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NG2 glia regulate brain innate immunity

via TGF-32/TGFBR2 axis
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Background: Brain innate immunity is vital for maintaining normal brain functions. Immune homeostatic
imbalances play pivotal roles in the pathogenesis of neurological diseases including Parkinson'’s disease (PD).
However, the molecular and cellular mechanisms underlying the regulation of brain innate immunity and their

significance in PD pathogenesis are still largely unknown.

Methods: Cre-inducible diphtheria toxin receptor (iDTR) and diphtheria toxin-mediated cell ablation was performed
to investigate the impact of neuron-glial antigen 2 (NG2) glia on the brain innate immunity. RNA sequencing
analysis was carried out to identify differentially expressed genes in mouse brain with ablated NG2 glia and
lipopolysaccharide (LPS) challenge. Neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated mice
were used to evaluate neuroinflammatory response in the presence or absence of NG2 glia. The survival of
dopaminergic neurons or glial cell activation was evaluated by immunohistochemistry. Co-cultures of NG2 glia and
microglia were used to examine the influence of NG2 glia to microglial activation.

Results: We show that NG2 glia are required for the maintenance of immune homeostasis in the brain via
transforming growth factor-B2 (TGF-32)-TGF-{ type Il receptor (TGFBR2)-CX3C chemokine receptor 1 (CX3CRT1)
signaling, which suppresses the activation of microglia. We demonstrate that mice with ablated NG2 glia display a
profound downregulation of the expression of microglia-specific signature genes and remarkable inflammatory
response in the brain following exposure to endotoxin lipopolysaccharides. Gain- or loss-of-function studies show
that NG2 glia-derived TGF-B2 and its receptor TGFBR2 in microglia are key regulators of the CX3CR1-modulated
immune response. Furthermore, deficiency of NG2 glia contributes to neuroinflammation and nigral dopaminergic

neuron loss in MPTP-induced mouse PD model.

Conclusions: These findings suggest that NG2 glia play a critical role in modulation of neuroinflammation and
provide a compelling rationale for the development of new therapeutics for neurological disorders.

Keywords: NG2 glia, Neuroinflammation, Microglia, TGF-3, CX3CR1, Parkinson’s disease

Background

Immune homeostasis in the central nervous system
(CNS) is vital for normal neural functionality. As in
peripheral organs and tissues, neuroinflammation in the
CNS is one of the most important protective
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mechanisms used by the organism to eliminate noxious
stimuli such as pathogens and damaged tissues [1, 2].
An excessive inflammatory process unavoidably causes
normal tissue damages and functional compromises for
the host [3]. Normally, this damage is suppressed by in-
tegrated regulatory responses that promote the initiation
of healing. Uncontrolled neuroinflammation is crucial
for the pathogenesis of neurodegenerative diseases and
mental disorders [4—6], indicating the importance of
maintaining CNS functionality through immune homeo-
stasis that is dependent on the delicate balance between
pro-inflammatory and anti-inflammatory factors. In the
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peripheral tissues, the progression of acute inflammation
is tightly controlled and the resolution program is
quickly launched by the reactions of monocytes and in-
flammatory neutrophils once the pathogens or tissue
debris are cleared [7]. Advances in understanding the
cellular mechanisms underlying the resolution of inflam-
mation in the peripheral system are paving the way for
the development of anti-inflammatory drugs [8]. How-
ever, in the adult CNS, regulation of the resolution of in-
flammation remains elusive. Thus, an understanding of
the molecular and cellular mechanisms underlying the
resolution of neuroinflammation is critical for advancing
our understanding of brain immune homeostasis and
the associated brain diseases.

Accumulating evidence has indicated that the delicate
balance of immune homeostasis in the CNS is dependent
on complex cross-talk between diverse groups of cells in
the brain, such as neuron—microglial and astrocyte—micro-
glial interactions which play pivotal roles in constitutively
keeping microglia in their resting state. Neuronal cells are
very important modulators of inflammatory responses in
the CNS [9, 10]. Neurons and microglia interact with each
other through multiple pathways including CX3CL1-
CX3CR1 axis, in which CX3CL1, a neuron-associated
chemokine, modulates microglia-induced neurotoxicity by
activating its receptor CX3CR1 that is primarily localized in
microglia in the CNS [11]. CX3CR1 deficiency dysregulates
microglial responses and causes more extensive neuronal
cell loss, resulting in neurotoxicity in a toxic model of Par-
kinson’s disease (PD) and a transgenic model of amyo-
trophic lateral sclerosis [12]. In agreement with these
findings, CX3CL1-mediated activation of CX3CR1 signaling
reduces neurotoxicity and microglial activation in a rat
model of PD [13, 14].

Moreover, neuronal cells also control microglia activity
by producing “off” signals, such as CD200 and CD47, to
maintain microglia in a quiescent homeostatic state and
to antagonize pro-inflammatory activity. However, under
pathological conditions, activated astrocytes produce
“on” signals including chemokines and iNOS, facilitating
microglia activation [5]. Thus, both microglia and astro-
cytes become over-activated and detrimental leading to
severe neuroinflammation that contributes to neuronal
damage. How the brain restrains this inflammation and
whether an endogenous cell population(s), functioning
as an immunosuppressor, exists in the CNS during the
inflammatory response remain elusive.

NG2 glia are one of the four large glial cell populations
in the CNS in addition to astrocytes, microglia, and oli-
godendrocytes [15]. Emerging evidence suggests that
NG2 glia not only function as precursors of myelinating
oligodendrocytes during development for the generation
of oligodendrocytes which produce myelin sheaths
around axons, but also play a role in other physiological
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processes, such as body weight control, cognition, and
regulation of the immune response [16—19]. NG2 glia in
the adult brain are known to have the capacity to prolif-
erate and to differentiate into mature and myelinating
oligodendrocytes throughout lifetime. Notably, the large
majority of NG2 glia in the adult brain is maintained in
a quiescent state under physiological conditions [20], al-
though all NG2+ cells are endowed with the capacity to
divide. NG2 glia responds to various CNS injuries and
participates in glial scar formation by proliferation and
accumulation in the injury sites [21]. NG2 glia also con-
tribute to remyelination after insult [22].

Interestingly, uniform distribution of NG2 glia in the
adult CNS including those regions with few oligoden-
drocytes [23], such as the substantia nigra (SN), indicates
that they may play additional roles rather than just being
oligodendrocyte precursors. Moreover, a wide range of
immunomodulatory molecules, including various cyto-
kines, chemokines, complement, and complement recep-
tor molecules, have been shown to be expressed on NG2
glia [18, 19]. Further, it has been demonstrated that in
postmortem brain specimens from patients with Alzheimer’s
disease, there is a reduction in NG2 immunoreactivity which
is negatively correlated to microglial immunoreactivity [24].
These data imply a potential role for NG2 glia in modulating
neuroinflammation [25]. Recently, a study by Nakano et al.
demonstrated that NG2 glial cells maintain neuronal func-
tion and survival in the hippocampus via the control of neu-
roimmunological function [26]. However, the role of NG2
glia in brain innate immunity and the underlying molecular
and cellular mechanisms remain largely unknown.

In this study, we investigated the role of NG2 glia in
the regulation of neuroinflammation and identified NG2
glia as potent immunosuppressors of the brain innate
immunity. We demonstrated that microglia in mice with
ablated NG2 glia showed aberrant activation and con-
tributed the lipopolysaccharide (LPS)-induced neuroin-
flammatory response. We showed that NG2 glia-derived
transforming growth factor-f2 (TGF-B2) signaling is
critical for NG2 glia-mediated control of microglial acti-
vation. We also found that ablation of NG2 glia exacer-
bated dopaminergic neuronal cell loss in mouse PD
model. Our results indicate that NG2 glia are vital nega-
tive regulators of neuroinflammation in the adult mouse
brain.

Methods

Human tissue collection

Fresh-frozen ventral mesencephalic tissues of three pairs
of age- and gender-matched PD patients and healthy con-
trols were obtained from the Netherlands Brain Bank,
Netherlands Institute for Neuroscience, Amsterdam, the
Netherlands [27]. All the materials have been collected
from donors for or from whom a written informed
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consent for a brain autopsy and the use of the material
and clinical information for research purposes had been
obtained by the Netherlands Brain Bank. All the PD sub-
jects were clinically and neuropathologically diagnosed,
and the healthy control subjects were devoid of any
neurologic diseases.

Animals

Adult (2~6months old) C57BL/6 mice or neonatal
Sprague-Dawley rat were from Shanghai Laboratory Ani-
mal Center, Chinese Academy of Sciences. The transgenic
mouse strains Tg (Cspgd-cre)iAkik/] (NG2-Cre), Gt
(ROSA)26Sor" (HBEGEAwai ;- B 129P2(Cg)-Cx3er1™ it/
and B6.Cg-Tg (Plpl-cre/ERT)3Pop/] were purchased
from the Jackson Laboratory (USA). OligI-Cre trans-
genic mice in a C57BL/6 genetic background were gen-
erous gifts from Dr. Richard Lu [28]. Those strains that
were originally not in a C57BL/6 (inbred) genetic back-
ground were back-crossed for ten generations prior to
use. Characterization and genotyping of these mice
were described previously [29]. They were maintained
on a 12-h light/dark cycle at 23 °C with food and water
available ad libitum.

Tamoxifen treatments

Tamoxifen (TAM; Sigma-Aldrich, T5648) was made
freshly by dissolving in 95% corn oil (Sigma-Aldrich)/5%
ethanol solution at room temperature with intermittent
vortexing. The final concentration of TAM was 20 mg
ml™'. Mice were injected intraperitoneally with 80-100
mg kg™! daily for 5~8 consecutive days.

Cell ablation with diphtheria toxin

Cell-type-specific Cre mice were crossed to generate
with inducible diphtheria toxin receptor (iDTR) mice to
allow expression of DTR in the targeted cell populations.
The DTR is expressed after Cre recombinase removes
the STOP cassette, increasing susceptibility of specific
cell type to diphtheria toxin (DT; Sigma-Aldrich, D0564).
Their littermates bearing Cre recombinase were also ad-
ministrated with DT and used as control. No specific ad-
verse side effects of DT were observed when administered
to the control and iDTR mice.

For NG2 glia ablation paradigm, DT administration was
performed as described previously with some modifications
[30]. In brief, adult mice (2~6 months old) were adminis-
trated with seven intraperitoneal injections of DT (150 ng/
mouse) at 12-h intervals (i.e., for 3.5 consecutive days in
total). This administration paradigm ensures efficient and
specific ablation of NG2 glial cells, given that depletion of
NG2 glia is usually followed by a fast repopulation of the
cells [20, 31]. Twelve hours after the final DT injection, mice
received single intraperitoneal injection of LPS (2.5 mgkg™,
Sigma-Aldrich, L2630). Animals were sacrificed 4 h later.
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Sample collection and preparation for RNA-seq analysis
Briefly, the striatum of 2~3-month-old DTRV®? Tg mice
and littermate control (NG2-Cre) were homogenized in
TRIzol reagent (Invitrogen, Carlsbad, California, USA) 4 h
after LPS challenge. A total amount of 3 ug RNA per sam-
ple was used as input material for the RNA sample prepa-
rations. Sequencing libraries were generated using NEB
Next® Ultra RNA Library Prep Kit for Illumina® (NEB,
USA) following the manufacturer’s recommendations, and
index codes were added to attribute sequences to each
sample.

Briefly, mRNA was purified from total RNA using
poly-T oligo-attached magnetic beads. Fragmentation
was carried out using divalent cations under elevated
temperature in NEBNext First Strand Synthesis Reaction
Buffer (5X). First-strand ¢cDNA was synthesized using
random hexamer primer and M-MuLV Leading Edge
Genomic Services & Solutions Reverse Transcriptase
(RNase H-). Second-strand cDNA synthesis was subse-
quently performed using DNA polymerase I and RNase
H. Remaining overhangs were converted into blunt ends
via exonuclease/polymerase activities. After adenylation
of 3" ends of DNA fragments, NEBNext Adaptor with
hairpin loop structure was ligated to prepare for
hybridization. In order to select cDNA fragments of
preferentially 250~300bp in length, the library frag-
ments were purified with AMPure XP system (Beckman
Coulter, Beverly, USA). Then 3 pul USER Enzyme (NEB,
USA) was used with size-selected, adaptor-ligated cDNA
at 37°C for 15min followed by 5min at 95°C before
PCR. Then PCR was performed with Phusion High-
Fidelity DNA polymerase, Universal PCR primers and
Index (X) Primer. At last, PCR products were purified
(AMPure XP system) and library quality was assessed on
the Agilent Bioanalyzer 2100 system.

Clustering and sequencing

The clustering of the index-coded samples was per-
formed on a cBot Cluster Generation System using Tru-
Seq PE Cluster Kit v3-cBot-HS (Illumina) according to
the manufacturer’s instructions. After cluster generation,
the library preparations were sequenced on an Illumina
Hiseq platform and 125-bp/150-bp paired-end reads
were generated.

Quality control

Raw data (raw reads) of fastq format were firstly proc-
essed through in-house perl scripts. In this step, clean
data (clean reads) were obtained by removing reads
containing adapter, reads containing ploy-N, and low-
quality reads from raw data. At the same time, Q20,
Q30, and GC content of the clean data were calculated.
All the downstream analyses were based on the clean
data with high quality.
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Reads mapping to the reference genome

Reference genome and gene model annotation files were
downloaded from genome website directly. Index of the
reference genome was built using Hisat2 v2.0.5, and
paired-end clean reads were aligned to the reference
genome using Hisat2 v2.0.5.

Quantification of gene expression levels

Feature Counts v1.5.0-p3 was used to count the reads
numbers mapped to each gene. And then FPKM of each
gene was calculated based on the length of the gene and
reads count mapped to this gene.

Differential expression analysis

Differential expression analysis of two conditions was
performed using the edgeR R package (3.18.1). The P
values were adjusted using the Benjamini and Hochberg
method. Corrected P value of 0.05 and absolute fold
change of 2 were set as the threshold for significantly
differential expression.

KEGG enrichment analysis of differentially expressed
genes

KEGG is a database resource for understanding high-
level functions and utilities of the biological system
(http://www.genome.jp/kegg/). We used cluster Profiler
R package to test the statistical enrichment of differential
expression genes in KEGG pathways.

Western blot analysis and quantification

Western blotting was performed as described previously
[32]. The following primary antibodies were used: (a)
rabbit anti-IL-1f pAb (1:1000; Abcam, ab9722), (b) mouse
anti-B-actin mAb (1:5000; Sigma-Aldrich, A5441), (c) rabbit
anti-phosphor-SMAD2 pAb (1:1000; Invitrogen #51-1300),
(d) rabbit anti-SMAD2 pAb (1:250; Cell signaling #3108),
(e) rabbit anti-TNF-a pAb (1:100; Abcam, ab9739), and (f)
mouse anti-Oligl mAb (1:1000; Millipore, mab5540). The
membrane was washed and incubated for 1h at room
temperature with the corresponding secondary antibodies:
(a) HRP-conjugated goat anti-rabbit IgG (1:10,000; Jackson
ImmunoResearch Laboratories, 115-035-003) and (b) HRP-
conjugated goat anti-mouse IgG (1:10,000; Jackson Immu-
noResearch Laboratories, 115-035-003). Peroxidase activity
was detected with SuperSignal WestPico chemiluminescent
substrate (Pierce Biotechnology) and visualized and digi-
tized with ImageQuant (LAS-4000, Fujifilm, Japan). Optical
densities of bands were analyzed by using Image] software
(NIH, USA). Protein levels, quantified by computer analysis
as the ratio between each immunoreactive band and the
levels of B-actin, were expressed as a percentage of vehicle-
treated control.
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Immunofluorescence, confocal microscopy, and image
analysis

Sections or fixed cell cultures were incubated with one
primary antibody followed by incubation with secondary
antibody conjugated with either Alex488 or Alex555.
The same sections were then incubated with another
primary antibody, followed by incubation with the ap-
propriate secondary antibody. Sections were imaged
using either a cooled CCD (DP72, Olympus) on a micro-
scope (BX51; Olympus) or a laser confocal microscope
(Leica). Data were obtained and processed using Fiji or
Adobe Photoshop 7.0 software (Adobe Systems). In some
cases, immunosignals were visualized by using 3,3-diami-
nobenzidine (Sigma-Aldrich).

The following primary antibodies were used: (a) rabbit
anti-NG2 pAb (1:500, a gift of W Stallcup), (b) guinea
pig anti-NG2 pAb (1:500, a gift of W Stallcup), (c) rabbit
anti-NG2 pAb (1:500, Millipore, ab5320), (d) mouse
anti-CC1 mAb (1:200, Calbiochem, OP80), (e) guinea
pig anti-NeuN pAb (1:1000, Millipore, ABN90), (f)
rabbit anti-IBA1 pAb (1:500; WAKO, 019-19741), (g)
mouse anti-TGF-f1 mAb (1:500, R&D System, mab240),
(h) rabbit anti-TGF-f2 pAb (1:500, Santa Cruz, sc-90),
(i) rabbit anti-GFAP pAb (1:1000; DAKO, Z0334), (j)
mouse anti-GFAP mAb (1:500, Sigma-Aldrich, G3893),
(k) rabbit anti-lectin (1:1000; Sigma, L0401), and (1)
mouse anti-MBP mAb (1:500, Calbiochem, nel019).

Cell counting

The number of tyrosine hydroxylase-positive cells was
quantified in brain cryosections with typical morphology
of the substantia nigra, as described previously [5]. The
number of NG2+, NeuN+, CCl+, or IBA+ cells was
quantified in at least three sections from four serial brain
sections per animal using a similar approach.

Intensity analysis

Average intensities of TGF-f2 immunoreactivity were
calculated as described previously [5]. Briefly, using soft-
ware Image] (NIH, USA), sampling was conducted in a
28 x 28 pixel area, in the indicated brain regions, in 40
images taken from 4 to 8 consecutive sections. Values
are reported as average intensity above background +
SEM.

Mouse stroke model

Mouse stroke model was prepared according to the
protocol described previously [33] with a few modifica-
tion. Briefly, mice were deeply anesthetized with pento-
barbital sodium (30 mgkg™, ip). The left common
carotid artery was sutured to block the supply of blood
to the brain for 4h. The reperfusion was performed
through the clearance of the suture from the common
carotid artery of lumen 4 h following the occlusion. The
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body temperature of the mice was kept at 37 °C during
surgery.

Primary NG2 glial cell cultures

NG2 glial cells were prepared from the cerebrocortex
and hippocampus of Sprague Dawley rats at PO, as de-
scribed previously [34] with a few modifications. Briefly,
the neonatal brains were trypsinized and dissociated and
cells were plated at density of 1~2 x 10° cells/75-cm? flask
(Corning) without poly-L-lysine (PLL) pre-treatment in
Dulbecco’s modified Eagle medium (DMEM) containing
10% FBS, 1% penicillin/streptomycin, and 1% glutamine
for 40 min at 37 °C. The suspended cells were then trans-
ferred to the PLL-coated flasks. Culture media were chan-
ged every 3 days. Between 6 and 8 days in vitro, culture
flasks (with cell mixtures) were shaken on a horizontal or-
bital shaker (250 rpm) at 37 °C for 1 h (or 120 rpm for 2 h)
to remove microglia cells, followed by shaking at 250 rpm
for 16 h for the collection of NG2 glial cells. The medium
with NG2 cells was centrifuged at 900 rpm for 3 min. The
pellets were resuspended in DMEM containing 10% FBS,
1% penicillin/streptomycin, and 1% glutamine. And NG2
glial cells were seeded to a 6-well plate at a density of
12 x10° cells per well. Four hours after plating, the
medium was changed to DMEM/Ham’s F12 medium
containing 5 ngml™' FGF-2 (Sigma-Aldrich) and 10ng™*
PDGEF-AA (Peprotech), 1% penicillin/streptomycin, and
1% glutamine. Cells were maintained at 37 °C in 95% air-
5% CO, humidified atmosphere. The purity (80~90%) of
these cultures was confirmed by NG2 immunocyto-
chemistry. NG2 glial cell-conditioned medium was
collected 48 h later and was filtered through a 0.22-pm
filter unit (Millipore) before use.

Primary microglial cultures

Microglial cultures were prepared as described previ-
ously [5]. In brief, neonatal rats, age 1-3 days, were used
for the microglia isolation. Microglial cultures were
maintained in DMEM/Ham’s F12 complete medium
containing 10% heat-inactivated FBS, 1% penicillin and
streptomycin until use. The purity (>99%) of these cul-
tures was confirmed by IBA1 immunocytochemistry.

Co-culture of NG2 glia with microglia

We adopted two different co-culture systems. In case of
mixed co-cultures, rat microglial cells were seeded onto
PLL (0.1 mg ml™, Sigma-Aldrich)-coated plates at a con-
centration of 1.5x10* cells/cm® Twelve hours after
plating, rat NG2 glial cells were added directly into the
microglial culture allowing cell-cell contact at various
ratios. The co-cultures were maintained in the culture
medium containing DMEM and 10% FBS for 2h. The
medium was then switched to the conditioned medium
of NG2 glial cells (100%) supplemented with 0.5% FBS.
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On day 3 in vitro, the cells were treated with 50 ng ml™"
LPS or saline for 4 h prior to harvest for qPCR or west-
ern blot analysis.

An alternative co-culture system of microglial cells
with NG2 glial cells was also used. Briefly, freshly pre-
pared rat primary microglial cells and NG2 glial cells
were seeded onto PLL-coated coverslips at a density of
2 x 10* cells/cm? and maintained in culture medium as
described above. Meanwhile, rat primary NG2 glial cells
were also seeded onto separate PLL-coated coverslips at
the same density and were maintained in 100% condi-
tioned medium of NG2 glial cells supplemented with
0.5% FBS. The two types of cells were cultured inde-
pendently. Forty-eight hours after incubation, the cover-
slips in which NG2 glial and microglial cells are set,
respectively, were transferred to new culture dishes with
the conditioned medium of NG2 glial cells (100%) and
placed in a side-by-side manner at a ratio of 1:1. The co-
cultures were exposed to LPS (50 ngml™") for 4h prior
to harvest for further analysis.

Quantitative assessment of microglial morphology

After immunohistochemistry and image acquisition, the
images were imported into Image] (NIH, USA) for the
morphological measurement of microglia, as previously
described [35]. Average cell diameter, endpoints, and
process length of microglia in the cerebrocortex region
were calculated from six brain sections for one animal.
Three to five animals per group were used to generate
the statistical data.

Enzyme-linked immunosorbent assay

Conditioned medium was collected from primary cul-
tured rat NG2 glial cells and centrifuged at 2000g for 10
min at 4°C to remove cell debris. This was followed by
centrifugation at 5000g for 20 min using Centricon® cen-
trifugal filter units with a molecular weight cutoff of 3
kDa. The supernatant was used for measurements of
TGE-B2. The levels were quantified by using ELISA Kit
(Invitrogen, MA; Eagle Biosciences, Inc., NH, USA) ac-
cording to the instructions of the manufacturer.

Isolation of adult primary microglia

Mouse brain microglia were isolated from the cerebro-
cortex of DTRN®? Tg and their littermate control using
MACS Technology (Miltenyi Biotec) according to the
manufacturer’s instructions. Briefly, brain tissues were
dissected using the Neural Tissue Dissociation Kit P
(Miltenyi Biotec, 130-092-628). CD11b-positive micro-
glia were magnetically labeled with CD11b MicroBeads
(Miltenyi Biotec, 130-093-634), loaded onto a MACS
Column and subjected to magnetic separation. Isolated
cells were homogenized in TRIzol reagent immediately
for further analysis (Invitrogen, Carlsbad, CA, USA).
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TGFBR2 knockdown

Knocking down TGESR2 (GenBank accession number NM_
009371.3) was performed in mouse microglial cell line BV2
cells (a gift of WD Le). The cell line shows some characteris-
tic features of microglia, such as hyper-responsiveness to
LPS stimuli. No overt mycoplasma contamination was de-
tected. The cells were seeded at a density of 2 x 10° cells in
a 6-well tissue culture dish 36 h before transfection with 2
nM small interfering RNA (siRNA) targeting TGFSR2 or
control siRNA (Jima, Shanghai, China) using electroporation
(Amaxa Nucleofector®, Germany). siRNA duplexes used
were as follows: scrambled: r (ACGUGACACGUUCGGA
GAATT)dTdT; antisense #1: r (UCUUCCAUGUUACA
GGCACTT)dTdG; antisense #2: r (UGUUAGAGCUCUUG
AGGUCTT)dTdG; and antisense #3: r (AUUUCCCAGA
GUACCAGAGTT)dTdG. Forty-eight hours after transfec-
tion, cells were harvested for qPCR analysis.

Viral injection

Lentiviral vectors encoding human CX3CR1 (NM_00
1171171.1) and TGF-BR2 (NM_003242.6) were prepared
by Shanghai OBIO company. The titers of the vectors in
this study were 3 x 10® TU/ml. Mice were deeply anes-
thetized with pentobarbital sodium (30 mgkg™, i.p) and
placed in a stereotaxic frame. A total of 1.8 x 10° TU
of lentivirus (Lv.CMV.GFP or Lv.CMV.cx3crl.GFP or
Lv.CMV.TGF-BR2.GFP.) was injected bilaterally into
the mouse striatum using Hamilton syringe. The stereo-
taxic injection coordinates were AP +0.5, ML + 1.6 and
24, and DV - 4.5~ - 2.5 mm from the bregma. Mice were
monitored daily for 7 to 11 days according to experimental
demand.

RNA isolation and quantitative PCR

RNA isolation and quantitative PCR were performed as de-
scribed previously [5]. Briefly, quantitative PCR was per-
formed with SYBR-Green premix Ex Taq (Takara, Japan)
and detected by a Real Time PCR System (Roche LightCy-
cler 480 or Rotorgene 6000). p-Actin was used as an in-
ternal control gene. qPCR primers were designed using
Primer Picking Program. The primer sequences for amplify-
ing mouse cDNA fragments were as follows: S-actin, for-
ward, 5'-CGTCGACAACGGCTCCGGCATG-3’, reverse,
5'-CACCATCACACCCTGGTGCCTAGG-3; CX3CRI,
forward, 5'-TTCCCATCTGCTCAGGACCTC-3’, reverse,
5'-CAGACCGAACGTGAAGACGA-3; IBA1, forward, 5'-
GGAGATTTCAAAAGCTGATGTGGA-3’, reverse, 5'-
CCTCAGACGCTGGTTGTCTT'-3’; iNOS, forward, 5'-
TGCTTTGTGCGAAGTGTCAG-3’, reverse, 5'-CCCTTT
GTGCTGGGAGTCAT-3'; IL-1f, forward, 5'-AGGAGA
ACCAAGCAACGACA-3/, reverse, 5'-CTTGGGATCCAC
ACTCTCCAG-3'; IL-6, forward, 5-GCCTTCTTGGGA
CTGATGCT-3’, reverse, 5'-TGCCATTGCACAACTCTT
TTCT-3"; IL-12f3, forward, 5 -TGGTTTGCCATCGTTT
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TGCTG-3', reverse, 5'-ACAGGTGAGGTTCACTGTTT
CT-3’; NeuN, forward, 5 -CCACCACTCTCTTGTCCG
TT-3', reverse, 5-ATCAGCAGCGGCATAGACTC-3’;
NG2, forward, 5-GGCTTGTGCTGTTCTCACA-3’, re-
verse, 5'-CACAGACTCTGGACAGACGG-3’; Oligl, for-
ward, 5'-CTCGCCCAGGTGTTTTGTTG-3’, forward, 5'-
TATAAGCCTGCGCTACGACG-3'; Pdgfra, forward, 5'-
TGGCAAAGAACAACCTCAG-3’, reverse, 5'-CGATAA
CCCTCCAGCGAAT-3'; Pdgfr3, forward, 5'-CATGTC
TGAGACCCGGTACG-3’, reverse, 5-CTCTGCAGGT
AGACCAGGTG-3'; PLPI, forward, 5'-AGCGGGTGTG
TCATTGTTTG-3', reverse, 5'-GCGCAGAGACTGCCTA
TACT-3’; TNF-a, forward, 5'-ACGTCGTAGCAAACCAC
CAA-3’, reverse, 5'-ATAGCAAATCGGCTGACGGT-3;
Csflr, forward, 5'-CTCTTCCTCTGTTCCCTTTCAGG-
3", reverse, 5'-AGTTCTGTGAGGACGGGAAC-3'; Salll,
forward, 5-AACTAAGCCGAGGACCAAGC-3’, reverse,
5'-CTTCGGGGTCGGATTGGAAA-3'; Trem2, forward,
5'-GGGTCACCTCTAGCCTACCA-3', reverse, 5'-GTAC
CTCCGGGTCCAGTGA-3’; Tmeml1l19, forward, 5'-CAC
CCAGAGCTGGTTCCATA-3/, reverse, 5'-GTGACACAG
AGTAGGCCACC-3'; p2ry12, forward, 5'-ACCACCCCTG
TTTTTCCAGT-3, reverse, 5'-AGGCAGCCTTGAGTGT
TTCTG-3'; p2ryl3, forward, 5-TGGGTTGAGCTAGT
AACTGCC-3’, reverse, 5-TTGTCCCGAGCATCAGCT
TT-3; MBP, 5'-CACCACTCTTGAACACCCCA-3’, re-
verse, 5'-TGCCCACGCTTCTCTTCTTT-3’; and ALDH
1L1, 5'-CCCGTCTTTGACCTTGGGTG-3’, reverse, 5'-
GAACTTAAACACGGGCACGC-3'. The primer se-
quences for amplifying rat cDNA fragments were as
follows: B-actin, forward, 5'-ACCCGCCACCAGTTC
GCCAT-3’, reverse, 5'-CTAGGGCGGCCCACGATG
GA-3’; CX3CR1, forward, 5'-GAGTGGCTGGCACT
TCCTG-3', reverse, 5'-CACCAGACCGAACGTGAA
GA-3’; and IL-1p, forward, 5'-TGCAGCTGGAGAGT
GTGGATCC-3’, reverse, 5'-ACCAGTTGGGGAAC
TGTGCAGA-3'. The primer sequences for amplify-
ing human cDNA fragments were as follows: TGFfR2,
forward, 5'-CACTGACAACAACGGTGCAGTC-3’, re-
verse, 5'-GCTTGGGGTCATGGCAAACTG-3'; and CX3
CR1, 5'-AGGTGGCCAAACACTGAGAC-3/, reverse, 5'-
GTGAAGGCCTCTAGTCGCTG-3'. Following PCR amp-
lification, a first derivative melting-curve analysis was per-
formed to confirm the specificity of the PCR. The relative
fold difference in mRNA between samples was calculated
by comparing the threshold cycle (C,) at which product ini-
tially appeared above background according to 2- <Y,
where AC, is the difference between the control group and
a treatment group.

Evans blue assay

The Evans blue assay was performed according to previ-
ous studies [36, 37]. Briefly, after 3.5 days of DT injec-
tion, NG2-Cre/iDTR and NG2-Cre mice were injected
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with 100 pl 2% solution of Evans blue in normal saline
(4mlkg™" of body weight) intraperitoneally. Four hours
after the dye injection, the mice were transcardially per-
fused with 50 ml of ice-cold PBS, and the brain tissue
was collected and divided into right and left hemi-
spheres. The samples were homogenized in 1100 pl of
PBS, sonicated and centrifuged (30 min, 14,000g, 4 °C).
The supernatant was collected in aliquots. To each
500 pl aliquot, an equal amount of 50% trichloroacetic
acid was added, incubated overnight at 4 °C, and centri-
fuged (30 min, 14,000g, 4 °C). Evans blue stain was mea-
sured by a spectrophotometer at 610 nm and quantified
according to a standard curve.

MPTP-induced mouse PD model

Mice were administered with neurotoxin l-methyl-4-
phenyl-1,2,3,6-tetrahydropypridine (MPTP; 20 mgkg ™,
ip.) for four times at 2-h intervals as described previ-
ously [38, 39], and the total dosage per mouse was 80
mgkg'. The animals were perfused with 4% parafor-
maldehyde in 0.1 M PB (pH 7.4) at day 7 post MPTP ad-
ministration, and coronal cryosections at a thickness of
25 um were prepared for immunohistochemistry.

Statistical analysis

Statistical analysis was performed using GraphPad software
(GraphPad Prism v7.0; GraphPad Software). Data presented
as mean + SEM or individual values and mean. They were
submitted to nonparametric test with Mann—Whitney test
or two-tailed ¢ test or one-/two-way ANOVA followed by
Bonferroni’s multiple comparisons test (as a post hoc test).
P < 0.05 was considered as significant in statistics.

Results

NG2 glial cell ablation exacerbates neuroinflammation
following LPS treatment

Previous studies have shown that LPS administration via ei-
ther systemic or direct injection into the brain causes ro-
bust neuroinflammation [2, 40, 41]. We thus used a mouse
model of systemic LPS administration (single dose, 2.5 mg
kg™, i.p.) for investigating the potential role of NG2 glia in
the neuroinflammation. Following LPS challenge, microglia
are one of the major sources for pro-inflammatory medi-
ator production and NG2 glia are activated in response to
brain injuries [42]. To investigate the potential function of
NG2 glia in neuroinflammation directly in vivo, we gener-
ated a double-transgenic (Tg) mouse line in which NG2
glia can be ablated in a temporally controlled manner.
NG2-Cre Tg mice were crossed with Cre-inducible diph-
theria toxin receptor (iDTR) Tg mice [30] to generate con-
ditional DTR Tg mice, in which DTR was preferentially
expressed in NG2 glia. In this mouse line, DTR is only
expressed after Cre recombinase deletes the STOP cassette,
making only NG2-expressing cells susceptible to diphtheria
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toxin (DT). Following 3.5-day DT administration (Fig. 1a),
as determined by immunostaining for NG2, ~ 50% of NG2
glial cells were ablated in multiple brain regions, including
the cerebrocortex, corpus callosum, and striatum, com-
pared to NG2-Cre transgenic littermates administered DT
(Additional file 1: Figure S1).

Strikingly, a single injection of LPS caused dramatic in-
creases (ranging from a few dozen to several-hundred-fold
depending on the brain region and the individual mole-
cules) in mRNA expression levels of pro-inflammatory
mediators, including tumor necrosis factor-a (TNF-a) and
interleukin (IL)-1p, IL-6, and IL-12f in the major brain re-
gions of NG2 glia-ablated mice, compared with those in
the non-ablated animals exposed to LPS (Fig. 1b). Consist-
ent with these results, western blotting analysis showed a
rapid increase in IL-1( protein levels (~3 fold) in the
NG2 glia-ablated mouse brains after exposure to LPS
compared to the brain of LPS-treated control animals
(Fig. 1¢,d), indicating that disruption of the NG2 glia net-
work renders mice more sensitive to LPS. Of note, under
basal conditions, except for TNF-a that showed a moder-
ate increase in the NG2 glia-ablated brains compared with
those of the controls, the expression of most of the pro-
inflammatory mediators in the mouse brain after partial
ablation of NG2 glia were comparable to those of the
controls (non-ablation) (Fig. 1b), indicating that acute ab-
lation of NG2 glia per se mildly perturbed brain innate
immunity.

We examined whether the NG2 glia ablation was cell-
type specific. Given that in addition to NG2 glia, NG2
gene is also expressed in pericytes, a constitutive elem-
ent of the blood-brain barrier (BBB) [43], we deter-
mined whether the aberrant inflammatory response
observed in brains with acute ablation of NG2 glia re-
sulted from BBB leakage. We found that the permeabil-
ity of the BBB was not profoundly altered in these
animals, as evidenced by no marked Evans blue or IgG
extravasation in the brain parenchyma after the ablation
of NG2 glia compared to that observed in the control
(Additional file 1: Figure S2a-c). The vascular network in
the brain with NG2 glia ablation appeared to be highly
similar to that of the control, as revealed by lectin stain-
ing of the vascular endothelium (Additional file 1: Figure
S2¢, d). The expression levels of PDGFRp, a marker of
pericytes, were not significantly altered between geno-
types (Additional file 1: Figure S2e).

Furthermore, there was no overt inflammatory mono-
nuclear cell infiltration in the NG2 glia-ablated mouse
brain, as shown by levels of markers for monocytes not
being significantly altered between genotypes, such as
recombination-activating gene 1 (Ragl), lymphocyte-
specific protein tyrosine kinase (Lck), interferon-y (IFN-
Y), and clonal stimulating factor (CSF) (Additional file 1:
Figure S2f). The acute NG2 glial cell ablation strategy
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counterparts 4 h after LPS challenge. d Quantification of data shown in c. Error bars represent mean + SEM; (n = 2-5). Two-way ANOVA with

did not affect the survival of other major cell populations
in the brain, including neuronal cells, astrocytes
(Additional file 1: Figure S3), and microglia under basal
conditions (Fig. 4a, b). Together, these data suggest that
acute ablation of NG2 glial cells is achieved with a high
cell-type specificity, and it is unlikely that acute NG2 glia
ablation results in BBB leakage.

Ablation of Olig1+ NG2 glia, but not mature
oligodendrocytes, augments neuroinflammation

following LPS exposure

To further verify whether the imbalance of cell signaling
networks leading to the activation of inflammatory genes
in DTRY? mouse brain following LPS stimulation truly
results from NG2 glial cell ablation, we generated Oligl-
Cre/iDTR (DTRC"#) double-transgenic mice, because

the transcription factor Oligl is another marker of oligo-
dendrocyte precursor cells [15, 44]. The efficacy of the abla-
tion of NG2 glia in the DT-treated adult DTR"¢’ brains
was up to 50% on average compared with that in the con-
trol brains (Additional file 1: Figure S4a-d). Similar to the
DTRN%? mice, no marked disruption of the BBB or cell loss
of neurons, oligodendrocytes, astrocytes, or microglia was
seen in the DTR®"¢" mice (Additional file 1: Figure Sde-h
and Figure S7), suggesting that depletion of Oligl+ cells
specifically targeted the NG2 glia.

Following systemic administration of LPS, these ani-
mals also exhibited remarkable elevations in the expres-
sion of gene transcripts encoding TNF-a, IL-1f, IL-6,
and IL-12, but not iNOS, in the brain (Fig. 2a). Consist-
ent with these data, the levels of IL-1p protein were
significantly increased in mice with ablated Oligl™ cells
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following LPS challenge compared with that of con-
trols (Fig. 2b, c). Taken together, these data strongly
suggest that NG2 glia are key negative regulators of
neuroinflammation.

NG2 glia normally differentiate into oligodendrocytes
during development [45]. We asked whether mature

oligodendrocytes also contribute to the immune

homeostasis in the brain. We crossed iDTR mice to
myelin proteolipid protein 1 (PLPI)-CreERT2 Tg mice
in which mature oligodendrocytes are partially ablated
following repeated DT injection (Additional file 1: Figure
S5). These mice displayed similar magnitude in the
changes of pro-inflammatory mediators to the control
animals either under the steady-state or in response to
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acute LPS stimulation (Fig. 2d), suggesting that myelin
sheath damage does not evoke a marked inflammatory
response, and mature oligodendrocytes have no pro-
found contribution to the maintenance of the immune
balance in the brain in response to acute LPS
stimulation.

NG2 glia control the transcriptional expression of
inflammation-associated genes

Next, we assessed global transcriptional changes in the
NG2 glia-ablated mouse brain by comparing striatal
gene transcript expression profiles between DTRV? Tg
mice and control animals challenged with or without
LPS using RNA sequencing (RNA-seq). Analysis of dif-
ferentially expressed genes between NG2 glia ablation
alone and control SAL showed 759 upregulated and 531
downregulated genes (with > 2-fold change and P < 0.05)
among all the 27,362 detected genes (Fig. 3a—c). Hierarch-
ical clustering showed a clear segregation of the genes that
were differentially expressed between the NG2 glia-ablated
brains and controls (Fig. 3b). The expression of GPR17, a
NG2 glia-specific gene [46], was significantly downregu-
lated in mice with ablated NG2 glia (Fig. 3c), indicating an
efficient NG2 ablation. We observed pronounced increases
in the levels of inflammation-associated genes, such as
Tnfrsf12a, I112rb1, Maff [47], Ctla2a, Ccl2, and Arf3, fol-
lowing NG2 glia ablation compared to the control. In con-
trast, there were remarkable decreases in the homeostatic
microglia signature molecule Olfin13 [48] and negative reg-
ulators of the immune response, such as Gpri7 [49] and
Cryab [5] in the brain tissues compared to the controls
(Fig. 3c). These data suggest that NG2 glia ablation perturbs
brain homeostasis by altering underlying gene transcrip-
tional network.

To gain an insight into the mechanistic process of
inflammation in the brain, we performed functional
categorization using the bioinformatics database (http://
www.genome.ad.jp/kegg/) for KEGG enrichment analysis
of biological processes. As expected, 10 out of the 20
functional categories of the most significantly enriched
genes observed to be altered following NG2 glia ablation
were related to the immunological response (Fig. 3d and
Additional file 1: Figure S6a). These observations are in
accordance with the results showing an increase in the
levels of TNF-a in mice lacking NG2 glia (Fig. 1b).
Taken together, these data emphasize that the mainten-
ance of brain innate immunity depends on the integrity
of the NG2 glia network in vivo.

Furthermore, we performed gene expression analysis
on mice with NG2 glia loss after LPS challenge. Among
all the 26,533 detected genes, there were 444 upregu-
lated and 262 downregulated genes between the DTRV?
LPS and LPS alone mice. Hierarchical clustering showed
a clear segregation of the genes that were differentially

Page 10 of 22

expressed between genotypes in response to LPS (Fig. 3b—e).
KEGG enrichment analysis of biological processes showed
that the NG2 glia-ablated brains became highly inflamed fol-
lowing LPS challenge, given that 17 out of the top 20 bio-
logical pathways most significantly enriched among the
genes observed to be altered were related to inflammation
and the immune response (Fig. 3f). Consistent with these
data, the combination of NG2 glia ablation and LPS chal-
lenge significantly elevated the levels of pro-inflammatory
mediators, which are associated with cytokine and cytokine
receptor interactions, the toll-like receptor signaling pathway,
the Tnf signaling pathway, the NF«B family, and the rheuma-
toid arthritis and NOD-like receptor signaling pathway, com-
pared with LPS alone (Fig. 3g and Additional file 1: Figure
S6b). Together, these data suggest that ablation of NG2 glia
results in a primed inflammatory response that is exagger-
ated following LPS challenge.

Microglia are over-activated in the NG2 glia-ablated brain
in response to LPS challenge

Given that altered expression of inflammation-associated
genes provoked by NG2 glia ablation is highly associated
with aberrant microglial activity (Fig. 3), we addressed
whether microglia in mice lacking NG2 glia displayed an
activation phenotype. Quantitative morphological ana-
lysis of ionized calcium binding adaptor molecule 1
(Ibal)-positive microglia revealed that microglia in the
NG2 glia-ablated brain exhibited a more intense mor-
phological transformation after LPS challenge. Microglia
in the DTR? LPS mice became hypertrophic compared
to LPS-treated WT animals (Fig. 4a—e). Likewise, the
microglia DTR®"¢’ LPS mice were also in a hyper-
reactive state (Additional file 1: Figure S7) [50].

A previous study has described a set of genes that are
uniquely or highly expressed in adult microglia and reduc-
tion of these genes is closed associated with microglial
activation [51]. This study led us to speculate that NG2 glia
may be required for the maintenance of microglia in a qui-
escent state via the microglial-enriched genes. Hierarchical
clustering of microglial-enriched genes demonstrated that
the expression of 42 microglia signature genes (log, (fold
change)| > 1 and Padj < 0.05 cutoff) were aberrantly altered
in the DTRN®? brain compared to the control brains
(Fig. 4f). Of note, there were remarkable reductions (> 2-
folds) in the expression of the microglia-specific genes, in-
cluding AifI (also known as Ibal), Cx3crl, P2ry12, P2ryl3,
Tmeml119, Salll, Trem2, and Csflr in the DTRN? saline
mice compared to the control saline mice, as revealed by
RNA-seq analysis (Fig. 4f, g). Moreover, alterations in the
expression of these microglia-specific genes, including
Cx3crl, were validated in an independent set of samples
(Fig. 4h and Additional file 1: Figure S8), indicating that
NG2 glia regulates expression of microglia-specific genes
and ablation of NG2 glia causes a primed and activated
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mediators assessed in microglia isolated from DTRV® or
DTR"" LPS mice were significantly elevated compared
with LPS control animals (Additional file 1: Figure S10).
These results suggest that NG2 glia are required for the
maintenance of microglial homeostasis in the adult brain
and CX3CR1 may play an important role in NG2 glia-
regulated microglial homeostasis.

microglia phenotype in vivo. Furthermore, NG2 glia abla-
tion caused profound alterations in gene expression associ-
ated with microglial M1/M2-like phenotype and it also
resulted in mild upregulation of the mediators of phagocyt-
osis (Additional file 1: Figure S9). Furthermore, the acti-
vated microglia provoked by NG2 glia ablation contributed
to inflammatory response, as the levels of pro-inflammatory
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seemingly conflicting results regarding the effect of
CX3CR1 on different brain disease pathologies [12, 52, 53].
To define the role of CX3CR1 in the context of LPS-
induced neuroinflammation, we crossed CX3CRI“"*

CX3CR1 positively modulates LPS-induced
neuroinflammation

Next, we investigated the role of CX3CR1 in the modula-
tion of neuroinflammation. Previous studies have reported
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knock-in mice with each other to generate CX3CRI KO
mice. In agreement with a previous study [12], CX3CRI
deficiency aggravated LPS-induced neuroinflammation,
as manifested by marked increases in mRNA levels of
pro-inflammatory mediators (data not shown). To deter-
mine whether CX3CR1 is sufficient for the suppression of
LPS-induced inflammatory response in the brain in vivo,
lentivirus-mediated CX3CRI transfection was performed
in the striatum prior to the ablation of NG2 glia and LPS
exposure. Overexpression of CX3CR1 resulted in a pro-
nounced reduction in the levels of pro-inflammatory me-
diators in DTRN? LPS mice compared to DTRY? LPS
only mice (Fig. 5a—c), suggesting that CX3CR1 is a nega-
tive regulator of LPS-induced neuroinflammation.
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We then determined whether NG2 glia are able to dir-
ectly modulate microglial activity via regulating CX3CR1
expression. We employed a co-culture system in which
primary NG2 glia and microglia, both derived from postna-
tal rat brain, were mixed at various ratios and maintained
in vitro for 48 h allowing direct interactions between the
two types of cells. We observed that with increasing per-
centages of NG2 glial cells, the levels of CX3CR1 mRNA
were remarkably elevated in the co-cultures. However, the
response of microglia in co-cultures was markedly blunted
following exposure to LPS compared to the control (Fig. 5d).
Moreover, NG2 glia are able to robustly suppress the in-
flammatory response of LPS-stimulated microglia. The ele-
vation of inflammatory mediator IL-1p levels elicited by
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LPS was significantly antagonized by NG2 glia in a dose-
dependent manner (Fig. 5e, f), as revealed by western blot
analysis. Intriguingly, the observed antagonizing effect of
NG2 glia was independent of cell-to-cell contact, as the ef-
fect could be at least partially mimicked by application of
the conditioned medium derived from NG2 glia cultures,
which also significantly enhanced CX3CR1 expression
(Fig. 5g), indicating that the effects were attributed to a sol-
uble factor(s) released by NG2 glia. These data collectively
suggest that NG2 glia modulate microglial activation via
upregulation of CX3CR1 expression.

TGF-B2 derived from NG2 glia regulates CX3CR1
expression
We then determined the molecular basis underlying the
NG2 glial control of microglial activation. To clarify the
molecular identity of the soluble factor(s), we examined
the association between NG2 glia and TGF-3 family mem-
bers, given that TGF-f signaling has been shown to sup-
press the activation and proliferation of microglia in vitro
[51, 54, 55], although the exact molecular mechanisms
underlying the inhibitory effects by TGF-f on microglia
have not been fully elucidated. Immunohistochemical
double labeling staining showed that the immunosignals
for TGF-B2, but not TGF-B1, were co-localized in some
NG2" cells in the adult brain (Fig. 6a). The enzyme-linked
immunosorbent assay (ELISA) data showed that the
immunosignals for TGF-B2 (Fig. 6b) were detectable in
the conditioned medium of NG2* cells compared with
control, indicating that TGF-B2 is enriched in NG2 glia.
We next sought to assess the impact of TGF-f2 on the
maintenance of microglia quiescence. As shown in
Fig. 6¢, neutralization of TGF-P2 activity in NG2 glia-
derived conditioned medium with a specific monoclonal
TGEF-B2 antibody significantly downregulated CX3CR1
expression and consequently promoted IL-1f expression
in primary cultured microglia, supporting the notion
that NG2 glia modulate microglial activity via TGF-p2.
We found that the modulatory effect of TGF-p2 was
dependent on the microglial TGF-p type II receptor
(TGFBR2). Treatment of primary microglial cell cultures
with TGEF-B2 resulted in remarkable increases in mRNA
levels of CX3CR1 and Tmem119, two microglial check-
point genes, compared to the control. The effects, how-
ever, were abolished by co-treatment with LY2109761, a
selective TGFBR1/2 inhibitor (Fig. 6d), and were accom-
panied by dramatic downregulation of the phosphoryl-
ation of Smad2, a key component of the TGF-f receptor
signaling cascade (Fig. 6e), indicating that microglial
TGE-p receptor signaling plays an important role in the
process of maintaining microglia quiescence. Moreover,
knockdown of TGFBR2 in primary microglia confirmed
the observation that TGFBR2 deficiency in microglia
drastically suppressed the mRNA expression of CX3CR1
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and Tmem119 (Fig. 6f). Furthermore, dysfunction of
TGEF-B receptor/SMAD2 signaling was also observed in
the cerebrocortex and striatum of the brain with abla-
tion of NG2 glia in vivo (Fig. 6g—i). These data suggest
that TGF-p receptor/SMAD?2 signaling is involved in the
regulation of microglia homeostasis.

In alignment with this, we found that augmentation of
TGE-p signaling with TGF-p2 in a murine microglial cell
line BV2 caused a drastic increase in the levels of mul-
tiple microglial checkpoint gene transcripts, including
P2ry12, P2ryl13, Csflr, Salll, and TGFBRI. Conversely,
blockade of TGFBR2 signaling with either LY2109761
treatment or siRNA-mediated TGFBR2 knockdown re-
sulted in a remarkable decrease in expression of the
microglial checkpoint gene (Additional file 1: Figure S11).
Taken together, NG2 glia-activated TGFp2-TGFBR2 sig-
naling is crucial for the maintenance of CX3CR1 expres-
sion thereby controlling microglial homeostasis.

Activation of TGF-B2/TGFBR2 signaling inhibits LPS-
induced neuroinflammation

Next, we evaluated the impact of TGF-B2/TGFBR2 signal-
ing on the modulation of neuroinflammation. Exposure of
the primary cultured microglia to TGF-B2 decreased the
levels of pro-inflammatory mediators provoked by LPS
treatment (Fig. 7a). Consistent with these results, TGF-32
exhibited a potent anti-inflammatory effect in LPS-treated
BV2 cells, which was accompanied by marked alterations
in the levels of Smad2 phosphorylation (Fig. 7b, c). Block-
ade of TGF-B2/TGFBR2 signaling in cultured BV2 cells by
treatment with LY2109761 resulted in further increases in
the levels of pro-inflammatory mediators compared with
LPS treatment alone, as revealed by qPCR and western
blotting analysis (Fig. 7d—f).

Moreover, augmentation of TGFBR2 signaling by
lentivirus-mediated TGFBR2 gene transfection into the
striatum led to a decrease in the levels of pro-
inflammatory mediators elicited by LPS (Fig. 7g, h), indi-
cating that TGF-P2/TGFBR2 signaling is important for
control of microglia-mediated neuroinflammation in the
CNS in vivo. This finding was further supported by the
observation that TGF-B2 protein infusions into the dor-
sal striatum caused a profound decrease in the levels of
IL-1p mRNA, which was accompanied by a trend toward
an increase in the levels of CX3CR1 mRNA in the stri-
atum of wild-type mice in vivo compared with LPS-
treated animals (Fig. 7i). Altogether, these data suggest
that NG2 glia inhibit aberrant activation of microglia via
TGEF-B2/TGFBR2/CX3CR1 signaling.

Dysfunction of NG2 glia exacerbates microglial activation
and nigral dopaminergic neuron loss

We then asked whether dysregulation of NG2 glia-
controlled immune homeostatic process contributes to
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(n=3 mice per group). *P < 0.05, **P < 0.01

Fig. 6 TGF-32/TGFBR2 signaling regulates microglial homeostasis via CX3CR1. a Immunofluorescent staining of representative sections
showing TGF-32 and NG2 immunoreactivities in the corpus callosum of wild-type mice. Arrows indicate double-labeled cells. Scale bar,
50 um. b Measurement of TGF-32 protein levels was performed in the concentrated conditioned medium (CM) from primary NG2 glial
cells using TGF-B2 ELISA (n=6 for control medium, n=7 for NG2 glia CM). Unpaired t test. **P < 0.01. ¢ Pre-incubation of NG2 CM with
antibody against TGF-82 markedly reduces the mRNA levels of CX3CR1 and increases IL-1(3 expression in primary cultured microglia.
Unpaired two-tailed t test, (n=8-10). **P <0.001 for CX3CR1. Nonparametric test with Mann-Whitney test, **P < 0.01 for IL-13. All data
are expressed as mean + SEM. d gPCR analysis shows that the increases in the expression of Tmem119 and CX3CR1 in microglial cell line
BV2 cells were abolished upon addition of LY2109761, a TGFBR1/2 blocker. One-way ANOVA with Newman-Keul's post test (6-8
independent experiments). *P < 0.05, **P < 0.01, **P <0.001. e Immunoblotting analysis reveals that the elevations in the levels of
phopho-Smad?2 evoked by TGF-B2 are blocked by LY2109761 in BV2 cells. One-way ANOVA with Newman-Keul's post test (n=3
independent experiments). ****P < 0.001. f gPCR analysis shows that the decreases in the expression of CX3CR1 and Tmem119 in BV2
cells were induced upon transfection of TGFBR2 siRNA #1 or #2. One-way ANOVA with Newman-Keul's post test (n=4 independent
experiments). ****P < 0.001. g Representative western blots from two separate experiments showing the decreases in the levels of phopho-Smad2
in both the cerebrocortex and striatum of mice with ablated NG2 glia. h, i Quantification of data shown in g. Two-way ANOVA with Bonferroni's test

neurodegeneration of nigral dopaminergic (DA) neurons
which is associated with prominent neuroinflammation
[5]. To investigate the pathological relevance of these
findings, we examined the expression of PDGFRq,
markers of NG2 glia [15], and CX3CR1 in the brain of
patients with PD. We found a profound downregulation
of their expression in the SN of PD brain compared with
healthy subjects (Fig. 8a—c), indicating dysfunction of
NG2 glia and compromised microglial homeostatic state
in PD brain. Moreover, in an acute MPTP mouse model
which is a well-accepted model of the disease, there was
a marked decrease in the levels of TGFBR1, TGFBR2,
CX3CR1, and anti-inflammatory mediators, including
IL-4 and IL-10 in the striatum (Fig. 8d—f). The imbal-
ance of brain innate immunity provoked by MPTP treat-
ment was accompanied by a pronounced increase in the
levels of pro-inflammatory mediators, including IL-1f,
TNE-a, and CCL-2 (Fig. 8f).

Microglial neurotoxicity has been proposed to augment
the severity of neurodegenerative processes of nigral DA
neurons. To this end, we investigated a potential role for
NG2 glia in the microglial activation to neurotoxin MPTP,
which selectively induces degeneration of DA neurons, by
ablating NG2 glia in DTR?*¢' mice (Fig. 8g). Cell counting
of the SNc of saline- and MPTP-treated DTR®*¢" and con-
trol (Oligl-Cre only) littermate mice 7 days after challenge
showed that the loss of tyrosine hydroxylase—immunoreac-
tive (TH+) cells in the SN was significantly worse (~ 58%)
in NG2 glia-depleted mice following MPTP exposure com-
pared to MPTP-treated control animals (~ 33% reduction)
(Fig. 8h, i). Further examination of coronal sections of the
SN of DTR®"¢" mice revealed a significant increase (~ 2.3-
fold) in the number of microglia and more prominent and
restricted NG2" cell activation (glial scar) in the SNc, as
compared to those in control animals, in response to sys-
temic administration of MPTP (Fig. 8h—k). Interestingly,
TGF-f2 immunoreactivity was significantly reduced in
NG2 glia-ablated mice with or without MPTP administra-
tion (Fig. 8h, | and Additional file 1: Figure S12). Together,

these data suggest that NG2 glia are required for the sup-
pression of microglial activation in PD pathogenesis.

Discussion
In the present study, we showed the fundamental role of
quiescent NG2 glia in the cellular network that controls
the innate immunity balance in the adult mouse brain
and their contribution to PD pathogenesis. These NG2
glia are both necessary and sufficient for microglial
maintenance in a quiescent state under physiological
conditions. NG2 glia also contribute to the suppression
of over-activation of microglia evoked by immune stim-
uli and MPTP-induced neurotoxicity. TGF-f2 pro-
foundly influences the expression of CX3CR1 thereby
determining the response of microglia to immune stim-
uli. In line with this, TGF-B2 antagonizes the negative
effect of LPS on the expression of CX3CR1 in microglia.
Moreover, NG2 cells are neuroprotective to DA neurons
in MPTP-induced PD model possibly via TGF-B2. Thus,
our data have demonstrated a novel molecular and cellu-
lar mechanism for the regulation of innate immunity in
the adult brain and the significant contribution in
MPTP-induced PD model (Additional file 1: Figure S13).
One of the most interesting findings in the present study
is that the lack of quiescent NG2 glia in adult animals per-
turbs the microglial homeostasis, highlighting the crucial
role of NG2 glia—microglial communication in maintaining
the resting state of microglia. One of the intriguing ques-
tions in the field of glial biology has been what the physio-
logical functions of NG2 glia are in the adult brain, where
the process of myelination is largely complete and the NG2
glia become much less active than in postnatal life [56—58].
The present findings suggest that, in addition to being
oligodendrocyte precursor cells involved in remodeling
existing myelin [58] or remyelination after brain injury,
NG2 glia have a novel function in controlling immune
homeostasis which is essential for maintaining normal
functionality of the adult CNS. Indeed, in the present study,
NG2 glial regulation of microglial function was observed in
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TGFBR2 overexpression. Unpaired t test (n =8-9). *P < 0.05, **P < 0.01, ***P < 0.001. **P < 0.001. h Representative western blots showing the
decreases in levels of IL-1B in the striatum of mice that received stereotactic injection of lentivirus-TGFBR2. The striatum in contralateral side
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alterations in MRNA levels of IL-13 and CX3CR1 in the brain that received intracerebroventricular infusion of active form of TGF-B2. The animals
received single injection of LPS (2.5 mg/kg, i.p.) 1 h after TGF-B2 infusion. Unpaired t test (n =4-5 mice per group). **P < 0.01

the four major brain regions examined, including the
cerebrocortex, hippocampus, striatum, and SNc, indicating
that NG2 glia exert a function as an immunosuppressor
throughout the entire mouse brain. This assumption is sup-
ported by the evidence that NG2 glia exist broadly in the
white and gray matter of the adult CNS and are almost as
numerous as astrocytes [59], suggesting that the newly re-
vealed function for NG2 glia in this study is highly corre-
lated with its distribution pattern in the CNS. This

observation indicates that NG2 glial control of microglial
activity may represent a universal mechanism of maintain-
ing the delicate immune balance across the entire CNS.

It is well established that, in the adult brain, microglia
are capable of rapidly “reacting” to injuries and have a
strong potential to proliferate and migrate to areas of
lesions [12, 60, 61]. In the present study, we found that
microglia were transformed into a mild reactive state in
the absence of NG2 glia, since among the pro-inflammatory
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mediators examined, the levels of TNF-a were moderately
increased in the brain with ablated NG2 glia, which was ac-
companied by marked downregulation of multiple microglia
checkpoint genes under basal conditions. Moreover, the
combination of NG2 glia ablation and LPS challenge signifi-
cantly activated pro-inflammatory signaling pathways, such
as cytokine and cytokine receptor interactions, the toll-like
receptor signaling pathway, the Tnf signaling pathway, the
NF«B family, and the rheumatoid arthritis and NOD-like re-
ceptor signaling pathway (Fig. 3g), indicating that NG2 glia
play a vital role in the suppression of inflammatory response.
These findings support the notion that there is a close
spatial relationship between the NG2 glia and microglia
under the normal and pathological conditions [62]. For in-
stance, in systemic inflammation, microglia may exert a
negative effect on NG2 glia activity [63] promoting an in-
flammatory response. Moreover, the perturbed microglial
homeostasis appears to result exclusively from the NG2 glia
depletion, as selective ablation of mature oligodendrocytes,
which are derived from NG2 glia during brain development,
failed to significantly alter the immune balance in the brain
(Fig. 2d). These data suggest that acute ablation of NG2 glia,
but not diphtheria toxin-induced cell death itself, primes the
microglia for inflammation. Thus, it is conceivable that NG2
glia, but not mature oligodendrocytes belonging to the same
cell lineage, specifically regulate brain innate immunity via
controlling the microglial silenced state.

Emerging evidence indicates that the maintenance of
microglia in a quiescent state is regulated through a set
of microglial-enriched genes. Much has been learned in
recent years about the identity of these genes. Thus, sev-
eral of these genes, such as Olfm13 [51], Tmem119 [51],
Salll [51, 64], and Cx3crl [65], have been identified. In-
deed, in the present study, we observed significant
downregulation of these genes in the NG2 glia-ablated
brain. However, the biological function and significance
of these genes in the maintenance of microglial homeo-
stasis remains largely unknown. Moreover, the upstream
factors critical for the regulation of microglial quiescence
under physiological conditions have not been fully eluci-
dated. A recent study showed that TGE-p signaling is
required for the in vitro development of microglia. Spe-
cifically, TGF-B1 is necessary for microglia survival, as
microglia were absent in the CNS of TGEF-B1-deficient
mice [51]. In contrast, we showed in the present study
that TGF-B2 is a major factor released from NG2 glia
and plays an important role in the microglial mainten-
ance via CX3CR1, indicating that NG2 glia are critical
components regulating microglial homeostasis under
physiological conditions.

NG2 glia—microglial communication represents a unique
cellular mechanisms as a part of the neural networks that
tightly controls microglia activity, in addition to the
neuron—microglial and astrocyte—microglial interactions
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that have been relatively well documented [66, 67]. It is
worth noting that NG2 glia may modulate neuroinflamma-
tion in a NG2 gene-independent manner. Previous studies
by others showed that traumatic brain injury-induced
expression of pro-inflammatory cytokine genes was un-
changed between NG2 gene knockout and control animals
[68]. This observation is different from the findings in the
present study in which the NG2 glia-ablated mouse brain
displayed remarkable increases in pro-inflammatory media-
tors following exposure to pathological stimuli.

With the identification of additional microglia-enriched
genes, a molecular microglial signature is now often used
to describe the features that account for microglia homeo-
static status. We need to better characterize the beneficial
versus detrimental properties of these genes under patho-
logical conditions [51, 69]. Ample concrete evidence has
shown that CX3CR1 is involved in inflammatory pro-
cesses and is required for the balance of microglial activa-
tion [12, 70]. Whether CX3CR1 is sufficient for the
suppression of neuroinflammation remains elusive. We
demonstrated that overexpression of CX3CR1 was able to
attenuate the inflammatory response provoked by LPS in
the NG2 glia-ablated brain compared to LPS treatment
alone, which supports a previous study that at least in
context of LPS-induced neuroinflammation, CX3CR1 is
one of key players in suppression of microglia-driven neu-
roinflammation. These data indicate that control of the
activation status of microglia via CX3CR1 is crucial for
suppression of neuroinflammation.

How is CX3CR1 expression regulated? Accumulating evi-
dence suggests that regulation of CX3CR1 expression is
considerably complex in vivo, as CX3CL1 signaling may be
either positively or negatively regulated in distinct contexts,
such as LPS challenge, experimental autoimmune enceph-
alomyelitis (EAE), multiple sclerosis, and HIV infection
[71]. In addition to microglia, much evidence supports the
expression of CX3CRI1 in non-microglial cells, such as
oligodendrocyte precursor cells (OPCs), neural precursors
and neurons, although to a lower extent [72-76]. We
showed in Fig. 7i that TGF-B2 did not significantly elevate
CX3CR1 expression levels in LPS conditions. However,
LPS injection led to an increase in Oligl expression in
Oligl-Cre animals, as shown in Additional file 1: Figure S4.
Thus, it is possible that LPS injection in WT animals can
lead to an increase in CX3CR1 levels in oligodendroglial
lineage cells, which can in turn contribute to variability in
non-microglial CX3CR1 expression in LPS and TGF-f2
injected animals, given that other cell types also express
CX3CR1, especially because OPCs can themselves express
CX3CR1 [72].

The TGEF-p family consists of three closely related mem-
bers, TGF-p1, TGF-B2, and TGF-P3, which exert diverse
functions, including regulation of adaptive immunity, in-
hibition and stimulation of cell proliferation, and
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neuroprotection [77]. TGF-p triggers signaling via binding
to the TGF-B receptor complex which is a tetrameric
structure, composed of two type I TGF-B receptors
(TGFBR1) and two TGFBR2. Both TGFBR1 and TGFBR2
are highly expressed on microglia compared with spleen
macrophage [78]. Our study revealed that the TGF-f2/
TGFBR2 signaling pathway significantly contributes to the
inhibitory effects of NG2 glia on microglial activation in
the adult mouse brain via the increase in SMAD2 phos-
phorylation leading to the elevation of CX3CR1 expres-
sion. These observations are consistent with recent
findings that dysfunction of TGFp signaling in microglia
results in impaired homeostasis [50, 79]. Thus, TGF-32 is
a critical factor mediating NG2 glia—microglial interac-
tions thereby keeping microglia in a steady state.

The present study showed that ablation of NG2 glia led
to more severe loss of DA neurons and enhanced micro-
glial activation caused by MPTP neurotoxicity, indicating
that NG2 glia plays an important role in the modulation
of inflammatory processes of PD pathology. Thus, our
findings highlight the therapeutic potential of NG2 glia in
inflammation-associated brain disorders. Recent studies
have shown that the proliferative ability of NG2 glia di-
minishes with aging [31, 80], and NG2 glia are correlated
with the pathogenesis of Alzheimer’s disease [24]. It is
likely that dysfunction of NG2 glia compromises NG2
glia—microglia communication and undermines the cap-
acity for suppression of neuroinflammation. Consequently,
microglia enter a partially reactive state. This progression
may help explain why the aging brain becomes susceptible
to neurodegenerative diseases.

Conclusions

In summary, this study reveals a novel function for NG2 glia
as suppressors for neuroinflammation in the CNS. Strategies
to maintain the number or function of NG2 glia in the CNS
directly or by strengthening NG2 glia—microglia communi-
cation may thus have therapeutic utility in inflammation-
associated brain disorders. Thus, the findings in the present
study open up new paths in the study of broader range of
brain disorders associated with neuroinflammation.
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