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The VGF-derived Peptide TLQP21 Impairs Purinergic
Control of Chemotaxis and Phagocytosis in Mouse Microglia
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Microglial cells are considered as sensors of brain pathology by detecting any sign of brain lesions, infections, or dysfunction and can
influence the onset and progression of neurological diseases. They are capable of sensing their neuronal environment via many different
signaling molecules, such as neurotransmitters, neurohormones and neuropeptides. The neuropeptide VGF has been associated with
many metabolic and neurological disorders. TLQP21 is a VGF-derived peptide and has been shown to signal via C3aR1 and C1qBP
receptors. The effect of TLQP21 on microglial functions in health or disease is not known. Studying microglial cells in acute brain slices,
we found that TLQP21 impaired metabotropic purinergic signaling. Specifically, it attenuated the ATP-induced activation of a K™
conductance, the UDP-stimulated phagocytic activity, and the ATP-dependent laser lesion-induced process outgrowth. These impair-
ments were reversed by blocking C1qBP, but not C3aR1 receptors. While microglia in brain slices from male mice lack C3aR1 receptors,
both receptors are expressed in primary cultured microglia. In addition to the negative impact on purinergic signaling, we found
stimulating effects of TLQP21 in cultured microglia, which were mediated by C3aR1 receptors: it directly evoked membrane currents,
stimulated basal phagocytic activity, evoked intracellular Ca> ™" transient elevations, and served as a chemotactic signal. We conclude that
TLQP21 has differential effects on microglia depending on C3aR1 activation or C1qBP-dependent attenuation of purinergic signaling.
Thus, TLQP21 can modulate the functional phenotype of microglia, which may have an impact on their function in health and disease.
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The neuropeptide VGF and its peptides have been associated with many metabolic and neurological disorders. TLQP21 is a
VGF-derived peptide that activates C1qBP receptors, which are expressed by microglia. We show here, for the first time, that
TLQP21 impairs P2Y-mediated purinergic signaling and related functions. These include modulation of phagocytic activity and
responses to injury. As purinergic signaling is central for microglial actions in the brain, this TLQP21-mediated mechanism might
regulate microglial activity in health and disease. We furthermore show that, in addition to C1qBP, functional C3aR1 responses
contribute to TLQP21 action on microglia. However, C3aR1 responses were only present in primary cultures but not in situ,
suggesting that the expression of these receptors might vary between different microglial activation states. j

ignificance Statement

Introduction
Microglial cells are involved in essentially all brain diseases, in-
cluding neurodegenerative disorders, traumatic brain injury, and
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psychiatric diseases (Wolf et al., 2017). They constantly scan the
environment and rapidly respond to brain injury (Davalos et al.,
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2005; Nimmerjahn et al., 2005). They are the professional phago-
cytes of the brain that remove dead cells and debris and therefore
play an important role in brain homeostasis. Here we analyzed
the role of a signaling peptide and its role in modulating micro-
glial functions. VGF (nonacronymic) is a neuropeptide precursor
that is widely expressed throughout the brain and is involved in
many developmental and homeostatic processes, including neu-
ronal differentiation, synaptic plasticity, and memory formation
(Alder et al., 2003; Sato et al., 2012; Lin et al., 2015; Sakamoto et
al., 2015). VGF is mainly expressed by neurons (Zhang et al.,
2014) where it is hydrolyzed by prohormone convertase I and II
enzymes into peptides before being secreted. VGF and its pep-
tides are reported to be involved in many brain diseases, such as
major depression disorder, amyotrophic lateral sclerosis, fronto-
temporal dementia, Parkinson’s disease, and cancer (Lewis et al.,
2015; Jiang et al., 2019; Llano et al., 2019; van Steenoven et al.,
2019; Cocco et al., 2020). Several studies suggest VGF peptides as
a potential biomarker, as CSF concentrations are often altered
upon the onset and progression of brain diseases. Thus, in Alz-
heimer’s disease (AD), VGF-derived peptides are significantly
decreased in the CSF of AD patients (Carrette et al., 2003; Hen-
drickson et al., 2015; Spellman et al., 2015).

The C-terminal peptide of VGF, TLQP21, gained remarkable
attention in the last years, being studied in contexts, such as neu-
ral cell survival (Severini et al., 2008), energy balance (Bartolo-
mucci et al., 2006), lipolysis (Possenti et al., 2012), reproduction
(Pinillaetal.,2011; Aguilar etal., 2013), blood pressure (Fargali et
al., 2014), digestion (Severini et al., 2009), and pain (Rizzi et al.,
2008; Chen et al., 2013; Fairbanks et al., 2014). Despite being
studied in different neuroendocrine cell types, the role of
TLQP21 in brain immunity exerted by microglia cells is still not
known. Microglia express receptors, which are potentially acti-
vated by TLQP21, namely, C1qBP and C3aR1. TLQP21 has in-
deed been previously described as a ligand for these receptors
indicating an involvement of this peptide in immunoregulation
(Chen et al.,, 2013; Hannedouche et al., 2013). C3aRl is a
G-protein-coupled receptor expressed on cells of myeloid origin,
including microglia, but also other cell types. VGF is involved in
many biological processes, including neurogenesis and hormone
release, insulin resistance, macrophage infiltration, and homing
of hematopoietic progenitor cells to bone marrow (Klos et al.,
2013). C1gBP is the first subcomponent of the classical pathway
for complement activation, and it has been shown to bind to
many different ligands involved in immune surveillance. The re-
ceptor is ubiquitously expressed and is present in various com-
partments of the cell. It also plays a role in different pathologies,
including infection and carcinogenesis (Peerschke and Ghebre-
hiwet, 2007), which can be altered upon disease.

Here we studied the effects of TLQP21 on microglia and found
that this VGF-derived peptide evoked intracellular Ca** eleva-
tions and outwardly rectifying membrane currents in microglia
in a C3aR1-dependent fashion. Notably, we found that TLQP21
downregulates subsequent ATP and UDP-mediated purinergic
membrane responses in a C1qBP-dependent manner. Many of
the microglial features, such as phagocytic activity and directed
process motility, are regulated by purinergic signaling (Haynes et
al., 2006; Koizumi et al., 2007; Dissing-Olesen et al., 2014; Madry
et al., 2018). Indeed, we found that, in acute brain slices, micro-
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glial process movement toward a laser lesion and the stimulation
of phagocytosis by UDP were decreased by preincubation of the
slices with TLQP21, suggesting that the VGF-derived peptide
TLQP21 impairs purinergic signaling and thereby microglial
functions.

Materials and Methods

We investigated the effects of TLQP21 on microglia using either brain
slices from C57BL/6] or MacGreen mice (in situ) or neonatal primary
cultures from P1-P3 C57BL/6] mice (in vitro).

Animals. Experiments were performed using neonatal C57BL/6] male
and female mice (Charles River Laboratories) for the primary cultures.
For the in situ parts, 8- to 16-week-old C57BL/6] WT or MacGreen male
mice (Sasmono and Williams, 2012) were used to allow for the detection
of microglial cells by their fluorescence. Animals were kept according to
the German law for animal protection under a 12 h/12 h dark-light cycle
with food and water supply ad libitum.

Primary neonatal cultured microglia. For preparation of neonatal cul-
tured microglia, P1-P3 male and female mice were used. After extraction
of the brains, meninges and cerebellum were removed and put on ice
with Hanks balanced salt solution (HBSS). The dissected brains were
washed 3 times before adding trypsin (10 mg/ml, Biomol) and DNase (0.5
mg/ml, Worthington) in PBS. After 2-3 min of incubation, the reaction
was blocked by adding DMEM containing 10% FCS. After removal of the
medium, 0.2 mg DNase was added and the cells were mechanically dis-
sociated. This step was repeated before centrifuging the cells 10 min at
800 rpm at 4°C. The supernatant was discarded. The pellet was resus-
pended in DMEM (cells from 2 brains/ml) and plated (cells from 2
brains/flask) in poly-L-lysine-coated flasks. After 2448 h of incubation,
the cultures were washed 3 times with PBS and allowed to grow until
confluent in DMEM (5 d). After this incubation period, medium was
replaced by DMEM with 33% 1929 conditioned medium. After 2 d, cells
were harvested by shaking them for 30 min at 100—110 rpm. The super-
natant was centrifuged for 10 min at 800 rpm at 4°C. The cells were
counted and plated onto coverslips (2.5 X 10* cells/ coverslip). This
procedure was repeated twice with 2 d intervals.

Whole-cell patch-clamp recordings. To test whether microglial cells dis-
play TLQP21 membrane current activity, we used the whole-cell patch-
clamp technique on neonatal microglia in vitro. The pipette solution
contained the following (in mm): 130 NaCl, 2 MgCl,, 0.5 CaCl,, 2 Na-
ATP, 5 EGTA, 10 HEPES, and 0.01 sulforhodamine-101 (Sigma Milli-
pore) with an osmolarity of 280290 mOsm/L, adjusted to a pH of 7.3
with KOH. Patch pipettes were pulled from borosilicate glasses and had
resistances of 4—6 Mohm. Cells were plated on coverslips with a density
of 4 to 5 X 10° cells. For the in situ experiments, acute 250 wm coronal
brain slices were prepared from male mice generated on a MacGreen
background (Sasmono and Williams, 2012) for the identification of mi-
croglia by fluorescence on an epifluorescent microscope. The extracellu-
lar solution contained (in mM): NaCl, 134; KCI, 2.5; MgCl,, 1.3; CaCl,, 2;
K,HPO,, 1.25; NaHCO;, 26; D-glucose, 10; pH 7.4; 310320 mOsm/L
and was gassed with carbogen (95% O,/ 5% CO,). Conventional patch-
clamp amplifiers were used (EPC9 or EPC10, HEKA). After establishing
whole-cell configuration, we clamped the cell at a holding potential of
—20 mV in voltage-clamp mode and applied a series of depolarizing and
hyperpolarizing voltage steps ranging from —170 or —140 to 60 mV for
50 ms, each with 20 mV increments. This protocol was repeated every 5 s
to continuously monitor membrane currents upon substance applica-
tion. The recording chamber was perfused (4—6 ml/min) with standard
recording buffer, which contained the following (in mm): 150 NaCl, 5.4
KCl, 2 CaCl,, 1 MgCl,, 10 HEPES, 10 glucose, adjusted with NaOH to pH
7.4. The peptide TLQP21 (1 nm, 10 or 100 nm) was applied via the bath
perfusion for 1 min. The C3aR1 antagonist SB290157 (1 um) (mAB-
C1qBP) was applied 30 s before, during, and 30 s after peptide adminis-
tration. For blocking C1qPB receptors, primary neonatal microglia and
the MacGreen slices were incubated for 40—60 min with monoclonal
anti-C1qPB antibodies (anti C1qpPB mAB) in a concentration of 3
ug/ml (Abcam). ATP was applied 3-5 min after TLQP21 application for
1 min.
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Calcium imaging. For calcium imaging experiments, microglial cells
were seeded on glass coverslips at a density of 2.5 X 10* cells per coverslip
and allowed to adhere to the glass for 3 h. Cells were loaded with the
calcium indicator Fluo4-AM (Thermo Fisher Scientific, F14201; 5 um in
DMSO) dissolved in DMEM for 20—60 min at 37°C. The coverslip was
then transferred to a recording chamber on an upright epifluorescence
microscope equipped with a 20X water-immersion objective (Olym-
pus). There was a constant, local perfusion of buffer with a speed of 120
wul/min through a Perfusion Pencil (AutoMate Scientific). The standard
recording buffer contained the following (in mm): 150 NaCl, 5.4 KCl, 2
CaCl,, 1 MgCl,, 10 HEPES, 10 glucose, adjusted with NaOH to pH 7.4.
Fluo4-AM was excited at 488 nm by a PolyChrome II or PolyChrome IV
monochromator (Till Photonics), and pictures were taken at a frequency
of 0.5 Hz by a Spot CCD camera (PCO). Exposure time was 100 ms.
Images were acquired by CamWare version 3.16 software (PCO). Videos
were analyzed using a home-made algorithm in Igor Pro 6.3 (WaveMet-
rics). For analysis, cell somata were selected as ROIs, and the mean rela-
tive fluorescent intensity for each ROI and frame was determined to
record the change in Ca*" levels time for each cell. Intracellular Ca**
elevations were counted as “responsive” when the response amplitudes
exceeded three times the SD of the baseline.

FACS of microglia. The 12- to 14-week-old male C57BL/6] mice were
transcardially perfused under deep anesthesia with 1X PBS. Brains were
isolated, and after removal of the cerebellum and brainstem, dissociated
into a single-cell suspension using Adult Brain Dissociation Kit (Milte-
nyi) and the gentleMACS dissociator (Miltenyi) according to the manu-
facturer’s instructions. Subsequently, the cells were washed with PBS,
passed through a 35 um nylon mesh, counted, and stained with anti-
mouse CD11b " PE-Cyanine7 (Invitrogen; Thermo Fisher Scientific)
and anti-mouse CD45 eFluor 450 (Invitrogen; Thermo Fisher Scientific)
for 20 min on ice. After staining, the cells were washed once in PBS and
sorted with a FACS Aria flow cytometer (BD Biosciences) according to
the specified gating strategy for microglia as CD11b *CD45™" cells,
washed in PBS, and the cell pellets snap frozen for storage at —80°C.

Protein extraction and mass spectrometry analysis. Freshly isolated mi-
croglia populations from 4 different male C57BL/6] mice or 1 X 10°
primary neonatal culture microglia per replicate were pooled and pel-
leted in PBS. The samples were solubilized in Laemmli buffer and sub-
jected to SDS-PAGE. The proteome was processed as described
previously (Shevchenko et al., 2006; Kanashova et al., 2015), using an
automated HTS PAL system (CTC Analytics). Peptides were extracted,
purified, and stored on reversed-phase (C18) StageTips (Rappsilber et
al., 2007). The eluted peptides were lyophilized and resuspended in 0.1%
formic acid/3% acetonitrile, then separated in a nano EasyLC 1200
(Thermo Fisher Scientific) with a 0.1 X 200 mm MonoCap C18 High
Resolution Ultra column (GL Sciences) at a gradient from 5% to 95% B
(80% acenotrile, 0.1% formic acid) and a flow rate of 300 nl/min in 360
min. The UHPLC was coupled online to an Orbitrap Q Exactive plus
mass spectrometer (Thermo Fisher Scientific) for mass spectrometry
analysis. The mass spectrometer was set to acquire full-scan MS spectra
(300-1700 m/z) at a resolution of 17.500 after accumulation to an auto-
mated gain control target value of 1 X 10° and maximum injection time
of 20 ms, and was operated in a data-dependent acquisition mode, se-
lecting the 10 most abundant ions for MS/MS analysis, with dynamic
exclusion enabled (20 s). Charge state screening was enabled, and unas-
signed charge states and single charged precursors excluded. Ions were
isolated using a quadrupole mass filter with a 1.2 m/z isolation window,
with a maximum injection time of 60 ms. HCD fragmentation was per-
formed at a normalized collision energy of 26. The recorded spectra were
searched against a mouse database from Uniprot (January 2017) using
the MaxQuant software package (version 1.5.2.8) (Cox and Mann, 2008)
(with fixed modifications set to carbamylation of cysteines and variable
modifications set to methionine oxidation). Peptide tolerance was 20
ppm, and the minimum ratio for LFQ was set to 2. The false discovery
rate was set to 1% on protein and peptide level. Statistical analysis of the
dataset was performed using R statistical software package (version
3.4.1), Prodigy (version 0.8.2), and Perseus software (version 1.6.0.7).

For data analysis, proteins that were only identified by site or were
potential contaminants were excluded. Only those proteins discovered in
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at least three biological replicates were used for column-wise analysis
using a two-sample ¢ test and a Benjamini-Hodgberg-based false discov-
ery rate <0.05.

Agarose spot assay. The agarose spot assay was performed as described
previously (Wiggins and Rappoport, 2010). Low-melting point agarose
(Promega) was diluted in sterile PBS to a 0.5% agarose solution, heated,
and mixed to create PBS-, TLQP21 (1, 10, or 100 nm)-, or ATP (1 mm)-
containing agarose spots (10 wl). Two PBS control spots and two
compound-containing spots were placed onto 35-mm-diameter glass-
bottomed cell culture dishes (MatTek), and 0.5 X 10° WT microglia cells
were added in either FCS-free DMEM medium as control or FCS-free
DMEM medium containing 100 nm TLQP21, 1 um SB290157, or 1.5
ug/ml C1qpPB mAB and incubated for 3 h at 37°C in 5% CO,. Subse-
quently, microglial cells that invaded the spots were counted and nor-
malized to the PBS control spots.

Scratch wound-healing assay. The scratch assay was performed as de-
scribed previously with adaptations (Arbibe et al., 2000; Sarkar et al.,
2004). Briefly, microglial cells were seeded at a density of 5 X 10* cells/
dish in the glass-bottomed cell culture dish, and incubated at 37°C and
5% CO, for 24 h. A scratch wound was created with a 10 ul pipette tip on
the cell monolayer, and the cells were washed with PBS. Thereafter, the
cells were stimulated with TLQP21-containing medium or PBS as a con-
trol for 3 h. Pictures were taken in premarked areas of the dish briefly
after the scratch and 3 h thereafter. The pictures were analyzed using
ImageJ, marking the initial cell-free zone and counting the cells that
migrated into that area 3 h after treatment. The number of migrated cells
was normalized to the average in control condition (100%). A minimum
of three technical replicates from three individual cultures were used to
calculate the mean migratory capacity of each cell culture condition.

Boyden chamber assay. TLQP21-induced chemotaxis was tested using
a 48-well microchemotaxis Boyden chamber (Neuroprobe). Upper and
lower wells were separated by a polycarbonate filter (8 um pore size;
Poretics). Microglial cells (2-5 X 10* cells) in 50 ul of serum-free DMEM
medium were added to the upper compartment, while the lower wells
contained TLQP21-containing medium or medium only. Medium with
the same concentration of the peptide in the lower well was added to the
upper well with cells to assess motility in the absence of peptide gradient.
Culture medium was used as a control. The chamber was incubated at
37°C and 5% CO, for 3 h. Cells remaining on the upper surface of the
membrane were removed by wiping, and cells in the lower compartment
were fixed in methanol for 5 min and subjected to Diff-Quik stain (Me-
dion Grifols Diagnostics). The rate of microglial migration was calcu-
lated by counting cells in two fields of each well using a 10X objective.
The pictures were analyzed using Image] via the color threshold contrast
tool (selecting colors in the hue range of 150 [upper] and 240 [lower],
which are specific for the migrated cells stained in red-violet). The back-
ground area from the pores was subtracted for each experiment, followed
by the calculation of the area for one cell (averaged from at least 10
representative migrated cells). For each condition, 40-120 fields in
10-30 wells were analyzed using cells from at least three independent
microglia preparations. The number of cells in each field were normal-
ized to the average in control condition (100%).

In vitro phagocytosis assay. We followed our standard protocol, which
was previously described by Pannell et al. (2016). Yellow-green fluores-
cent Fluoresbrite carboxylated microspheres (3 um diameter, Poly-
sciences) were coated with FCS by shaking at 1000 rpm for 30 min at
room temperature. After centrifugation for 2 min at 900 X g, the super-
natant was discarded and microspheres were washed and resuspended in
HBSS; 4.8 X 106 microspheres in a solution containing either PBS only
(control) or UDP (100 um) were applied on each coverslip with 5 X 10*
seeded primary microglia for 30 min and incubated at 37°C. In another
set of experiments, microglia were preincubated with 100 nm TLQP21
alone or in combination with SB290157 for 30 min before the phagocy-
tosis assay; in these experiments, TLQP21 was washed out completely
before the assay started. After washing with PBS, pH 7.4, the coverslips
were fixed with 4% PFA, washed and blocked in TBS containing 5%
donkey serum (EMD Millipore) and 0.1% Triton X (Carl Roth) for 1 h.
Subsequently, the cells on the coverslips were stained with anti-Ibal
antibody (goat anti-Ibal, clone 5076, Abcam) in TBS containing 5%
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Figure 1. TLQP21impairs microglial signaling through purinergic P2RY receptors in situ. A, Transmission light and epifluores-
centimage of an acute brain slice from a male MacGreen mouse. Overview image represents the cortical region in which microglia
were patch-clamped. A representative microglial cell is shown in higher resolution in the transmission light (Dodt gradient
contrast) and in the epifluorescence (470 nm excitation) channel to show the EGFP labeling of the MacGreen mouse. B, Time course
of arepresentative patch-clamp experiment on a microglial cell. Cells were voltage-clamped at —20 mV. A series of pulses ranging
from —160to 60 mV were applied every 55. TLQP21 (100 nm) was applied as indicated and led to no apparent changes in microglial
membrane currents. €, Current—voltage relationships of the microglial recording shown in B. Time points are before (1) and during
(2) the application of TLQP21, as indicated in B. There was no TLQP21-evoked change in membrane currents at any investigated
membrane potential, as becoming visible by subtraction of the current—voltage relationships (2—1; green). D, E, Time courses of
representative patch-clamp experiments on microglial cell. Either 10w ATP (D) or 1000 wm ATP (E) was applied without prior
TLQP21 application (Control) or aftera 1 min TLQP21 application (after TLQP21). All traces are from different recordings. Note the
different appearance of the membrane responses upon 10 and 1000 M ATP, which occur due to the activation of microglial P2Y
and P2X receptors, respectively. F, G, Average current density to voltage relationships (CD-V) of currents induced by 10 rum (F) or
1000 wm (G) ATP without (black) or with (green) prior TLQP21 application. E, (D-V relations are typical for metabotropic P2RY
responses. F, (D-V relations resemble the characteristics of microglial P2X currents. After TLQP21 application, there was a signifi-
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(100 nm), TLQP21 (100 nm) + SB290157 (1
uM), or TLQP21 (100 nm) + mAB-C1gBP (3
pg/ml) was done in the second hour within the
first 2 h after slicing. After washout of the com-
pounds, acute brain slices were incubated with
a suspension of FCS-coated Bright Blue fluo-
rescent carboxylated microspheres (4.5 wm di-
ameter, Polysciences). The fluorescent beads
were opsonized with FCS by shaking at 1000
rpm for 30 min at room temperature followed
by washing in PBS before adding them to the
brain slices. Each brain section was incubated
with 2.45 X 10° microspheres (in a volume of
500 pl of HBSS) at 37°C for 1 h with or without
100 um UDP as indicated in Figure 7B. Last,
sections were intensively washed with 0.1 M
PBS (3 X 20 min) and subsequently fixed with
4% PFA for 1 h and washed with 0.1 m PBS.
Sections were incubated in a permeabilization
buffer containing 2% Triton X-100 (Carl
Roth), 2% BSA (Carl Roth), and 10% normal
donkey serum (EMD Millipore) in 0.1 M phos-
phate buffer, pH 7.4, for 4 h, followed by the
incubation with goat anti-Ibal antibody (1:
600; clone 5076 Abcam) in a dilution buffer
(1:10 of permeabilization buffer in 0.1 m PBS,
pH 7.4) at 4°C overnight. Thereafter, sections
were incubated with the secondary antibody
donkey anti-goat AlexaFluor-647 (1:250; Di-
anova) for 2 h at room temperature. After
washing, slices were mounted in Aqua-Poly/
Mount (Polysciences). Confocal laser scanning
microscopy was performed on a TCS SPE using
a 20X oil-immersion objective (Leica Micro-
systems). We acquired 21-um-thick z stacks at
1.05 wm intervals beginning from the surface
of the slice. Data analysis to assess microglial
phagocytic activity was performed using Imaris
6.3.1 (Bitplane). The Ibal-positive volumes of
high-resolution SPE confocal microscopy
stacks were 3D surface rendered by application

cant decline in the amplitudes of P2RY responses, but not of P2RX responses. ***p << 0.001. n.s.,

donkey serum overnight. After washing, the cells were incubated with the
secondary antibody (anti-goat donkey AlexaFluor-647, Dianova) and
DAPI (Sigma Millipore) before mounting with Aqua-Poly/Mount (Poly-
sciences). Four or five images per coverslip were acquired from three
coverslips per condition. Phagocytosed beads per cell were quantified
with an in-house-written software and Igor Pro 6.3 (WaveMetrics). Cells
were grouped to 1-4, 5-7, 8—10 beads per cell, and the percentage of cells
in each group was multiplied by the corresponding grade of phagocytosis
(1—4 beads: factor 1; 5-7 beads: factor 2; 8—10 beads: factor 3). The sum
of the products in each group was then defined as the phagocytosis index.

In situ phagocytosis assay. Mice were killed by cervical dislocation.
Brains were removed and cooled down in ice-cold ACSF containing the
following (in mm): 134 NaCl, 2.5 KCl, 1.3 MgCl,, 2 CaCl,, 1.25 K,HPO,,
26 NaHCO;, 10 p-glucose, pH 7.4, gassed with 95% O,/5% CO,. Brains
were mounted on a vibratome (HM650V, Thermo Fisher Scientific), and
130-pm-thick coronal slices were generated and incubated in ACSF for
2 h at room temperature, which was constantly gassed with carbogen
(95% 0,/5% CO,). Quantification of microglial phagocytic index in
acute cortical brain slices of 130 wm thickness was conducted in male
C57BL/6] WT mice, based on a previously published protocol (Wendt et
al., 2017). A total number of 6 mice as a control, 6 mice for TLQP21-
treated slices, 3 mice for TLQP21 + SB290157-treated slices, and 3 mice
for TLQP21 + mAB-C1qBP-treated slices were used; four slices per con-
dition were obtained from each animal. We analyzed four randomly
chosen FOVs per slice from cortical layers I-VI. Incubation with TLQP21

of threshold values of 40 and a “background
subtraction” (90 um). Microspheres were de-
tected as spots and counted automatically by
the “Split into surface object” plugin. All beads
having their center located within a given rendered Ibal volume were con-
sidered to be phagocytosed by microglia. The phagocytic index was calcu-
lated as followed: npy, X 10% V., where np,, is the total number of
phagocytosed microspheres and V ,; is the Imaris-rendered volume of Ibal
fluorescence in m?>.

Two-photon imaging and laser lesion. For two-photon imaging, 250
pm coronal brain slices were obtained from MacGreen male mice. The
total number of slices used was 18, 12, 10, and 13 slices from 8, 4, 5, and
5 mice for control, TLQP21-treated, TLQP21 + SB290157, and TLQP21
+ mAB-C1qBP, respectively. EGFP was excited by a Chameleon Ultra IT
laser (Coherent) set to 940 nm. Images were acquired with a two-photon
laser scanning microscope (Till Photonics) equipped with a water-
immersion objective (40X, NA 0.8, Olympus). We imaged a 60-um-
thick z stack with a step size of 1 wm covering a field of 320 X 320 um.
Laser lesion was set in the cortex by focusing the laser beam, set to a
wavelength of 810 nm and maximum power, at 20 wm depth in the
selected imaging volume, and scanned the tissue until autofluorescence
of the injured tissue was visible. This procedure resulted in lesions with
sizes ~20 um in the center of the observed region. To investigate the
influence of TLQP21 on the microglial response to the laser lesion, we
incubated the slices before the experiment for 60 min in ACSF containing
TLQP21 (100 nw), TLQP21 (100 nm) + SB290157 (1 pm), or TLQP21
(100 nm) + mAB-C1gBP (3 ug/ml). Igor Pro 6.37 (WaveMetrics) was
used for data analysis as in Davalos et al. (2005). Briefly, the sequences of

Not significant (p > 0.05).



3324 - J. Neurosci., April 22, 2020 - 40(17):3320-3331

3D image stacks were converted into sequences
of 2D images by a maximum intensity projec-
tion algorithm. For quantification, microglial
response to the focal lesion was defined as a
shift of EGFP fluorescence (white pixels), asso-
ciated with microglial processes, from distal
into the proximal circular region, immediately
surrounding the focal lesion. To eliminate sig-
nal intensity differences between different re-
cords, grayscale images were first converted
into a binary form using a threshold. Proximal,
lesion region was defined as the midpoint of
two circles with a diameter of 45 um (x) and
240 wm (y). We calculated the pixels entering
the inner circle (R,()) in each frame over time
subtracting the pixels of the first picture R (0),
thus highlighting movement of processes at the
site of injury. This was then related to the pixels
of the outer ring taken from the first picture
directly after laser lesion (R,/(0)) to correct for
the cell density around the lesion site. The mi-
croglial response is therefore given as R(t) =
[R(1) = R(0)]/R,(0).

Quantification and statistical analysis. Statisti-
cal analysis was performed using Igor Pro 6.37
(WaveMetrics). For all comparisons of three or
more groups, one-way ANOVA followed by a
Tukey post hoc test was used. Comparisons be-
tween two samples were performed using the
Student’s ¢ test. Column graphics display means,
and error bars indicate the SEM.

Results

TLQP21 impairs microglial signaling
through metabotropic

purinergic receptors

To explore the effect of TLQP21 on mi-
croglia, we generated acute brain slices to
record membrane currents in response to
TLQP21 using the patch-clamp technique
in the voltage-clamp configuration. We
could identify microglia for patch-clamp
experiments by using MacGreen male
mice (Sasmono et al., 2003), which ex-
press EGFP in microglia (Fig. 1A). Consis-
tent with previous data from us and other
laboratories (for review, see Kettenmann
et al., 2011), microglia displayed charac-
teristic membrane currents when repeti-
tively clamped at potentials between
—170 and 60 mV (data not shown). The
application of 100 nm TLQP21 did not
evoke microglial membrane currents
(Fig. 1 B,C) in 24 recordings.

As in previous studies from our laboratory (Boucsein et al.,
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Figure 2.  TLQP21 impairs microglial signaling through purinergic P2RY receptors in neonatal cultured microglia and evokes

outwardly rectifying membrane currents. A, Representative patch-clamp experiments on neonatal cultured microglia. Top, Cells
were voltage-clamped at —20 mV. A series of pulses ranging from — 140 to 60 mV were applied every 5. TLQP21 at concentra-
tions of 1 nm (left), 10 nm (middle), and 100 nm (right) was applied as indicated. Traces are all from the same recording. B, Average
current density-voltage relationships of TLQP21-evoked currents, at 1 nm (light gray), 10 nm (gray), and 100 nm (green). n = 7 for
each concentration. €, Summary of outward conductances (G,,,,rq) determined between 20 and 60 mV evoked by TLQP21 at
different concentrations. D, E, Time courses of representative patch-clamp experiments on microglia. Cells were voltage-clamped
at —20 mV. Series of pulses ranging from — 160 to 60 mV were applied every 5 s. Either 10 pum ATP (D) or 1000 m ATP (E) was
applied as indicated without prior TLQP21 application (Control) and 5 min after a 1 min TLQP21 application (After TLQP21). All
traces are from different recordings. Note the different appearance of the membrane responses upon 10 and 1000 v ATP, which
occur due to the activation of microglial P2Y and P2X receptors, respectively. F, G, Average current density to voltage (CD-V)
relationships of currents induced by 10 m (F) or 1000 wm (G) ATP without (black) or with (green) prior TLQP21 application. E,
(D-V relations are typical for metabotropic P2RY responses. F, (D-V relations resemble the characteristics of microglial P2X
currents. After TLQP21 application, there was a significant decline in the amplitudes of P2RY responses, but not of P2RX responses.
**%p <0.001. ns,, Not significant (p > 0.05). See Figure 2-1).

recordings when TLQP21 was not applied, indicating that
TLQP21 leads to an impairment of P2Y signaling. While at

2000, 2003; Korvers et al., 2016; Wendt et al., 2017), we applied
ATP at the end of our experiment as a control for cell viability
(Fig. 1D, E). Under control conditions, the application of 10 um
ATP reliably evoked outwardly rectifying currents of 41.1 = 10.8
pA at 60 mV that reversed close to the Nernst potential for K™
(—83.9 = 10.2 mV, n = 10; Fig. 1 D, E), which were mediated by
the activation of P2Y receptors triggering the activation of K*
currents through THIK-1 (Butovsky et al., 2014; Ousingsawat et
al., 2015; Madry et al., 2018). However, when TLQP21 was ap-
plied beforehand, the subsequent 10 um ATP application did
either induce no or only small currents compared with control

concentrations of 10 um ATP only P2Y receptors are activated,
at 1000 uM ATP also ionotropic P2X receptors are activated, in
particular P2RX;, the most common P2XR isoform in micro-
glia, which conducts inwardly rectifying cationic currents.
Thus, application of 1000 um ATP activated a large membrane
conductance, which reversed at 0 mV (Fig. 1G). We quantified
currents in response to 1000 um ATP 55 s after wash-in of ATP
and found no differences between experiments with and with-
out a previous application of TLQP21.

The impairment of microglial P2RY responses by TLQP21 in
brain slices might be the result of TLQP21 action either directly
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on microglial C1gBP. ***p < 0.001. n.s., Not significant (p > 0.05).

on microglial cells or indirectly on nonmicroglial cells, such as
neurons or astrocytes. To test for microglial TLQP21 receptors
and thus provide evidence for a direct action of TLQP21 on mi-
croglial cells, we next investigated primary cultured microglial
cells. We performed patch-clamp experiments and studied the
TLQP21-evoked decreases in purinergic signaling (Fig. 2). In
contrast to slices, application of 100 nm TLQP21 directly trig-
gered outwardly rectifying currents (Fig. 2 A, B), which reversed
close to the Nernst potential for K. The specific outward con-
ductance of these currents between 20 and 60 mV was 57.8 = 11.0
pS/pF (24 of 25 cells responding; Fig. 2C). Activation of these
currents by TLQP21 was concentration-dependent, as it was
lower at 10 nm TLQP21 (8.1 = 3.6 pS/pF; 5 of 13 cells responding)
and absent at 1 nMm TLQP21 (n = 11). We tested the effect of low
(10 M) ATP concentrations to activate P2RY and high (1000
uM) ATP concentrations to activate P2RX responses in cultured
microglia. Similar to the responses in situ, low ATP concentra-
tions triggered a K conductance, whereas high concentrations
triggered a cationic conductance as shown in Figure 2D-F.
TLQP21 treatment significantly reduced currents evoked by 10 um
ATP, indicating that the metabotropic (P2RY) component of
microglial purinergic responses is considerably affected by

n.s.

(3aR1 and C1qBP expression on microglia and their differential contribution to TLQP21 responses. A, Proteomic
analysis of cultured and freshly isolated microglia demonstrates robust expression of C1qBP and reveals differential expression of
(3aR1. Left, Scheme depicting the sample generation. To test microglial protein expression under in situ conditions, we freshly
isolated microglia from adult male C57BL/6 mice by FACS. Microglia were first gated as (D11b * cells against forward scatter and
subsequently selected as (D45 expressing cells (CD11b ™ (D45'"). Protein from primary cultured microglia was directly
isolated. Right, Protein expression of C1qBP and (3aR1 as iBAQ intensity of each protein. C1qBP was found in both microglia
preparations, whereas there was no (3aR1 detected in freshly isolated microglia. B, C, TLQP21 current responses were recorded as
shown in Figure 24 in primary cultured microglial cells. The (3aR1-specific inhibitor S8290157, but not C1gBP blockade by a
monoclonal antibody (mAB-C1qBP), prevented microglial responses upon TLQP21, as demonstrated in the summarized current
density to voltage (CD-V) relationships of TLQP21 responses (B) and the respective outward conductances (Gy,,arq) determined
between 20 and 60 mV (C). D, E, Current density to voltage (CD-V) relationships (D) and outward conductances (E) of microglial
metabotropic ATP responses (10 tum) under control conditions (no TLQP21 application, control), after TLQP21 application and after
TLQP21 application while blocking either (3aR1 or C1gBP. The decrease in metabotropic ATP responses depends on TLQP21 action
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TLQP21. In some experiments, we ob-
served that the inhibition of the K* con-

in situ [l
invito Il ductance unmasks an underlying cationic
conductance as shown in the example
trace in Figure 2D. We also tested the im-
pact of TLQP21 on P2X receptor currents
(Fig. 2E,G). However, as in situ, there
C3aR1 were no significant differences between

P2XR currents under control conditions
and after application of TLQP21 (Fig.
2G). In an attempt to further specify the
identity of purinergic receptors activated
at 10 um ATP, we tested the specific
P2RY,, inhibitor AR-C69931 (Fig. 2-1).
In the presence of 1 um AR-C69931, out-
ward currents upon 10 um ATP between
—170 and 60 mV were significantly re-
duced (p = 0.0064 to 0.0081; n = 16),
indicating a major involvement of P2RY,
in mediating responses upon 10 um ATP.
We conclude that TLQP21 evokes mem-
brane currents in cultured microglia, but
not in situ and that TLQP21 impairs P2Y,
but not P2X purinergic responses both in
situ and in vitro.

C1gBP and C3aR1 differentially
contribute to TLQP21 actions on
microglial cells

In previous studies, two different recep-
tors for TLQP21 were identified, C3aR1
and C1qBP, both belonging to the com-
plement receptor system (Chen et al,
2013; Hannedouche et al., 2013). We hy-
pothesized that these two receptors could
be responsible for the effects of TLQP21
on microglia purinergic signaling in vitro
and in situ. We compared the protein ex-
pression levels of C3aR1 and C1qBP in
situ and in vitro by proteomics. Data for in
situ microglia (CD11b"CD45"") were
obtained from microglial cells isolated by FACS from 12-week-
old naive C57BL/6] male mice; in vitro data were obtained from
neonatal cultured microglia. Protein expression levels of C3aR1
and C1gBP were calculated from the measured iBAQ intensi-
ties. As shown in Figure 3A, protein expression of C1qBP was
equally high in cultured and freshly isolated microglia,
whereas C3aR1 was detected in primary cultured microglia
only. These data confirm a previously published proteomic
screen (Sharma et al., 2015) and provide evidence for two
different receptor systems that potentially mediate TLQP21
actions on microglia.

We next used the patch-clamp technique and used inhibitors
for C3aR1 (SB290157) and C1gBP (an anti-C1qPB monoclonal
antibody; mAB-C1gBP) to test whether or not these receptors are
involved in the differential effects of TLQP21 on microglia.
TLQP21-evoked currents were blocked by SB290157 inhibition
(10 of 11 cells; Fig. 3 B, C), indicating that these currents are acti-
vated downstream of C3aR1. Only in one cell, a small TLQP21
response was detected in the presence of the antagonist with an
outward conductance of only 25% of the average TLQP21
response. To block C1gBP receptors, cultured microglia were
incubated in mAB-C1qBP-containing medium (3 pg/ml) for
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40-60 min before the patch-clamp re-
cordings. However, mAB-C1qBP treat-
ment did not affect TLQP21-induced
currents (Fig. 3B,C). We therefore con-
clude that TLQP21 evokes outwardly rec-
tifying potassium currents in microglial
cells via C3aR1, but not via C1qBP.

We then investigated whether the
TLQP21-evoked decrease of microglial
P2Y responses is mediated by either
C3aR1 or C1gBP. The blockade of C3aR1
did not prevent the TLQP21-induced in-
hibition of ATP-evoked outward potas-
sium currents. When TLQP21 (100 nm)
was applied together with SB290157 (1
uM), subsequent ATP-evoked outward
currents were still significantly reduced
(Gyue = 104 = 7.3 pS/pFs n = 95 p =
0.0003 to control ATP responses; Fig.
3D, E), indicating that SB290157 does not
prevent the impact of TLQP21 on ATP-
induced currents. To test for the invol-
vement of C1qBP, we preincubated mi-
croglia with mAB-C1gBP (3 ug/ml) for
40-60 min before recording. Interest-
ingly, after that treatment, we observed a
complete recovery of P2Y responses (G,
= 1133 = 14.4 pS/pF; n = 9; p = 0.1289
to control ATP responses; Fig. 3D, E), in-
dicating that the impairment of microglial
purinergic responses by TLQP21 is mediated
by signaling through ClqBP, but not
C3aR1.

TLQP21 induces intracellular calcium
elevations in microglia via C3AR1

We tested the effects of TLQP21 (1, 10,
and 100 nM) on intracellular Ca>" levels
in neonatal cultured microglia. TLQP21
was applied for 30 s on microglia loaded
with Fluo-4 (Fig. 4A). In accordance to
Korvers et al. (2016), microglia exhibited
a moderate level of spontaneous Ca*" el-
evations under basal conditions, resulting
in an overall basal responsiveness of
10.8 = 1.7% during a recording period of
30 s (n = 4909 cells/44 exp). When 1, 10,
or 100 nm TLQP21 was applied, on aver-
age 56.9 = 10.0% (p = 0.0011; n = 1401
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Figure 4.  TLQP21 induces intracellular calcium elevations in microglia via (3aR1. A, Left, Cultured neonatal microglia were
loaded with Fluo4 to measure cytosolic Ca>™ level changes fluorometrically. The image shows the Fluo4 fluorescence. Right,
Representative Ca* imaging experiment, corresponding to the image shown on the left. Traces are superimposed from 24 ROls,
respective microglial cells; 100 nm TLQP21 and 500 wum ATP were applied as indicated by the bars. B, Overlay of all microglial Ca>™*
traces obtained upon 1 nwu (left) and 100 nm (middle left) TLQP21, as well as upon 100 nm TLQP21 in the presence of either 1 um
SB290157 (middle right) or mAB-C1qBP (right). €, Summary of percentage of microglia responding upon TLQP21 at different
concentrations and in the absence and presence of SB290157 or mAB-C1qBP. As microglia display spontaneous Ca® ™ elevations
(Korvers et al., 2016), responding microglia in the absence of TLQP21 are also summarized (“0 nm TLQP21"). D, Summary of the
amplitudes evoked by TLQP21 at different concentrations in the absence and presence of S8290157 or mAB-C1gBP. Amplitude of
each cell was normalized to the amplitude in the presence of ATP. As microglia display spontaneous Ca 2" elevations (Korvers etal.,
2016), basal amplitudes were also summarized (“0 nm TLQP21"). E, Overlay of microglial Ca* responses upon 500 um ATP with
or without prior application of 100 nm TLQP21. F, G, TLQP21 application did neither alter the percentage of primary microglia
responding to subsequent ATP applications (F) nor the amplitude of the ATP responses (G). *p << 0.05. **p << 0.01. ***p << 0.001.
n.s., Not significant (p > 0.05).

respectively, and therefore significantly larger than baseline Ca**

cells/10 exp), 39.1 = 10.2% (p = 0.0482; n = 100 cells/5 exp), and
44.8 = 10.8% (p = 0.0056; n = 1267 cells/14 exp) of the cells
responded, indicating that TLQP21 increases intracellular cal-
cium levels in microglia (Fig. 4B—D). Intracellular Ca 2* increases
upon TLQP21 had diverse time courses ranging from a constant
increase over the whole application period to periodically occur-
ring transients, which sometimes even persisted after TLQP21
washout. We quantified the maximum amplitudes of microglial
TLQP21 responses and normalized them to the amplitudes
evoked by ATP (500 uM), which were measured at the end of each
experiment. As shown in Figure 4D, amplitudes in the presence of
1, 10, and 100 nm TLQP21 were 25.5 = 8.7% (p = 0.0251; n =
1401 cells/10 exp), 36.6 = 10.3% (p = 0.0274; n = 100 cells/5
exp), and 37.1 * 8.9% (p = 0.0018; n = 1267 cells/14 exp),

fluctuations (2.1 = 1.7%, n = 4909 cells/44 exp). We also tested
the effects of the C3AR1 antagonist SB290157 (1 uMm) on
TLQP21-evoked Ca*" responses in microglia. We found that
only 13.2 = 5.7% of cells responded to 100 nm TLQP21 in the
presence of SB290157 (n = 2141 cells/15 exp), which was signif-
icantly different from 100 nM TLQP21 alone (p = 0.0142), but
not from baseline (p = 0.6600). The maximal Ca*>* amplitudes
upon 100 nM TLQP21 in the presence of SB290157 (12.2 * 3.8%;
p = 0.0254; n = 2141 cells/15 exp) were significantly smaller than
in the absence of SB290157 (37.1 % 9.0%; n = 1267 cells/14 exp;
p = 0.0237), and not different from control conditions (2.1 =
1.7%; n = 4909 cells/44 exp; p = 0.5960). We also tested the effect
of C1qPB blockade on microglial Ca**responses upon 100 nm
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used to quantify the number of beads that
were incorporated into a 3D-rendered
Ibal-labeled volume, which allowed us to
calculate the phagocytic index of micro-
glia (see Materials and Methods). As

Figure 5.

0.001. n.s., Not significant (p > 0.05). See Figure 5-1.

TLQP21. The incubation of microglia for 30 min with mAB-
C1gBP (3 g/ ml) did not lead to a decrease but even to an
increase of TLQP21 responses (89.0 = 8.4%, n = 171 cells/7 exp;
p = 0.0008 compared with 100 nm TLQP21) and relative ampli-
tudes (72.7 = 13.0%; p = 0.0056 compared with 100 nm
TLQP21). Together, these data show that TLQP21 evokes intra-
cellular Ca*™ elevations via C3aR1 activation.

We additionally looked at the impact of TLQP21 application
on subsequent ATP-evoked Ca’" responses (Fig. 4E,F). How-
ever, no differences were found in either the percentage of
microglia responding to 500 um ATP or in the amplitude of
ATP-induced cytosolic Ca*™ increases. Thus, TLQP21 atten-
uates microglial ATP-evoked membrane currents but not
ATP-evoked intracellular Ca®" elevations.

TLQP21 differentially affects the phagocytic activity in vitro
and in situ

To study the effect of TLQP21 on P2Y-mediated functions in
microglia, we analyzed UDP-stimulated phagocytosis in situ. It
was previously shown that microglial phagocytosis is stimulated
though P2Y (R activation by UDP (Koizumi et al., 2007; Xu et al.,
2016; Wendt et al., 2017). We incubated acute brain slices from
male C57BL/6] mice (14 weeks) for 60 min with fluorescent latex
beads and subsequently stained for labeled microglia with anti-
Ibal. Confocal imaging and 3D reconstruction (Fig. 5A) were

TLQP21 affects microglial phagocytic activity. A, Phagocytosis assay in situ. Representative confocal image (left) of
Iba1-stained microglia (red) after 60 min incubation with latex beads (blue) performed on a cortical brain slice from a 14 week BI6
mouse. Right, 3D reconstruction of IbaT-positive microglia is shown with automatically counted phagocytosed beads (shown in
white and indicated by arrows). Scale bar, 50 wm. Inset, Magpnification of a 3D-rendered microglial cell that incorporates a latex
bead. Color code as in the large images. Scale bar, 10 m. B, Summary of microglial phagocytosis in cortical brain slices (in situ).
Control phagocytosis in the absence of UDP (—) was decreased by preincubation with TLQP21. This decrease was rescued by C1gBP
blockade (mAB-C1gBP) but not affected by (3aR1 blockade (SB290157). In the presence of 100 v UDP (+), phagocytosis was
stimulated under control conditions, an effect that was prevented by pretreatment with TLQP21 (100 nm). C1gBP blockade
(mAB-C1gBP), but not (3aR1 blockade (SB290157) during TLQP21 incubation restored UDP stimulation of microglial phagocytosis.
The significance level above the bars refers to the control value with or without UDP. €, To determine phagocytic activity in culture,
primary microglia were incubated with fluorescent microbeads (YFP) subsequent to preincubation with TLQP21 (100 nu) or PBS
(Control) for 30 min, fixed, and stained for Iba1. Representative images for these conditions are shown. D, Microglial phagocytic
indices (mean == SEM) under control- and UDP-stimulating conditions. TLQP21 enhanced microglial phagocytosis under control
conditions (—), and this stimulation was blocked by coincubation with (3aR1 antagonist SB290157. Preincubation with TLQ21
decreased the UDP-induced stimulation of microglial phagocytosis (+), which was not prevented by (3aR1 blockade
(SB290157). The significance level above the bars refers to the control value with or without UDP. *p << 0.05, ***p <

05 shown in Figure 5B, baseline microglial
0.0 phagocytosis (1.00 = 0.06; n = 21) was
ubP -+ + + -+ indeed significantly increased when UDP
roper TLOP21 TLGP2I (100 M) was coapplieii together with the

SB290157 mAB-C1qPB beads (1.67 = 0.1; n = 21; p < 0.0001).

D Interestingly, preincubation (i.e., before
- the incubation with the beads) of the

5 slices for 60 min with 100 nm TLQP21
% 0 ] decreased the phagocytic activity of mi-
5 2 - croglia (0.66 * 0.05; n = 21; p =
2 10 0.0001), suggesting that a downregula-
& 0 tion of microglial purinergic signaling is
UDP > - affecting the basal phagocytic activity.
Furthermore, UDP stimulation of mi-

P21 (LOPRL croglia completely failed after TLQP21

treatment (0.74 = 0.05; n = 21; p =
0.0001). Preincubation of the slices with
TLQP21 (100 wMm) + SB290157 (1 pm)
did not alter microglial phagocytosis
compared with TLQP21 preincubation
alone (0.81 * 0.08; n = 12; p = 0.06),
indicating that the impairment of mi-
croglial purinergic signaling by TLQP21
occurs independently of C3aR1 and con-
firming again the lack of functional
C3aR1 receptors on microglia in situ. To
check for the involvement of ClqBP,
slices were preincubated with TLQP21 +
mAB-C1gBP. This treatment did rescue
both the TLQP21-dependent decline in
basal phagocytosis (Fig. 5B) as well as
the TLQP21-derived impairment of
UDP-stimulated phagocytosis (1.72 *
0.15;n = 12; p < 0.0001 compared with Control/TLQP21; Fig.
5B). Thus, TLQP21 impairs microglial phagocytic activity in
situ in a C1qBP-dependent fashion.

We also tested whether TLQP21 affects microglial phago-
cytic activity and UDP stimulation of phagocytosis in vitro.
Consistent with previous reports (Koizumi et al., 2007), 30
min incubation of microglia with 100 um UDP significantly
increased their phagocytic activity (from 19.3 * 0.7 to 23.9 =
0.8; n = 36; p = 0.0016; Fig. 5C,D). We preincubated micro-
glia for 30 min with TLQP21 (100 nm) and quantified their
phagocytic activity. TLQP21 treatment caused a significant
increase in microglial phagocytic activity to 24.6 = 0.9 (n =
34; p = 0.0032 compared with control), indicating that
TLQP21 directly stimulated phagocytosis. The UDP-evoked
stimulation of microglial phagocytosis was, however, pre-
vented by a 30 min pretreatment with 100 um TLQP21 (16.6 =
0.6; n = 36; p < 0.0001 compared with UDP without pretreat-
ment), and this could not be restored by C3aR1 blockade
(17.4 = 0.9; n = 33; p < 0.0001 compared with UDP without
pretreatment). Thus, in culture, TLQP21 has two effects: a
direct stimulation of phagocytic activity and an impairment of
the purinergic control of microglial phagocytosis.

To confirm that TLQP21 not only affects ATP mediated sig-
naling, but also UDP-dependent signaling, we used the patch-
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clamp technique and tested the effect of
100 nm TLQP21 on subsequent UDP-
mediated membrane currents and Ca*™
responses (Fig. 5-1A). As for 10 um ATP
(see above), also UDP (100 uMm) reliably
evoked outwardly rectifying membrane
currents (G, = 8.2 £ 2.0 pS/pF; n = 10;
Fig. 5-1B), which reversed close to the
Nernst potential for K* (—82.2 = 8.3
mV; n = 10). However, when 100 nm
TLQP21 was applied 5 min before UDP
application, UDP-evoked outward cur-
rents were significantly smaller (G,,, =
1.4 = 2.9 pS/pF; n = 8; p = 0.0357; Fig.
5-1B).

TLQP21 triggers chemotaxis and
inhibits ATP-induced migration
We studied the impact of TLQP21 on mi-
croglial migration and first tested whether
there is chemotaxis toward TLQP21. We
used an agarose spot assay, in which the
agarose was mixed with three different
concentrations of TLQP21 to create a gra-
dient from the agarose spot to the sur-
rounding medium (Fig. 6A). After a 3 h
incubation, 10 and 100 nm TLQP21 sig-
nificantly increased the percentage of mi-
croglia migrating into the agarose area
compared with control spots without
TLQP21 in the same well to 3.1 = 0.5 and
to 2.5 * 0.4, respectively (p = 0.0008, 15-23 spots from four
independent biological replicates). Migration into spots contain-
ing 1 nm TLQP21 was only 2.1 = 0.3-fold higher than into PBS-
containing spots (not significant). We verified these results using
the Boyden chamber assay (Fig. 6-1A). TLQP21 at concentra-
tions of 1, 10, or 100 nM were added in the bottom of the Boyden
chamber to generate a TLQP21 gradient. The percentage of cells
that migrated to the bottom of the chamber through the mem-
brane within 3 h was quantified in relation to a control (no
TLQP21). There was a significant increase of cells in the lower
well with 100 nM TLQP21 (3.0 £ 0.5-fold increase compared with
control; p = 0.0006; n = 4), whereas 1 and 10 nm did not signif-
icantly differ from control. There was no chemotaxis toward a
gradient of scrambled peptide (100 nm) (p = 0.6000; Fig. 6-1A),
excluding unspecific peptide effects on microglial migration.
We also tested whether TLQP21 influences microglial undi-
rected motility by ablating the concentration gradient in
the agarose spot experiments (Fig. 6A). TLQP21 at concentra-
tions of 10 and 100 nM was added to both the spot and the me-
dium, thus disseminating the gradient. This did not increase
microglial migration (1.0 = 0.1; p = 0.3863; n = 6 for 10 nm
TLQP21 spots and 1.0 £ 0.3; p = 0.1139; n = 8 for 100 nm
TLQP21 spots vs PBS-containing spots), indicating that TLQP21
does not increase microglial motility. This finding was confirmed
in Boyden chamber assays when applying TLQP21 in both upper
and lower chamber, thus with no gradient. Neither 10 nM nor 100
nM TLQP21 led to a significant increase in microglial motility
(p = 0.8100; Fig. 6-1A). The scratch wound assay was used as
another general cellular motility assay: TLQP21 was added to the
culture medium and the number of microglial cells, which moved
toward the cell-free area within 3 h was compared with control
(Fig. 6-1B). At 1, 10, and 100 nm TLQP21, the number of cells in

Figure 6.

(p > 0.05). See Figure 6-1.
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migration towards TLQP21
(relative to PBS)

migration towards ATP
(relative to PBS)

Effect of TLQP21 on microglial migration. A, Agarose spot assay testing microglial migration toward TLQP21. There
was a concentration-dependent preference for microglial cells to migrate to the 100 nm TLQP21-containing spots as shown in the
images on the left. Right, Average migration toward TLQP21 relative to the PBS control are summarized for three different TLQP21
concentrations and in the presence of the (3aR1 inhibitor SB290157, which was abolished in the TLQP21 response. In addition,
average data for a disseminated (no) gradient are also given at 10 and 100 nm TLQP21. The significance level indicated above each
bar refers to the PBS control. B, Agarose spot assay testing microglial migration toward ATP. Microglia were plated onto a glass
coverslip with agarose spots containing ATP (500 wum). Sample images are shown on the left. Right, Average migration toward ATP
relative to the PBS control are summarized. Microglia preferred ATP-containing spots (control), and this preference was abolished
by incubation with 100 nm TLQP21. Blockade of (3aR1 by SB290157 did not rescue the loss of ATP preference after TLQP21
treatment, whereas (1qBP inhibition partially restored microglial chemotaxis toward ATP. ***p << 0.001. n.s., Not significant

the cell-free area was 1.1 * 0.3-, 1.5 £ 0.5-, and 1.8 = 0.2-fold
compared with control and therefore not significantly changed
(n = 9; Fig. 6-1B). This again validates our previous findings that
TLQP21 mediates microglial chemotaxis but does not influence
microglial motility.

Microglia migration is stimulated by purinergic signaling. We
thus aimed to study whether TLQP21 would interfere with ATP-
induced migration (Fig. 6B), and performed an agarose spot as-
say. We first quantified the migration toward ATP under control
conditions: ATP (1 mm) and control (PBS) spots were placed in
dishes together with untreated microglial cells. During 3 h of
incubation time, microglia migrated preferentially toward the
ATP-containing spots (7.1 * 0.7-fold compared with PBS-
containing spots; p < 0.0001; n = 16). Intriguingly, when micro-
glia were incubated with 100 nm TLQP21, the preference for
ATP-containing spots after 3 h was eliminated. The average pref-
erence for ATP-containing spots was only 0.55 = 0.03 after
TLQP21 treatment and therefore significantly smaller than in
control experiments without TLQP21 (p = 0.0001; n = 45).
Thus, TLQP21 impairs microglial chemotaxis toward ATP.
We finally applied agarose spot assays to test for the involvement
of C3aR1 and C1gBP in the TLQP21-mediated effects on micro-
glial chemotaxis. Interestingly, the blockade of C3aRl by
SB290157 (1 uM) significantly reduced microglial migration to-
ward TLQP21 (1.5 = 0.1-fold compared with PBS spots; p =
0.0047; n = 9; Fig. 6A) but did not restore the TLQP21-mediated
loss in migration toward ATP (0.56 = 1.27 relative to PBS spots;
n = 11; Fig. 6B). On the other hand, incubating the cells with a
combination of 100 nm TLQP21 and mAB-C1gBP (1.5 ug/ml)
restored the migration of microglial cells toward ATP-containing
agarose spots (2.5 * 0.22 relative to PBS; p < 0.0001; n = 11; Fig.
6B). We conclude that microglial chemotaxis toward TLQP21
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Figure7. TLQP21 decreases microglial-directed process movement in a (1qBP-dependent manner. 4, Representative pictures
of injury-induced process movement of EGFP-positive microglia in the cortex of acute brain slices from MacGreen mice under
control conditions (left panels) and after preincubation with 100 nm TLQP21 (right panels). Acute injury was induced by a laser
lesion (red asterisk), and microglial responses were observed for 30 min. Images were taken using 2-photon microscopy at 0 min
(top, directly after setting the laser lesion) and 25 min later (bottom). Scale bars, 20 m. B, Quantitative analysis of injury-induced
process motility in control conditions, after preincubation with TLQP21 (100 nm) or TLQP21(100 nm) + SB290157 (1 um). The
microglial-directed process movement was significantly slower after pretreatment with TLQP21 (100 nm), which could not be
rescued by blockade of (3aR1. Green and blue asterisks indicate the Tukey comparisons “Control” versus “after TLQP21” and
“Control” versus “after TLQP21+ SB290157," respectively. The conditions “after TLQP21” and “after TLQP21+5B290157" were
not significantly different. ¢, Same as in B, but using mAB-C1qBP (3 g/ml) instead of SB290157. C1qBP blockade rescued the
TLQP21-induced reduction in directed process motility. Green and red asterisks indicate the Tukey comparisons “Control” versus
“after TLQP21” and “after TLQP21" versus “after TLQP21 + mAB-C1qBP,” respectively. The conditions “Control” and “after TLQP21

+ mAB-(1gBP” were not significantly different. *p << 0.05.

depends on C3aRl, and the TLQP21-mediated loss in che-
motaxis toward ATP depends on C1gBP.

TLQP21 decreases microglial process movement toward

a microlesion

We finally investigated the chemotactic movement of microglial
processes that depends on extracellular ATP/ADP and signaling
through P2RY, (Davalos et al., 2005; Nimmerjahn et al., 2005;
Haynes et al., 2006). As TLQP21 affects microglial purinergic
signaling, we expected a decrease in processes movement. We
used MacGreen mice, which express an EGFP transgene under
the CsfIR1 promoter to identify microglial cells (Sasmono et al.,
2003). The movement of microglial processes was quantified by
determining the fluorescence distribution within concentric cir-
cles (45 and 240 wm; Fig. 6A) around the lesion site. During the
30 min recording time after the laser lesion, the microglial pro-
cesses moved toward the lesion site, resulting in an increase in
fluorescence in the areas closer to the lesion site, which then was
quantified as described in Materials and Methods (40.9 = 3.6,
n = 16; Fig. 7A, B) under control conditions. The preincubation
of brain slices with TLQP21 (100 nMm) for 60 min before the in-
duction of the laser lesion (Fig. 7A-C) led indeed to a reduction
of these responses to 28.7 = 4.0 (n = 12, p = 0.0370), indicat-
ing a TLQP21-mediated decline of microglial purinergic re-
sponses. This impairment could not be restored by the C3aR1
inhibitor SB290157 (26.9 = 3.0; n = 13, p = 0.0318 to control;
p = 0.9806 to TLQP21; Fig. 7B). However, blockade of C1qBP by

10 15 20 25 30 a2+

responses, and stimulating migra-
tion and phagocytic activity. The C1qBP-
dependent impairment of purinergic
responses results in a reduction of mem-
brane currents evoked by metabotropic
P2Y receptors, chemoattractance by ATP,
and the stimulation of microglial
phagocytosis by UDP. Intriguingly, pu-
rinergic responses were affected even
minutes after washout of TLQP21, indi-
cating that C1qBP-dependent signaling
results in a long-term change in micro-
glial properties.

To our knowledge, C1gBP is the first
receptor that has a long-term modulating
effect on microglial purinergic responses.

Previous studies on TLQP21 and its receptors described Ca*>™"
responses in microglia (Chen et al., 2013; Hannedouche et al.,
2013; Molteni et al., 2017). In these studies and in ours, the ATP-
induced Ca** responses were not attenuated by TLQP21 (Fig. 4).
In the present study, we found that TLQP21 also acts, in addition
to C1gBP, on another receptor, the G-protein-coupled comple-
ment receptor C3aR1. C3aR1 activation by TLQP21 triggered
outwardly rectifying K* currents, intracellular Ca** elevations,
and C3aR1 was found to be responsible for chemotaxis and
TLQP21 stimulation of phagocytic activity. However, all these
stimulating effects of TLQP21 were only found in primary cul-
tured microglia but not in situ, consistent with the finding that
the robust C3aR1 protein expression in cultures was lacking in
freshly isolated microglia. This intriguing difference might arise
either from the fact that our primary cultures are derived from
neonatal mice, whereas freshly isolated in situ microglia in this
study are adult or from the culture environment that more mimics a
pathologic situation. A previous proteomic study also detected
C3aR1 protein only in cultured but not freshly isolated microglia
(Sharma et al., 2015). Surprisingly, on the mRNA level, recent tran-
scriptomic studies report robust expression of the C3arI gene also in
freshly isolated microglia (Hickman et al., 2013; Tabula Muris Con-
sortium, 2018), suggesting that C3ar] mRNA is either more preva-
lent or easier to detect than the protein.

Looking at nonphysiological states, microglial C3ar] mRNA
levels were found to be increased upon aging and under patho-
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logic conditions, including dementia, AD, traumatic brain in-
jury, and epilepsy (Hickman et al., 2013; Bodea et al., 2014; Zhao
et al., 2018). This raises the intriguing possibility that functional
C3aR1 protein expression could be induced by microglia activa-
tion, and that the stimulatory effects of TLQP21 in vivo become
significant under disease conditions only. Indeed, recent studies
demonstrated ameliorating effects in the tau pathology of an an-
imal model of AD by deletion of C3aR1 (Litvinchuk et al., 2018)
and a reduction in inflammatory microglial density after stroke
by intracortical injection of SB290157 (Surugiu et al., 2019), the
same C3aR1 blocker that was used in our study.

There are several studies demonstrating a correlation of VGF-
derived peptides and brain physiology, suggesting the intriguing
possibility that microglial features are modulated by signaling through
these peptides in vivo. The concentration of VGF peptides in the CSF is
in the picomolar range (van Steenoven et al., 2019), which is lower by a
factor of 10* compared with the concentration we have used in the
present study. The CSF concentration, however, most likely does not
reflect the concentration in the brain parenchyma. Since VGF is prefer-
entially expressed by neurons (Zhang et al., 2014), local concentrations
of VGF and its peptides may reach levels as high as the ones used in our
study, in particular at neuronal release sites.

We have recently demonstrated that microglial purinergic sig-
naling is impaired in mouse models of AD (Wendtetal., 2017). Both
functions, which are affected by pretreatment with the VGF-derived
peptide TLQP21 in brain tissue, namely, the phagocytic activity and the
process motility stimulated by purinergic signaling, are also impaired in
these mouse models. Indeed, VGF is suggested as a potential biomarker
for AD as VGF-derived peptides were found to be significantly de-
creased in the CSF of AD patients (Carrette et al., 2003; Hendrickson et
al., 2015; Spellman et al., 2015).

TLQP21 is one of many bioactive peptides derived from post-
translational cleavage of VGF. Recent evidence suggests a com-
prehensive role of TLQP21 in neuronal network homeostasis and
demonstrates the involvement of TLQP21 in many brain dis-
eases, including psychiatric, neurodegenerative, and neuroin-
flammatory diseases (Alder et al., 2003; Severini et al., 2008; Sato
etal.,, 2012; Lin et al., 2015; Sakamoto et al., 2015). Microglia, as
the resident immune cells of the CNS, play an important role in
any kind of brain disease (Wolfetal.,2017), and our data indicate
a mechanistic link between TLQP21 and the attenuation (via
C1gBP) or stimulation (via C3aR1) of microglial functions in
health and disease. Microglial C3aR1 or C1gqBP might therefore
be interesting targets for clinical therapies.
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