Pathways associated with cell
cycle were upregulated, and pathways related to cell death,
senescence, and aging showed differential expression
(Figure 1B; Tables S6-S9 in Supplement 2). The following
genes involved in immunomodulation were among the 10 most
downregulated genes in PD microglia: FCGR2B, NOTCH4,
CD200R1, and SEMAS3C (Figure 1C and Table 2). The following
genes involved in immune response and associated with in-
flammatory diseases were among the 10 most upregulated
genes in PD microglia: RETN, MCEMP1, SLC11A1, MAPK13,
and MSR1 (Figure 1C and Table 3). Together, these results
suggested an altered state of activation, increased prolifera-
tion, and increased cellular senescence of PD microglia.

Primary microglia cultured in a dish lose their microglia-
specific gene signatures and start expressing genes related
to inflammation after 6 hours in culture (7). Transplanting hu-
man MPs into the mouse brain supports microglial differenti-
ation and largely overcomes this limitation. To study the
altered activation state of PD microglia in a more physiologi-
cally relevant setting, we transplanted PD hPSC-derived or
isogenic control MPs into the mouse brain, allowing them to
mature into microglia within an in vivo-like environment
(Figure 2A). By 2 months postinjection (PI), the transplanted
cells had successfully populated the mouse brain (Figure 2B),
and 93% to 100% of the cells were Iba1 and P2RY12 positive
(Figure 2C and Table 4), confirming their successful differen-
tiation into human microglia.

At 2 months PI, PD and isogenic control microglia were
extracted from the mouse brains, and RNA sequencing was
performed. RNA from transplanted cells extracted from 2 or 3
chimeras per cell line was pooled at equal weight. Similar to
cultured microglia, transplanted PD microglia showed similar
SNCA expression levels compared with control microglia
(Figure S1C in Supplement 1). No consistent differences were
observed in the intracellular levels of a-synuclein between
control and PD cultured (Figure S1D in Supplement 1) or
transplanted (Figure S1E in Supplement 1) microglia. Immu-
nostaining revealed low levels of a-synuclein in transplanted
human microglia, consistent with the literature (20), and no
evidence of a-synuclein aggregation in PD microglia
(Figure S1F, G in Supplement 1). PD and control microglia
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Figure 1. Bulk RNA sequencing analysis of human
pluripotent stem cell-derived microglia differentiated
in vitro shows differential expression of gene path-
ways linked to inflammation, immunomodulation, cell
cycle, and cellular senescence in PD microglia
compared with isogenic control microglia. (A) Epi-
fluorescence microscopy pictures of 2-dimensional
cultures of control (control 1 cell line, upper panel)
and PD (PD 1 cell line, lower panel) human pluripo-
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expressed most key microglial genes at high and similar levels

(Figure S1H in Supplement 1).

This confirmed the successful

differentiation and similar differentiation stages of PD and

Table 1. All the Cell Lines Have Successfully Differentiated

Into Microglia at 29 Days In Vitro

Cell Line % lbal+ P2RY12+ Cells
Control 1 86 + 3.2

PD 1 94 +1.6

Control 2 98 + 0.0

PD 2 98 + 1.1

Control 3 81 + 0.7

PD 3 95 1.7

Percentages of Iba1-P2RY12 double-positive cells per cell line. n = 3

independent experiments per cell line, 32
PD, Parkinson’s disease.

732

to 67 cells per experiment.

tent stem cell-derived microglia at 29 days in vitro,
immunostained with DAPI (blue), lbal (red), and
P2RY12 (magenta). Scale bars = 20 pm. (B) Upre-
gulated and downregulated pathways in PD vs.
isogenic control in vitro differentiated microglia as
assessed by gene set enrichment analysis. For
clarity, only select pathways are shown. The
gene exhaustive list of pathways can be found in
o Tables S6-S9 in Supplement 2. An NES > 0 in-
dicates upregulation of the pathway (lower panel),
whereas an NES < 0 indicates downregulation of the
pathway (upper panel) in PD microglia. The FDR
threshold was set at .05. Gene pathways involved in
immune response, inflammation, and microglia acti-
vation are shown in magenta. Gene pathways
involved in senescence and aging are shown in red.
Gene pathways linked to immunomodulation are
shown in orange. Gene pathways involved in cell
cycle and cell proliferation are shown in blue. (C)
Volcano plot showing upregulated and down-
regulated genes in PD vs. control in vitro differenti-
ated microglia. The differentially expressed genes
with an adjusted p value < .05 and at least 2-fold
differences are highlighted in red (upregulated
genes) and blue (downregulated genes), and gene
2 symbols for the top 10 genes are labeled. n = 3
biological experiments for each cell line. FDR, false
discovery rate; NES, normalized enrichment score;
PD, Parkinson’s disease.
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control transplanted microglia, indicating that observed dif-
ferences between PD and control microglia were unlikely to be
due to different stages of differentiation. No consistent differ-
ences in the overall density and distribution of GFP-positive
transplanted cells were observed between control and PD
microglia (Figure S2 in Supplement 1).

To validate our cultured microglia—driven hypotheses
regarding disease-relevant pathways of PD microglia, we
assessed the differentially expressed pathways in transplanted
PD microglia versus control microglia. Gene set enrichment
analysis indicated differential expression of pathways involved
in translation, metabolism, immune response, inflammation,
and microglia activation in PD microglia, as well as a down-
regulation of pathways involved in immunomodulation and
DNA repair. In contrast to findings in cultured microglia,
pathways linked to cell cycle and proliferation were
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Table 2. Ten Most Downregulated Genes in In Vitro Differentiated PD Microglia Compared With Isogenic Control Microglia

Gene Symbol Gene Name Gene Ontology Log,(FC)
LBH LBH regulator of Wnt signaling pathway Negative regulation of transcription -1.6
FCGR2B Fc gamma receptor llb Inhibitory receptor of immune cells; inhibits microglia -1.5
activation®
NOTCH4 Notch receptor 4 Anti-inflammatory activity in activated macrophages® -1.4
CD200R1 CD200 receptor 1 Inhibition of the secretion of proinflammatory molecules by -1.4
microglia; stimulation results in neuroprotection in a
model of PD?
BASP1 Brain abundant membrane attached signal Membrane-bound protein -1.3
protein 1
MCOLN2 Mucolipin TRP cation channel 2 Possible role in innate immune response” -1.3
CDKN1C Cyclin dependent kinase inhibitor 1C Negative regulator of cell proliferation -1.3
CA2 Carbonic anhydrase 2 Increased in aging and neurodegeneration” -1.3
SEMA3C Semaphorin 3C Induces apoptosis of activated proinflammatory microglia® -1.3
CKB Creatine kinase B Suppresses ferroptosis; ferroptosis may contribute to -1.2

neurodegeneration®

n = 3 cell lines per group, 3 independent experiments per cell line.
FC, fold change; PD, Parkinson’s disease.
“Gene ontologies of particular interest.

downregulated in PD transplanted microglia. Pathways asso-
ciated with cell death, senescence, and aging were differen-
tially expressed in PD transplanted microglia compared with
control microglia (Figure 3A; Tables S10-S13 in Supplement 2).

The most differentially expressed gene in PD transplanted
microglia was CAT, encoding catalase, which was strongly
downregulated (Figure 3B and Table 5). The CAT gene was
also significantly downregulated in in vitro cultures, although to
a lesser extent: log, fold change(PD/control) = —0.2, pagjusted =
.04. Catalase mitigates oxidative stress by breaking down
reactive oxygen species (ROS) (21). The 10 most significantly
upregulated genes in PD microglia included RBMS3, linked to
motor complications in PD (22) (Table 6). Together, these re-
sults suggested that human PD microglia differentiated in the

more physiological context of the mouse brain may exhibit
increased protein translation, metabolism, proinflammatory
activation, and oxidative stress and decreased cell division.
The differential expression of cell death, senescence, and
aging pathways and the downregulation of pathways involved
in DNA repair and cell cycle suggested that PD transplanted
microglia might also display increased cellular senescence.
To compare gene expression changes in A53T mutant
microglia with those in idiopathic PD, we analyzed the overlap
between our RNA sequencing results and previously published
single-cell RNA sequencing data from the midbrain of patients
with idiopathic PD compared with age- and sex-matched
control participants (23). We extracted microglial gene
expression levels from the deposited dataset and performed

Table 3. Ten Most Upregulated Genes in In Vitro Differentiated PD Microglia Compared With Isogenic Control Microglia

Gene Symbol Gene Name Gene Ontology Logx(FC)

RETN Resistin Involved in immune defense® 2.0

MCEMP1 Mast cell expressed membrane protein 1 Predicted to be involved in regulating immune response” 1.7

PLTP Phospholipid transfer protein Increased in AD; deletion increases microglial phagocytosis and reduces 1.4
cerebral amyloid-f deposition in a mouse model of AD?

SLC11A1 Solute carrier family 11 member 1 Involved in protection against ROS in macrophages; associated with 1.4
inflammatory diseases”

SLC35F2 Solute carrier family 35 member F2 Predicted to enable transmembrane transporter activity 14

RIN2 Ras and Rab interactor 2 Involved in membrane trafficking in the early endocytic pathway 1.3

MAPK13 Mitogen-activated protein kinase 13 Contributes to inflammation by promoting cytokine release by microglia® 1.3

UCN Urocortin Inhibits microglia activation® 1.3

MBOAT1 Membrane-bound O-acyltransferase domain Transfers organic compounds to hydroxyl groups of protein targets in 1.3

containing 1 membranes
MSR1 Macrophage scavenger receptor 1 Secretion of proinflammatory cytokines by macrophages; involved in the 1.3

uptake and clearance of soluble amyloid-$ in AD by microglia®

n = 3 cell lines per group, 3 independent experiments per cell line.

AD, Alzheimer’s disease; FC, fold change; PD, Parkinson’s disease; ROS, reactive oxygen species.

?Gene ontologies of particular interest.
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A Human A53T Figure 2. Transplanted hPSC-derived MPs have
mutant microglial populated the mouse brain and differentiated into

b or | morphology microglia at 2 months posttransplantation. (A)

pé m';:,?,f; I;r:z::;zrs Experimental design. For each isogenic pair of hPSC

5 activation lines, one cohort of immune-deficient neonatal

- \\ > markers mouse pups was injected with PD hPSC-derived

oy 2 months \ gene MPs, and another cohort was injected with
hcsp{;;,O(:k.in Sxpression isogenic control hPSC-derived MPs. Mouse brains

immune deficient response to were analyzed at 2 months post-injection. (B) Tile

mouse pup (P0-P3) inflammation scan confocal maximum-intensity projection of a

Contrl (Control 1)

100-pum-thick sagittal brain slice of a mouse trans-
planted with control (control 1) MPs at 2 months
postinjection. Scale bar = 500 um. Green: GFP-
labeled hPSC-derived microglia, blue: DAPI. (C)
Confocal maximume-intensity projection of trans-
planted control (upper panel, control 1 cell line) and
PD (lower panel, PD 1 cell line) MPs at 2 months
postinjection, immunostained for microglia markers.
Red: Iba1; green: GFP; blue: P2RY12. Scale bars =
20 um. GFP, green fluorescent protein; hPSC, hu-
man pluripotent stem cell; MP, myeloid precursor; P,
postnatal day; PD, Parkinson’s disease.

pseudo-bulk analysis using DESeq2. Comparing the log, fold
changes between disease and control groups for A53T mutant
microglia and idiopathic PD, we found a correlation close to
0 (Figure S3 in Supplement 1). Few differentially expressed genes

Table 4. All the Cell Lines Have Successfully Differentiated
Into Microglia at 2 Months After Transplantation Into the
Mouse Brain

Cell Line % lbal+ P2RY12+ Cells
Control 1 93 + 45
PD 1 100 = 0.0
Control 2 94 + 35
PD 2 97 £ 29
Control 3 100 + 0.0
PD 3 89 = 0.7

Percentages of Iba1-P2RY12 double-positive cells per cell line. n = 3 animals
per cell line, 41-219 cells per animal.
PD, Parkinson’s disease.

were shared between A53T mutant human transplanted microglia
and idiopathic PD microglia (Table 7; Figure S3 in Supplement 1).
Idiopathic PD microglia did not show changes in CAT gene
expression. However, similar to findings in AS3T mutant human
transplanted microglia and consistent with midbrain microgliosis
described in that study, gene set enrichment analysis revealed
differential expression of pathways involved in immune response,
inflammation, microglia activation, immune modulation, and
cellular senescence in idiopathic PD microglia (Figure S4 in
Supplement 1). Pathways linked to cell cycle were upregulated in
microglia from patients with idiopathic PD.

Human A53T Mutant Microglia Show Increased
Proinflammatory Activation in Proinflammatory
Conditions

Ibal is a widely used marker of microglial activation (24). We
first assessed microglia activation in cultured microglia using
Ibal staining (Figure S5 in Supplement 1). Mature cultured
microglia were stimulated with LPS and IFN-y (LPS+IFN) for
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Figure 3. Bulk RNA sequencing analysis of hu-
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24 hours or left untreated. In noninflammatory conditions (un-
treated cocultures), no consistent differences in Ibal staining
intensity were observed between control and PD microglia
(Figure S5A, B, D in Supplement 1). In proinflammatory con-
ditions (LPS+IFN), PD cultured microglia showed higher Iba1
staining intensity than control microglia, indicating higher
activation levels (Figure S5A, C, D in Supplement 1).

To validate our in vitro results, we performed immunofluores-
cence analyses on transplanted mouse brain slices at 2 months
Pl. We focused on transplanted microglia in the mouse striatum
because it was consistently populated with human microglia in
transplanted mice and is involved in PD (25). During activation,
microglia undergo morphological changes. Quiescent microglia
have a complex, ramified morphology. Activated microglia display
thickened and retracted branches, appearing bushy, with fewer
primary processes and ramifications. As activation progresses,
they transition to an ameboid shape (26). CD68 labels lysosomes
and is a widely used marker for microglia activation due to
increased expression in activated microglia (24). p65 is a subunit

of the nuclear factor-kB (NF-kB) complex, which targets genes
involved in inflammation progression (27). The canonical NF-xB
p65/p50 pathway is activated in postmortem PD human brains
and the substantia nigra of animals undergoing dopaminergic
neuron degeneration (28). Additionally, NF-xB canonical pathway
activation induces microglia proinflammatory activation and motor
neuron death via inflammatory pathways (29).

First, we separated microglia into different categories based
on morphology, following a methodology similar to that of
previous studies on microglia activation (30,31) (Figure 4A).
Ramified microglia displayed small cell bodies with numerous
ramifications. Bushy | microglia had enlarged cell bodies, with
fewer processes. Bushy Il microglia had enlarged cell bodies
with fewer than 10 primary processes. Ameboid microglia had
round, enlarged cell bodies, with fewer than 3 primary pro-
cesses. Then, we quantified percentages of CD68-positive and
p65-positive PD and isogenic control transplanted microglia
and the staining intensity of Iba1 in PD and control transplanted
microglia. In noninflammatory conditions (no LPS injection),

Biological Psychiatry April 1, 2025; 97:730-742 www.sobp.org/journal 735


http://www.sobp.org/journal

Biological
Psychiatry

Increased Activation of Familial Parkinson’s Microglia

Table 5. Ten Most Downregulated Genes in Transplanted PD Microglia Compared With Isogenic Control Microglia

Gene Symbol Gene Name Gene Ontology Log,(FC)
CAT Catalase Activity decreased in brains of patients with PD” -3.8
Mitigates oxidative stress by breaking down ROS?
ZNF721 Zinc finger protein 721 Transcription factor -1.7
ANLN Anillin, actin binding protein Cell growth and migration, cytokinesis -1.5
UHRF1BP1 UHRF1 binding protein 1 Enables histone deacetylase binding activity and identical protein -15
binding activity
GPR137B G protein—coupled receptor 137B Positive regulation of TORC1 signaling; positive regulation of -1.5
protein localization to lysosome and lysosome morphology and
regulation of GTPase activity
CDCP1 CUB domain containing protein 1 Involved in cell adhesion; cell matrix association; and T-cell -14
activation, migration, and chemotaxis
NUP58 Nucleoporin 58 Component of the nuclear pore complex -1.4
KIF27 Kinesin family member 27 Potential role in Hedgehog signaling pathway -1.4
SLFN5 Schlafen family member 5 Predicted to be involved in cell differentiation -1.3
PLAU Plasminogen activator, urokinase May be associated with late-onset Alzheimer’s disease -1.3

n = 3 cell lines per group, 3 independent experiments per cell line.
FC, fold change; PD, Parkinson’s disease; ROC, reactive oxygen species.
2Gene ontologies of particular interest.

striatal PD microglia were largely quiescent, as assessed by low
percentages of CD68-positive cells and high percentages of
ramified cells (Figure 4B, C, E, F; Figure S6A, B in Supplement
1). The morphology and percentage of CD68-positive cells were
similar in control and PD microglia (Figure 4B, C, F; Figure S6A,
B in Supplement 1). No consistent differences in Ibal staining
intensity (Figure 4G, H; Figure S6C in Supplement 1) or per-
centage of p65-positive cells were observed between control
and PD microglia (Figure 4l, J; Figure S6D in Supplement 1).
Therefore, in noninflammatory conditions, the activation levels
of PD and control microglia were similar.

LPS is a potent stimulator of microglia and has been used
to study inflammation in PD pathogenesis (32). Intraperito-
neal LPS injection successfully activates human microglia

transplanted into the mouse brain (10,11). To place trans-
planted microglia in inflammatory conditions, transplanted
mice were injected with LPS at 5 mg/kg and analyzed 24
hours PIl. LPS successfully induced activation of control
and PD microglia, as assessed by elevated percentages of
CD68-positive cells and a shift toward less ramified mor-
phologies compared with noninflammatory conditions
(Figure 4B-F; Figure S7A, B in Supplement 1). Transplanted PD
microglia’s morphological distribution was significantly shifted
toward less ramified categories compared with control
microglia (Figure 4B, D; Figure S7A in Supplement 1), and they
displayed slightly but significantly increased percentages of
CD68-positive cells (Figure 4E, F; Figure S7B in Supplement 1).
Moreover, PD microglia showed increased Ibal staining

Table 6. Ten Most Upregulated Genes in Transplanted PD Microglia Compared With Isogenic Control Microglia

Gene
Symbol Gene Name Gene Ontology Logx(FC)
INTU Inturned planar cell polarity protein Key role in ciliogenesis and embryonic development 2.1
ZNF613 Zinc finger protein 613 Transcription factor 1.5
OPHN1 Oligophrenin 1 Implicated in synaptic function 1.5
RAB4A RAB4A, member RAS oncogene family Associated with early endosomes and is involved in their sorting 1.3
and recycling; involved in AD
FBXO38-DT  FBXO38 divergent transcript Long noncoding RNA 1.2
B3GNT2 UDP-GIcNAc:betaGal beta-1,3-N- Transmembrane protein 1.2
acetylglucosaminyltransferase 2
RBMS3 RNA binding motif single stranded interacting protein 3 Implicated in DNA replication, gene transcription, cell cycle 1.2
progression, and apoptosis; linked to AD and to motor
complications in PD?
CCDC125 Coiled-coil domain containing 125 Negative regulation of cell motility 1.2
KLHL24 Kelch like family member 24 Ubiquitin ligase substrate receptor 1.1
TBX15 T-box transcription factor 15 Transcription factor regulating developmental processes 1.1

n = 3 cell lines per group, 3 independent experiments per cell line.
AD, Alzheimer’s disease; FC, fold change; PD, Parkinson’s disease.
2Gene ontologies of particular interest.
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Table 7. Shared Differentially Expressed Genes Between A53T Mutant Transplanted Microglia and Microglia From the
Midbrain of Patients With Idiopathic PD

Gene Logx(FC), AS3T Logs(FC),
Symbol Gene Name Gene Ontology Mutant Idiopathic PD
ANLN Anillin, actin binding protein Cell growth and migration, cytokinesis -1.5 -1.5
SYT11 Synaptotagmin 11 Inhibits cytokine release and phagocytosis in microglia, mediator -1.2 -1.4
of Parkinson-linked neurotoxicity”
GPM6A Glycoprotein M6A Neuron migration and stem cell differentiation -1.2 -1.3
ABCAS5 ATP-binding cassette subfamily A Reduces amyloid-f peptide production, expression associated -1.0 -1.1
member 5 with decreased risk of PD?

FC, fold change; PD, Parkinson’s disease.
4Gene ontologies of particular interest.

intensity (Figure 4G, H; Figure S7C in Supplement 1) and higher control microglia exhibited similar levels of activation in
percentages of p65-positive cells (Figure 41, J; Figure S7D in noninflammatory conditions, when placed in proinflammatory
Supplement 1) post-LPS induction. Therefore, while PD and conditions, transplanted PD microglia showed increased

MICROGLIAL ACTIVATION Figure 4. Transplanted striatal PD microglia
A - display increased proinflammatory activation
compared with isogenic control microglia in proin-
flammatory conditions. (A) Confocal maximum-
intensity projections illustrating the classification of
transplanted human microglia into different

Ramified Bushy | Bushy II Ameboid morphological categories. Ramified microglia had a
B _ Control C D O Control R small cell body and a high number of ramifications.
! : No LPS Lps =PD Bushy | microglia had enlarged cell bodies, with

OControl fewer processes. Bushy Il microglia had enlarged
cell bodies with <10 primary processes. Ameboid
microglia had round, enlarged cell bodies with <3
primary processes. (B) Confocal microscopy
maximum-intensity projections of GFP-labeled
control and PD transplanted striatal microglia in
noninflammatory (no LPS injection, upper panel) and
proinflammatory (LPS injection, lower panel) condi-
F ) tions. Scale bars = 20 pm. Percentages of ramified,
bushy I, bushy Il, and ameboid cells in PD and
control transplanted striatal microglia in noninflam-
matory (C) and proinflammatory (LPS injection) (D)
conditions.  Repeated-measures  mixed-effects
analysis followed by Sidak’s multiple comparisons
test. (E) Confocal maximum-intensity projections of
control and PD GFP-labeled transplanted striatal
microglia in noninflammatory (no LPS injection, up-
per panel) or proinflammatory (LPS injection, lower
panel) conditions, immunostained with CD68 (red).

-

%CD68+ cells
NADOIRO
ocoooooo

PD (no LPS

I

[<]
%; E Scale bars = 20 um. (F) Percentage of CD68™" cells in
§§, 220 = transplanted PD and control striatal microglia in
gg;;}g noninflammatory and proinflammatory (LPS) condi-
gf%gg tions. Unpaired Mann-Whitney tests. (G) Confocal
ﬁ" £ S PSS maximum-intensity projections of control and PD
2 & S Qg GFP-labeled transplanted striatal microglia in

noninflammatory (no LPS injection, upper panel) or
proinflammatory (LPS injection, lower panel) condi-
tions, immunostained with Iba1 (red). Scale bars =
20 pm. (H) Integrated densities of Ibal signal of
control and PD microglia normalized by control
values in noninflammatory and proinflammatory
(LPS) conditions. Unpaired Mann-Whitney tests. (1)
Confocal maximum-intensity projections of control
and PD GFP-labeled transplanted striatal microglia
in noninflammatory (no LPS injection, upper panel)
or proinflammatory (LPS injection, lower panel)
conditions, immunostained with p65 (red). Scale
bars = 20 pm. (J) Percentage of p65-positive cells in transplanted PD and control striatal microglia in noninflammatory and proinflammatory (LPS) conditions.
Unpaired Mann-Whitney test and unpaired t test. n = 3 cell lines per group, 3-5 transplanted mice per cell line. Data are represented as mean = SEM. *p < .05,
**p < .001, **p < .0001. GFP, green fluorescent protein; LPS, lipopolysaccharide; PD, Parkinson’s disease.
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proinflammatory activation compared with isogenic control
microglia.

Transplanted Human A53T Mutant Microglia
Display Decreased Catalase Expression and
Increased Oxidative Stress

To confirm decreased expression of catalase in PD trans-
planted microglia at the protein level, we performed immuno-
fluorescence staining for catalase on brain slices from
transplanted mice at 2 months Pl. Consistent with the RNA
sequencing results, we observed a marked decrease in cata-
lase signal intensity in PD microglia compared with control
microglia in noninflammatory conditions (Figure 5A-C;
Figure S8A in Supplement 1). To investigate whether this
decrease was correlated with increased oxidative stress in PD
microglia, we immunostained brain slices from transplanted
mice with the DNA and RNA oxidative stress marker 8-oxo-dG/
8-ox0-Gua at 2 to 3 months PI. Staining intensity of 8-oxo-dG/
8-oxo-Gua was increased, indicating increased oxidative
damage in PD transplanted microglia in both noninflammatory

738
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Figure 5. Transplanted PD striatal microglia
display strongly decreased catalase expression in
noninflammatory conditions and increased oxidative
stress. (A) Low magnification confocal plans of
control and PD transplanted striatal microglia at 2
months Pl immunostained for catalase (no LPS
challenge). Scale bars = 20 um. Arrows show cell
bodies. (B) High magnification confocal plans of
control and PD transplanted striatal microglia at 2
months Pl immunostained for catalase (no LPS
challenge). Scale bars = 5 um. Arrows show cell
bodies. (C) Mean integrated density of catalase
staining in transplanted control and PD striatal
microglia at 2 months PI (no LPS injection). Unpaired
Mann-Whitney test. (D) Confocal plans of control
(upper panel) and PD (lower panel) transplanted
striatal microglia at 2 months Pl immunostained for
8-ox0-dG/8-oxo-Gua (no LPS injection). Scale
bars = 5 um. Arrows show cell bodies. (E) Mean
integrated density of 8-oxo-dG/8-oxo-Gua staining
in transplanted control and PD striatal microglia at 2
months Pl (no LPS challenge). Unpaired Mann-
Whitney test. (F) Mean integrated density of 8-oxo-
dG/8-oxo-Gua staining in transplanted control and
PD striatal microglia at 2 months PI after LPS chal-
lenge. Unpaired Mann-Whitney test. n = 3 cell lines
per group, 3-5 transplanted mice per cell line. Data
are represented as mean + SEM. ***p < .0001.
GFP, green fluorescent protein; LPS, lipopolysac-
charide; PD, Parkinson’s disease; Pl, postinjection.

No LPS

5000
0 Control PD

0 Control PD

and proinflammatory conditions (Figure 5D-F; Figure S8B, C in
Supplement 1). Surprisingly, no consistent difference in cata-
lase expression was observed between PD and control
microglia in proinflammatory conditions (Figure S8D in
Supplement 1). This was due to a strong upregulation of
catalase in PD transplanted microglia, which was absent in
control microglia (Figure S8E in Supplement 1). Conversely, no
consistent differences in catalase expression were found be-
tween control and PD cultured microglia in noninflammatory
conditions (Figure S8F in Supplement 1), and no consistent
differences in oxidative stress were observed between cultured
control and PD microglia in non- or proinflammatory condi-
tions, as assessed using the oxidative stress detection reagent
CellROX, which fluoresces upon oxidation by ROS (Figure S9
in Supplement 1).

RNA sequencing data also suggested differences in cellular
senescence, cell division, and apoptosis between PD and
control microglia. We immunostained transplanted microglia
for cleaved caspase 3, an apoptosis marker (Figure S10A-C in
Supplement 1), and assessed the apoptosis levels of cultured
microglia using a Caspase 3/7 CellEvent assay (Figure S10D-F
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in Supplement 1). In both non- and proinflammatory condi-
tions, whether cultured or transplanted, apoptotic microglia
percentages were low and similar between PD and control
microglia. Next, we immunostained PD and control trans-
planted and cultured microglia for ki67, a cell division marker
(Figure S11 in Supplement 1). In both non- and proin-
flammatory conditions in cultured or transplanted microglia, no
consistent differences were observed between PD and control
microglia. Finally, we immunostained transplanted microglia
for p16, a cellular senescence marker. We assessed cellular
senescence in cultured microglia using a cellular senescence
assay kit based on B-galactosidase activity. Although a trend
toward an increase in the percentage of p16-positive trans-
planted microglia and senescent cultured microglia was
observed in PD cell lines, the differences were not statistically
significant for all pairs (Figure S12 in Supplement 1). Thus,
under our experimental conditions, the A53T mutation in
a-synuclein did not affect apoptosis, cellular senescence, or
cell division of human microglia.

Transplanted A53T Mutant Microglia Do Not Have
Obvious Effects on Neighboring Murine Cells

To examine whether PD microglia affect neighboring cells, we
first studied murine microglia and astrocytes neighboring
transplanted human microglia. A murine cell was neighboring
transplanted microglia if its cell body center was at a distance
equal or inferior to 50 um from the center of the cell body of
at least 1 transplanted human microglial cell on maximum-
intensity projections.

Using Ibal immunofluorescence staining, we analyzed the
morphology and distribution of murine microglia neighboring
human microglia. In areas with high densities of human
microglia, murine microglia were either absent or very sparse.
Therefore, we analyzed areas where transplanted microglia
were less dense or bordering dense patches of transplanted
microglia. We found no aggregation of murine microglia
around transplanted control or PD microglia (Figure S13A in
Supplement 1). We categorized murine microglia neighboring
the transplanted cells based on their morphology as previously
described. In noninflammatory conditions, neighboring murine
microglia were largely quiescent, as shown by high percent-
ages of ramified cells (Figure S13A, B in Supplement 1).
Proinflammatory conditions (LPS injection) activated murine
microglia, as shown by a shift toward a less ramified
morphology compared with noninflammatory conditions
(Figure S13A-C in Supplement 1). No consistent differences in
the morphology of murine microglia neighboring control or PD
transplanted microglia were observed in non- or proin-
flammatory conditions (Figure S13A-C in Supplement 1).

GFAP immunofluorescence stainings showed no aggrega-
tion of murine GFAP-positive astrocytes around transplanted
control or PD microglia (Figure S14A in Supplement 1). We
classified murine GFAP-positive astrocytes neighboring
transplanted cells into 2 morphological categories: quiescent,
with a small cell body and ramified processes, and reactive,
with a larger cell body and fewer, thicker processes
(Figure S14B in Supplement 1). In both non- and proin-
flammatory conditions, the percentages of reactive GFAP-
positive astrocytes were low, suggesting that in our
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experimental settings, LPS injection did not activate murine
astrocytes (Figure S14A, C, D in Supplement 1). No consistent
differences were observed in the percentage of reactive murine
GFAP-positive astrocytes in the vicinity of control or PD
transplanted microglia (Figure S14C, D in Supplement 1).

Next, we assessed the densities of cleaved caspase
3—-positive cells in areas with a high density of transplanted
human microglia (Figure S15A-C in Supplement 1). The den-
sities of caspase 3-positive cells were low both in pro- and
noninflammatory conditions, and no differences between areas
with control or PD microglia were observed. We quantified
oxidative stress in the vicinity of transplanted microglia by
measuring the mean intensity of 8-oxo-dG/8-oxo-Gua signal in
10-pum-radius volumes of murine striatum surrounding these
cells (Figure S15D-F in Supplement 1). No consistent differ-
ences in oxidative stress levels were observed between vol-
umes surrounding PD or control microglia. Therefore, in our
experimental conditions, PD microglia did not have obvious
effects on the activation of neighboring murine microglia and
astrocytes and did not affect apoptosis levels or oxidative
stress of neighboring murine cells.

DISCUSSION

Here, we examined the impact of the A53T mutation in
a-synuclein on human microglia using both traditional in vitro
culture models and the transplantation of human MPs into the
mouse brain. A53T mutant microglia displayed gene signatures
suggesting an altered activation state, both in vitro and when
transplanted in healthy, young animals, compared with
isogenic control microglia. In noninflammatory conditions,
transplanted striatal A5S3T mutant and control microglia were
largely quiescent, with similar activation levels, as assessed by
morphology and activation markers. However, under proin-
flammatory conditions induced by LPS injection in trans-
planted mice, striatal A53T mutant microglia displayed
increased proinflammatory activation compared with control
microglia. These results show that even in a young, healthy
mouse brain environment, A53T mutant microglia have an
intrinsically higher propensity toward proinflammatory activa-
tion. In addition, AS3T mutant transplanted microglia showed
decreased catalase expression and increased oxidative stress.
Therefore, A53T mutant microglia display cell autonomous
phenotypes that may contribute to neuronal damage in early-
onset PD (Figure 6). Although no increase in apoptosis and
oxidative stress was observed in the areas surrounding
transplanted PD microglia, we cannot exclude more subtle
effects on other indicators of neuronal health, such as neuronal
activity. Furthermore, the potential deleterious effects of
transplanted PD microglia on neighboring mouse neurons may
be mitigated by adjacent healthy murine cells. Future in-
vestigations should explore the impact of PD microglia in mice
with depleted endogenous microglia and assess their species-
specific effects on human neurons in vitro.

Likewise, while we did not detect obvious effects of control
or PD transplanted striatal microglia on neighboring murine
microglia activation, regions densely populated with human
transplanted microglia were depleted in murine microglia. This
suggests competition between human and murine microglia
that leads to displacement or cell death of the latter.
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Furthermore, because we were unable to study murine
microglia in areas with high densities of human transplanted
microglia, we cannot exclude the possibility that the absence
of difference is due to mitigation by adjacent healthy murine
cells.

Although the striatum is affected in PD (25), the substantia
nigra pars compacta has been the most studied, due to the
early death of dopaminergic neurons in this area (33). Trans-
planted microglia from our cell lines did not populate this area
consistently, precluding the analysis of the substantia nigra
pars compacta. Future investigations should explore whether
our results are recapitulated in the substantia nigra pars
compacta and other brain areas using mice depleted in
endogenous mouse microglia, allowing for greater integration of
the transplanted cells. Here, we used immune-deprived mice
lacking T, B, and natural killer cells to transplant human micro-
glia because immunocompetent mice do not support long-term
integration of these cells. While our model enables better
recapitulation of human microglia’s physiology, this prevents
the full study of microglia-immune system interactions in PD.

Interestingly, cultured microglia from Snca knockout mice
also show increased proinflammatory activation (34,35), sug-
gesting that the observed effects of the A53T mutation in
a-synuclein may stem from a loss of function. However,
overexpression of a-synuclein in microglia also increases
microglial proinflammatory activation (36,37). Because incu-
bation with a«-synuclein monomers can modulate microglia
proinflammatory activation (38), and because incubation with
a-synuclein aggregates triggers it (39-41), one could hypoth-
esize that a-synuclein modulates microglia proinflammatory
activation. a-synuclein overexpression may trigger the forma-
tion of a-synuclein aggregates, which may disrupt a-synuclein
function, explaining similar effects between loss of function
and overexpression of a-synuclein.

Mutant a-synuclein inhibits catalase expression and activity
(42), and catalase activity is decreased in the brains of patients
with PD and mouse models of PD (42,43). Catalase expression
was strongly decreased in A53T mutant transplanted microglia

Increased Activation of Familial Parkinson’s Microglia

Figure 6. Cell autonomous disease—relevant
phenotypes of A53T mutant human microglia. In
noninflammatory conditions, A53T mutant human
microglia have decreased expression of catalase and
increased oxidative stress. When placed in proin-
flammatory conditions, A53T mutant human micro-
glia have increased proinflammatory activation
compared with control microglia, which may trigger
increased neuronal damage and worsen neuronal
death in patients with early-onset Parkinson’s dis-
ease. NF-«B, nuclear factor-kB.

Increased

5 neuronal

damage?

in noninflammatory conditions. Catalase is involved in the
degradation of the ROS H,0,. Consistent with this, oxidative
stress was increased in PD transplanted microglia. Surpris-
ingly, no consistent differences in catalase expression were
observed between PD and control microglia in proin-
flammatory conditions. This can be explained by stronger
upregulation of catalase expression in PD transplanted
microglia upon inflammatory stimulus compared with control
microglia. While literature on the association between catalase
expression and microglial activation is limited, the results of
one study suggest that the NF-kB complex upregulates cata-
lase expression (44). This could explain the increased catalase
expression in PD transplanted microglia upon inflammatory
stimulus because they exhibit increased proinflammatory
activation, which leads to upregulation of the NF-kB pathway.
In contrast, cultured control and PD microglia showed no
consistent differences in catalase expression and oxidative
stress, possibly due to less faithful recapitulation of microglial
physiology in culture (7,8).

During activation, microglia produce and secrete ROS,
including H»,O,, which can harm neighboring cells and
enhance microglial proinflammatory activation by activating
the NF-kB and MAPK (mitogen-activated protein kinase)
signaling pathways (45). The A53T mutation in a-synuclein
may elevate intracellular ROS levels in microglia, thereby
inducing increased oxidative stress and activation and trig-
gering a vicious cycle in which microglia damage neurons
and become increasingly activated via increased intracellular
concentrations of ROS. In future research, we could restore
catalase expression in PD microglia and assess whether this
leads to decreased oxidative stress and microglial
activation.

Understanding the impact of A53T mutation on microglia
may shed light on the pathogenesis of PD because it provides
a well-controlled way to assess the dysfunction of these cells
in the inherited form of PD using isogenic hPSC pairs. How-
ever, most cases of PD are idiopathic, not inherited, and do not
involve this mutation. Future research should explore the
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extent to which our findings translate to idiopathic PD
microglia.
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