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Neurobiology of Disease

Astrocyte-Microglia Cross Talk through Complement
Activation Modulates Amyloid Pathology in Mouse Models
of Alzheimer’s Disease

Hong Lian,* ©Alexandra Litvinchuk,">* Angie C.-A. Chiang,’ Nadia Aithmitti,' Joanna L. Jankowsky,'2>

and Hui Zheng!2>3*

"Huffington Center on Aging, ?Integrative Molecular and Biomedical Sciences Program, *Department of Neuroscience, and “Department of Molecular and
Human Genetics, Baylor College of Medicine, Houston, Texas 77030

Increasing evidence supports a role of neuroinflammation in the pathogenesis of Alzheimer’s disease (AD). Previously, we identified a
neuron- glia signaling pathway whereby A3 acts as an upstream activator of astroglial nuclear factor kappa B (NF-«B), leading to the
release of complement C3, which acts on the neuronal C3a receptor (C3aR) to influence dendritic morphology and cognitive function.
Here we report that astrocytic complement activation also regulates A3 dynamics in vitro and amyloid pathology in AD mouse models
through microglial C3aR. We show that in primary microglial cultures, acute C3 or C3a activation promotes, whereas chronic C3/C3a
treatment attenuates, microglial phagocytosis and that the effect of chronic C3 exposure can be blocked by cotreatment with a C3aR
antagonist and by genetic deletion of C3aR. We further demonstrate that A3 pathology and neuroinflammation in amyloid precursor
protein (APP) transgenic mice are worsened by astroglial NF-«B hyperactivation and resulting C3 elevation, whereas treatment with the
C3aR antagonist (C3aRA) ameliorates plaque load and microgliosis. Our studies define a complement-dependent intercellular cross talk
in which neuronal overproduction of A3 activates astroglial NF-kB to elicit extracellular release of C3. This promotes a pathogenic cycle
by which C3 in turn interacts with neuronal and microglial C3aR to alter cognitive function and impair A 3 phagocytosis. This feedforward
loop can be effectively blocked by C3aR inhibition, supporting the therapeutic potential of C3aR antagonists under chronic neuroinflam-
mation conditions.
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Significance Statement

The complement pathway is activated in Alzheimer’s disease. Here we show that the central complement factor C3 secreted from
astrocytes interacts with microglial C3a receptor (C3aR) to mediate (3-amyloid pathology and neuroinflammation in AD mouse
models. Our study provides support for targeting C3aR as a potential therapy for Alzheimer’s disease.

astrogliosis, microgliosis, and elevated levels of proinflammatory
cytokines (Hensley, 2010; Heneka et al., 2015). The role of neu-
roinflammation in disease progression has been controversial.
Both positive and negative effects have been reported, which
likely depend on the cellular or molecular alterations, either
unique to the specific immune cells in the CNS or through cross

Introduction

Although less well studied than the archetypical amyloid plaques
and neurofibrillary tangles, Alzheimer’s disease (AD) is also char-
acterized by prominent neuroinflammation marked by reactive
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talk among these cell types (Hensley, 2010; Philips and Rob-
berecht, 2011; Orsini et al., 2014). Given the complexity of this
response, it is perhaps not surprising that attempts to use anti-
inflammatory drugs in the treatment of AD have largely been
unsuccessful. Harnessing the inflammatory response for good, or
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alternatively stopping it from harm, requires a much clearer
understanding of the cellular players and molecular signals in-
volved, as well as their upstream activators and downstream
consequences.

The complement system is an evolutionarily conserved
branch of the innate immune system. The mammalian comple-
ment family consists of >30 soluble and cell-associated factors
that contribute to one of three signaling cascades: the classical
pathway, the alternative pathway, and the lectin pathway, each of
which culminate in the cleavage of C3 to release the anaphylactic
peptide C3a and the opsonin C3b, followed by a cascade of down-
stream events (Zipfel and Skerka, 2009). In the CNS, comple-
ment factors C3 and Cl1q serve not only as mediators of innate
immunity, but also coordinate microglial engulfment of super-
numerary spines to ensure synaptic refinement and neuronal sur-
vival during circuit development (Stevens et al., 2007; Shinjyo et
al., 2009; Benoit and Tenner, 2011). In disease, the complement
system is strongly activated by neuronal damage, consistent with
the observation of prominent complement protein expression in
response to A3 exposure and in AD brain tissue (Bradt et al.,
1998; Tacnet-Delorme et al., 2001; Fan and Tenner, 2004; Loef-
fler et al., 2008; Wang et al., 2011). The identification of comple-
ment receptor 1 as a genetic risk factor in AD (Lambert et al.,
2009; Crehan et al., 2012) raises the possibility that complement
activation may be an active participant in AD pathogenesis rather
than a passive consequence of amyloid deposition.

Previously, we discovered a key role for C3 protein as the
secreted mediator of astroglial NF-kB activation on neuronal
morphology and synaptic function (Lian et al., 2015). However,
microglia are a known cell type for C3a receptor (C3aR) expres-
sion (Zhang et al., 2014), and their function could also be im-
pacted by astrocytic release of C3 following exposure to Af. Here
we reveal an astrocytic C3/C3a—microglial C3aR axis that governs
A dynamics and AD neuropathology.

Materials and Methods

Mouse breeding. Mice were housed two to five per cage in a specific
pathogen-free mouse facility on a 12 h light/dark cycle, with ad libitum
access to food and water. All procedures were performed in accordance
with NIH guidelines and approval of the Baylor College of Medicine
Institutional Animal Care and Use Committee. The Tg(APPswe/PSI1dE9)
(Tg; Jankowsky et al., 2004), IkBa™’/™ (Begetal., 1995), C3aR™’~ (Hum-
bles et al., 2000), CR3 KO (Coxon et al., 1996), CamKIIa-TTA (TTA;
Mayford et al., 1996), and tetO-APPswe/ind line 102 (APP; Jankowsky et
al., 2005) mouse strains are available from The Jackson Laboratory. The
GFAP-Cre transgenic mice (Bajenaru et al., 2002) were obtained from
National Cancer Institute mouse repository. The IkBe/” " mice were
obtained from Dr. Rudolf Rupec (University of Munich, Munich,
Germany; Rupec et al., 2005). The C3aR™’~ mice were backcrossed to
C57BL/6] for five generations before use. All other lines were backcrossed
to the C57BL/6] background for >10 generations. The double transgenic
APP/TTA males on a C57BL/6] background were outcrossed to FVB/NJ
females to generate F1 offspring for study. Genotyping was performed by
PCR of tail DNA 1 week before weaning.

Mice with astroglial NF-«kB/C3 upregulation [ GFAP-Cre; IxBo!" ™~ or glial
cell knock-out (GcKO)] have been described previously (Lian et al., 2015).
The GcKO/Tg mice were generated by crossing the kB *;Tg mice (ob-
tained from Tgand IkBa/”* breeding) with GFAP-Cre; IkBa™ ™ mice (gen-
erated from GFAP-Creand IkBa*/~ breeding). These animals and their Tg
controls were analyzed at 18 months. The APP/TTA mice and their TTA
controls began C3aR antagonist (C3aRA) treatment at 7.25 months of age.
Mice were injected intraperitoneally with 0.5% DMSO (vehicle) or C3aRA
(1 mg/kg; SB290157, Calbiochem, catalog #559410) three times per week
(Monday, Wednesday, and Friday) for 5 weeks. Only males were used for
these experiments.
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qRT-PCR. cDNA was synthesized after reverse transcription of total
RNA and analyzed as described previously (Yang et al., 2009). Briefly,
total RNA was extracted from mouse hippocampi or from primary cells
using the RNeasy mini kit (Qiagen, catalog #74106). Reverse transcrip-
tion was performed using the Superscript IIT First Strand synthesis sys-
tem (Invitrogen, catalog #18080-051). The qPCR recipe included 12.5 ul
of 2X SYBR Green PCR Master Mix (Roche, catalog #04673484001),
1.5 wl each of sense and antisense primer at 5 uM, 5 ul of cDNA (diluted
to 2 ng/ul), and 4.5 ul of H,O. The primer sequences were as follows: 5'-
AAG CAT CAA CACACC CAA CA-3" (C3 forward); 5'- CTT GAG CTC
CAT TCG TGA CA-3" (C3 reverse); 5'-AAT GTG TCC GTC GTG G
AT CTG A-3" (GAPDH forward); 5'-GATGCCTGCTTCACCACCT
TCT-3" (GAPDH reverse); 5'-CTCCGCTTTCATGTAGAGGAAG-3’
(PGK1 forward); 5'-GACATCTCCTAGTTTGGACAGTG-3" [phos-
phoglycerate kinase 1 (PGK1) reverse]; 5'-CAACGAGCGGTTCCGATG-3’
[B-actin (ACTB) forward]; 5'-GCCACAGGATTCCATACCCA-3' (ACTB
reverse).

Primary microglial culture and phagocytosis and degradation assays.
Cortices and hippocampi were isolated from newborn pups in dissection
medium (HBSS with 10 mm HEPES, 0.6% glucose, 1% v/v Pen/Strep)
and cut into small pieces. Tissue was digested with 2.5% trypsin at 37°C
for 15 min before trypsin inhibitor (1 mg/ml) was added. Tissue was
centrifuged for 5 min at 1000 rpm centrifugation, triturated, and resus-
pended in culture media (DMEM supplemented with 10% fetal bovine
serum). Cells were plated onto poly-p-lysine (PDL)-coated T-75 flasks at
50,000 cells/cm? to generate mixed glial cultures. When confluent, mi-
croglia were purified by tapping the flasks against table and collecting the
floating cells in media. These cells were then seeded at 50,000 cells/cm?
and cultured for another day in PDL-coated 12-well plates for mRNA
assay or on coverslips for phagocytosis assay. For astrocyte culture, con-
fluent mixed glial cultures were shaken at 220 rpm overnight at 37°C to
remove unwanted cell types (microglia, oligodendrocytes, neurons, and
fibroblasts), released with 0.5% trypsin in EDTA, and plated onto PDL-
coated culture vessels.

Synthetic AB42 (Invitrogen, catalog #03-111) and reverse Af42
(rApB42; Sigma, catalog #SCP0048) peptides were prepared following the
protocol described previously (Stine et al., 2003). Briefly, lyophilized
peptide was dissolved in hexafluoroisopropanol (HFIP) and incubated at
RT for 2 h. HFIP was then dried down by SpeedVac, allowing the forma-
tion of A films. The film was then resuspended in DMSO, sonicated in
a water bath for 10 min, diluted in PBS, and incubated at 4°C for 24 h.
Primary astroglial or microglial cultures were treated with 100 nm rA342
or AB42 for 20 h before they were harvested for qPCR analysis.

For phagocytosis assays using beads, aqueous green fluorescent latex
beads of 1 wm diameter (Sigma, catalog #L1030) were preopsonized in
FBS for 1 hat 37°C before dilution in DMEM. The final concentration for
beads and FBS in DMEM were 0.01% (v/v) and 0.05% (v/v), respectively.
For phagocytosis assay using fluorescent AB42, 6-carboxyfluorescein
(FAM)-labeled AB42 peptides purchased from Anaspec (catalog #AS-
23526-01) were dissolved in DMSO, diluted in DMEM to a final concen-
tration of 500 nMm, and incubated at 37°C for 1 h to promote aggregation.
After treating microglial cells with 10 ug/ml C3 (Millipore, catalog
#204885) for desired times (1, 24, or 48 h), phagocytosis assay was per-
formed by replacing the C3 media with bead- or AB3-containing DMEM,
and cultures were incubated at 37°C for 1 h. For the treatment of C3aRA,
DMSO or 10 um C3aRA was added to primary microglia 1 h before
vehicle or C3 treatment. Cultures were then washed thoroughly with
ice-cold PBS for five times and fixed in 4% PFA. Cultures used for phago-
cytosis assay were prepared in duplicate and both were included in later
staining, imaging, and quantification.

To measure the rate of AB42 degradation, primary microglia cells were
plated in 24-well plates at 50,000 cells/cm?. One day after plating, 10
pg/ml of C3 or PBS in fresh media was added into the culture for 1 or
48 h. AB42 was added to the culture at 500 nm and incubated at 37°C for
1 h. AB42 was removed, and cells were washed with ice-cold PBS three
times. Next, fresh media was added to cells and incubated at 37°C for 0, 1,
2 and 4 h. At each time point, cells were harvested with 0.25% Trypsin,
centrifuged at 1500 rpm for 5 min, and lysed with RIPA buffer (25 mm
Tris-HCI, pH 7.6, 150 mm NaCl, 1% NP-40, 1% sodium deoxycholate,
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(3 and (3aR are specifically expressed in astrocytes and microglia, respectively. A, (3 RNA in situ hybridization combined with anti-GFAP antibody staining in 12-month-old wild-type

mice. Sense, Sense probe for (3; antisense, antisense probe for (3. B, Representative anti-C3 and anti-GFAP double immunostaining in 3-month-old WT and (3 KO mice. C, (3aR RNA in situ
hybridization combined with anti-IbaT antibody staining in 12-month-old wild-type mice. Sense, Sense probe for (3aR; antisense, antisense probe for (3aR. D, Representative anti-C3aR and
anti-Iba1 coimmunostaining in 3-month-old WT and (3aR KO mice. Arrowheads mark representative colocalized cells. Scale bars: 50 pm.

and 0.1% sodium dodecyl sulfate). AB42 concentration at each time
point was measured using an AB42 ELISA kit (Invitrogen, KHB331).

Western blotting and A3 ELISA. Hippocampal and cortical tissues were
homogenized in RIPA buffer and centrifuged at 14,000 rpm for 20 min.
Supernatant was collected and quantified using a detergent compatible (DC)
colorimetric protein assay (Bio-Rad). Lysates were boiled at 95°C for 7 min
in sample buffer. Fifteen microgram protein samples were loaded onto 12%
SDS-PAGE gels, transferred to nitrocellulose membranes (Bio-Rad) after
running, and then blocked with 5% milk in PBS containing 0.1% Tween 20
(PBST). Membranes were probed with primary antibody (rabbit anti-APP
Y188, Abcam), washed, and blotted with secondary antibodies (goat anti-
rabbit, Millipore). The membranes were washed again with PBST, and the
signal was developed with ECL solution (GE Healthcare Life Sciences).

For A measurement, brain tissues as well as cell culture lysates were
processed in RIPA buffer. Fifty microliters of concentration-determined
samples were used for the detection of AB40 and A342 with human A340
and AB42 ELISA kits (Invitrogen, KHB3481 and KHB331) according to
the manufacturer‘s instructions.

Histology and immunostaining. Mice were perfused with 4% PFA, and
the brains were post-fixed in 4% PFA overnight at 4°C followed by cryo-
protection in 40% sucrose. Thirty micrometer coronal sections were cut
with a microtome and stored at in cryoprotectant at —20°C. For each
experiment, sections were collected randomly from at least three ani-
mals. Sections or fixed cultured microglia on coverslips were extensively
washed in PBS, blocked with PBST containing 3% BSA and 2% donkey
serum for 30 min, and then incubated in primary antibody diluted in
blocking solution overnight at 4°C [mouse anti-GFAP (Millipore, cata-
log #MAB3402); rabbit anti-Ibal (Wako, catalog #019-19741); mouse
anti-AB42 (BioLegend, catalog #800702); rabbit anti-abeta42 (Cell Sig-
naling, catalog #14974); rat anti-mouse C3aR (Hycult Biotech, catalog
#HM1123); chicken anti-C3 (a kind gift from Dr. Scott Barnum, Uni-

versity of Alabama at Birmingham, Birmingham, AL); mouse anti-
Lys-Asp-Glu-Leu (KDEL) (Stressgen, SPA-827); mouse anti-GM130
(BD Biosciences, 610822); rat anti-LAMP1 (BD Biosciences,
553792)]. After washing, sections or coverslips were incubated in
secondary antibody for 1 h at room temperature and mounted in
DAPI solution after final washing. Thioflavin S staining was per-
formed before mounting by incubating sections in 0.002% Thioflavin
S (Sigma, catalog #T1892) for 8 min followed by a 2 min rinse in 50%
EtOH and a 5 min wash in PBS. DAB staining was performed using
the Vectastain Elite ABC Kit (Vector Laboratories, catalog #PK-6200)
following the manufacturer’s instructions.

RNA in situ hybridization. DNA primer probes used for subsequent
synthesis of sense or antisense RNA were PCR amplified from mouse
cDNA with primers for C3 and C3aR genes (Allen Brain Atlas) and
carried T7 or SP6 RNA polymerase promoter sequences at the 5" end:
5'-GCGTAATACGACTCACTATAGGGCAGGGGAGTATATTGAAGC
CAG-3" (C3 forward); 5'-GCGATTTAGGTGACACTATAGTCTATC
TACTCCAGAGGCCAGC-3" (C3 reverse); 5'-GCGTAATACGACT
CACTATAGGGTGGCTTGTTCCTGTGCAA-3" (C3aR forward); 5'-
GCGATTTAGGTGACACTATAGACATCACAGCTTCCCCCA-3" (C3aR
reverse).

The in situ hybridization was performed as described by the core facil-
ity at Baylor College of Medicine (Yaylaoglu et al., 2005). After RNA
labeling, sections were processed for immunofluorescence staining with
anti-GFAP or anti-Ibal antibodies as described above.

Image processing and quantification. Fluorescent immunostained brain
sections and microglial cultures were imaged using a Leica laser confocal
microscope. Thioflavin S- and DAB-stained sections were scanned by
SilverFast (LaserSoft Imaging) and then imaged by the EVOS FL Auto
system. Images were processed by ImageJ, and background was sub-
tracted by the software for fluorescence images before quantification.
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Astrocytic (3 upregulation in APP transgenic mice. A, C, Representative double immunostaining for (3 and astrocytic marker GFAP in the hippocampus of APP/TTA transgenic mice at
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8 months of age (A) and APP/PS1 transgenic (Tg) animals at 18 months (C). Littermate TTA and WT mice were used as controls for bigenic APP/TTA and Tg mice, respectively. B, D, Quantification of
(3 fluorescence intensity in GFAP * cells in APP/TTA (B) or Tg (D) hippocampal regions. N = 126 (TTA), 145 (APP/TTA), 87 (WT), 88 (Tg) cells collected randomly from sections of three animals per
genotype. E, Representative double immunostaining for (3 and microglial marker IbaT in the hippocampus of Tg animals. F, gPCR measurement of (3 mRNA levels in WT primary astroglial and
microglial cultures treated with 100 nm A[342 or reverse peptide (rA342). Three internal controls (GAPDH, PGK1, and ACTB) were used. N = 3 cultures per condition. Scale bars: 50 m. *p = 0.05;
**¥ < 0.001 (B, D, Student's ¢ test; F, two-way ANOVA followed by Bonferroni's post hoc analysis).

For quantification of C3 fluorescence intensity in GFAP ™ cells or of
C3aRin Ibal " cells, GFAP " or Ibal * cells were first chosen as a region
of interest (ROI) by the ROI manager of Image] after threshold adjust-
ment. The mean gray value of these ROIs in the C3 or C3aR channel was
measured to indicate the fluorescence intensity of C3 or C3aR in the
GFAP ™ or Ibal ™ cells.

For plaque load quantification, scanned images of Thioflavin S- and DAB-
stained brain sections were adjusted for color threshold to allow the software
to identify plaque regions. The hippocampal and cortical regions were iden-
tified according to the mouse brain atlas. The percentage of plaque-covered
area in the total area of the cortex or hippocampus was measured and shown
as plaque load. For quantification of gliosis, GFAP- or Ibal-stained area
showing obvious shape of a cell body was considered as a GFAP ™ or Ibal *

cell, and the number of GFAP * or Ibal ™ cells in the hippocampus or cortex
was counted and compared between different animals.

For phagocytosis assays using beads, the total cell number in each
image was counted by Image] after threshold adjustment and ROI man-
ager selection of the DAPI channel. Based on the composite image of Ibal
and beads, cells having beads inside the cell body were manually counted
using the Cell Counter Image] plugin. The number of bead-containing
cells was divided by total cell number for each image to indicate the
percentage of phagocytic cells. For phagocytosis assays using FAM-
labeled AB42, the cell body was first identified as the ROI using the Ibal
channel. Once the ROIs were defined, the green channel showing FAM
fluorescence was used to measure both the fluorescence intensity and
percentage area of FAM inside each ROL
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Figure 3.  Astrocyte-specific NF-«B/C3 activation increases amyloid burden and exacerbates reactive gliosis in APP/PS1 transgenic (Tg) mice. A, gPCR measurement of (3 mRNA levels in Tg
animals with astrocyte-specific /kBa deletion and NF-«B/C3 activation (GcKO/Tg) and Tg mice alone. N = 3 animals per genotype. B, Representative DAB immunostaining of amyloid plaques in
Tgand GcKO/Tg animals using the rabbit anti-A 3 antibody. CTX, Cortex; HPC, hippocampus. €, Quantification of plaque load in the CTX and HPC of Tg and GcKO/Tg animals. (Figure legend continues.)
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Statistics. All data are presented as mean = SEM. Power analysis was
performed using confident interval of @ = 0.05. Outliers were identified
using the Grubbs’ test with a = 0.05. Pairwise comparisons were analyzed
using a two-tailed Student’s ¢ test, whereas two-way ANOVA followed by
Bonferroni post hoc analysis was used for multiple comparisons. Linear re-
gression followed by F test was used for AB42 degradation assay. P values less
than or equal to 0.05, 0.01, and 0.001 were considered significant.

Results

Astrocytes and microglia are the primary sources for C3 and
C3aR, respectively

Our previous analysis indicated elevated C3 in APP/TTA transgenic
miceand in AB-treated primary astroglial cultures (Lian etal., 2015).
To directly investigate whether astrocytes are the primary cellular
source of C3 expression in the brain, we performed C3 RNA in situ
hybridization combined with immunostaining with an anti-GFAP
antibody in 12-month-old wild-type (WT) mice. We found that the
C3 mRNA detected by the antisense probe strongly colocalized with
the astrocytic marker GFAP, whereas there was almost no signal
using the sense probe (Fig. 1A). This result was corroborated by
double immunostaining using anti-C3 and anti-GFAP antibodies,
which also revealed high degree of colocalization of C3 protein in
GFAP-positive cells (Fig. 1B). The specificity of the anti-C3 antibody
was documented by the minimal staining in C3 knock-out (KO)
brain sections. Similar RNA in situ hybridization for C3aR com-
bined with immunostaining using the anti-Ibal antibody showed
strong expression of C3aR in Ibal-positive microglia (Fig. 1C),
which was confirmed by double immunostaining using anti-C3aR
and Ibal antibodies (Fig. 1D). The data combined provide strong
support that astrocytes and microglia are the primary cell types for
C3 and C3aR expression in the brain, respectively.

Next we moved to AD mouse models and performed double
immunostaining for C3 and GFAP in brain sections from 8-month-
old APP/TTA mice. Compared to littermate TTA controls, C3 in-
tensity was substantially elevated in GFAP-positive astrocytes in
APP/TTA mice (Fig. 2A, quantified in B). Similar results were ob-
tained in the second AD model, APP/PS1, hereafter referred to as Tg,
tested at 18 months of age (Fig. 2C,D). In contrast, costaining of C3
with the microglial marker Ibal showed poor colocalization (Fig.
2E). Consistent with these in vivo findings, gPCR analysis of C3
mRNA levels in primary cultures revealed that basal C3 was signifi-
cantly higher in astrocytes than in microglia, and that treatment with
AB42 resulted in further C3 upregulation specifically in the astro-
cytes (Fig. 2F). Thus, astrocytes, but not microglia, are the major
source of C3 under both basal and AB-induced conditions.

Astroglial NF-kB and complement activation worsens
amyloid pathology

Our previous studies identified complement C3 as one of the down-
stream effectors of NF- kB signaling in astroglia (Lian et al., 2015). To
assess whether astroglial NF-«B and complement activation plays a
functional role in AD pathogenesis, we crossed the APP/PS1 Tg mice

<«

(Figure legend continued.) ~ N = 5 animals per genotype, 4 -5 sections per mouse. D, Repre-
sentative Thioflavin S (ThS) staining of amyloid plaques in the CTX and HPC of Tg and GcKO/Tg
animals. E, Quantification of ThS-positive signals in the CTX and HPC of Tg and GcKO/Tg animals.
N = 5 animals per genotype, 4 -5 sections per mouse. F, Representative GFAP and Iba1immu-
nostaining in CTX and HPC of Tg and GcK0/Tg animals. G, Quantification of GFAP * and Iba1 *
cellsin the CTX and HPC. N = 16 sections per genotype (GFAP), N = 13 sections per genotype
(Iba1). H, I, Western blot analysis of FL-APP and its C-terminal fragments (83 and (99
using the APP Y188 antibody in Tg and GcKO/Tg animals (H) and its quantification (I,
nonsignificant). Scale bars: B, D, T mm; F, 20 um. *p =< 0.05; **p < 0.01; ***p < 0.001
(two-tailed Student’s ¢ test). Filled circle, Tg CTX; filled square: GcKO/Tg CTX; filled trian-
gle, Tg HPG; filled reverse triangle, GcKO/Tg HPC.
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with a model that selectively overproduces NF-«B and C3 in astro-
cytes by eliminating IkBa from astrocytes using a GFAP-Cre mated
with a floxed IkBa line, which we refer to as our GcKO. Loss of IkBar
results in constitutive NF-«B activation and astrocytic upregulation
of C3 release (Lian et al., 2012, 2015). As expected, C3 mRNA ex-
pression was elevated in the brains of GcKO/Tg mice compared to
Tg controls (Fig. 3A). Remarkably, astrocytic NF-«B and C3 activa-
tion resulted in significantly greater plaque deposition in both the
cortex and hippocampus of GcKO/Tg mice compared with Tg con-
trols detected by AB antibody (Fig. 3B,C) and Thioflavin S (Fig.
3D, E) staining, and this was accompanied by significant elevation of
both reactive astrogliosis and microgliosis (Fig. 3 F, G). Together, the
data suggest that increased NF-«kB and C3 complement activation
exacerbates amyloid pathology and promotes glial inflammation in
the brain.

Heightened NF-kB-mediated C3 (C3a)-C3aR signaling
compromises microglial phagocytosis

The worsening of amyloid pathology in GcKO/Tg mice suggests that
either Af3 production was increased or its clearance was retarded.
Using AB ELISA to measure peptide levels in 2-month-old prede-
posit GcKO/Tg mice and Tg controls, we found that NF-kB and
accompanying complement activation did not affect steady-state
levels of either AB40 or AB42 (data not shown). Furthermore, we
examined the levels of full-length (FL)-APP and their C-terminal
fragments (C99 and C83) by Western blotting and did not detect
significant differences in any of the products, suggesting that APP
expression and processing was not altered in GcKO/Tg mice com-
pared to Tg controls (Fig. 3H,I). These results therefore pointed
toward impaired Af clearance resulting from heightened astrocytic
NF-«kB and C3 signaling.

Microglia are known A scavengers (Prokop etal., 2013; Fu et al.,
2014), and the complement pathway has been shown to be required
for their proper phagocytosis (Fu et al., 2012; Linnartz and Neu-
mann, 2013). Since C3aR is abundantly expressed in microglia (Fig.
1C,D; Zhang et al., 2014), particularly under neuroinflammatory
conditions (Davoust et al., 1999), we thought to test whether micro-
glial phagocytic function might be compromised by aberrant com-
plement signaling using primary microglial cultures. Consistent
with our in vivo results, double immunostaining using anti-C3aR
and Ibal antibodies showed a high degree of colocalization between
C3aR- and Ibal-positive cells in microglial cultures taken from wild-
type mice. In contrast, the C3aR immunoreactivity was undetectable
in cells derived from C3aR knock-out animals (Fig. 4A). We next
treated the primary microglial cultures with either PBS or purified
recombinant C3 protein and assessed the effect of C3 on fluorescent
latex bead uptake (Fig. 4B). We observed an interesting bimodal
response: short-term C3 treatment (1 h) promoted phagocytosis,
whereas longer treatment (24 h) diminished bead uptake (Fig. 4C).
Since multiple C3 cleavage products, including C3a, C3b, and iC3b,
as well as additional downstream processing products have been
shown to mediate A3 phagocytosis (Wyss-Coray et al., 2002; Maier
etal., 2008; Fu etal., 2012), we directly tested the effect of C3a in our
system and observed similar results as C3 (Fig. 4D), thus supporting
a functional role of C3a in C3-mediated response. Reduced bead
uptake upon 24 h of C3 or C3a treatment was prevented by the
addition of a C3aR antagonist, SB290157, that functions to compete
with C3a for ligand binding (Ames et al., 2001; Fig. 4E, F), further
strengthening the notion that the C3-induced decline in phagocyto-
sis is mediated by C3a and microglial C3aR. As an additional sup-
port, we prepared primary microglial cultures from C3aR knock-out
(C3aR KO) mice and littermate WT controls and repeated the
phagocytosis experiments plus and minus C3. As expected, C3 treat-
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ment reduced phagocytosis in WT microglia. In contrast, microglia Having documented that C3/C3a—C3aR signaling could impact mi-
lacking C3aR displayed no response to C3 treatment at 24 h (Fig.  croglial phagocytosis of an artificial substrate, we next tested whether this
4G). Together, these findings suggest that prolonged C3/C3a-C3aR  pathway could reduce phagocytosis of disease-relevant A3 aggregates.
activation curtails microglial phagocytosis. We applied FAM-labeled fluorescent A 342 aggregates to primary wild-
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type microglial cultures and measured AB uptake in the presence or
absence of exogenous C3 (Fig. 5A—C). Similar to the latex bead experi-
ments, C3 treatment resulted in higher intracellular AB fluorescence
(Fig. 5B) and more AB-positive foci per Ibal-positive cell (Fig. 5C) at 1 h,
followed by reversal of this effect after 48 h of C3 incubation. Reduced
AP uptake upon 48 h of C3 treatment was blunted in microglia cultures
derived from C3aR knock-out mice (Fig. 5D, E, C3aR KO, PBS vs C3,
nonsignificant). In contrast, microglia cultured from mice deficient in
another complement receptor, CR3 (CDI1b/CDI8), which interacts
with iC3Db, still responded to C3 (Fig. 5D, E, CR3 KO, PBS vs C3, p <
0.001), although the response appeared to be dampened compared to
C3-treated wild-type controls (Fig. 5E, CR3 KO vs WT, C3, p < 0.05;
Todd, 1996). Together, these results provide strong support for a major
role of C3aR in mediating the C3/C3a effect on A342 phagocytosis.

Reduced intracellular AB42 upon 48 h of C3 incubation could, in
principle, be the result of reduced phagocytosis or elevated degrada-
tion. Since we obtained similar results using the degradation-
resistant beads, we felt that it is unlikely due to altered clearance.
However, to rule out this possibility, we performed A degradation
assay in wild-type microglia treated with PBS or C3 for 1 or 48 h and
found no appreciable differences among the different groups (Fig.
5F,G). These results provide compelling evidence that the reduced
intracellular AB signal in 48 h C3-treated microglia is due to im-
paired uptake, but not elevated degradation.

Consistent with the hypothesis that microglia-mediated A
clearance involves extracellular uptake followed by lysosomal
degradation (Desjardins, 2003), we found strong colocalization
of fluorescent A42 with the lysosome marker Lamp1 (Fig. 5H).
In contrast, immunostaining with markers for endoplasmic re-
ticulum (KDEL; Fig. 5I) or Golgi complex (GM130; Fig. 5J)
showed little AB localization in these compartments.

C3aR inhibition reduces amyloid pathology

The above in vitro studies support the idea that chronic C3—C3aR
activation may impair A3 uptake, which could be the underlying
mechanism for the accelerated A pathology in GcKO/Tg mice with
astroglial NF-kB and complement activation. We thus examined
whether C3aR is perturbed in these animals. qPCR analysis showed
that, similar to that of C3, C3aR mRNA was indeed elevated in brain
tissues of GcKO/Tg mice compared to their littermate Tg mice (Fig.
6A). Immunofluorescence examination revealed that in both Tgand
GcKO/Tg mice, the C3aR signal was particularly prominent in Ibal-
positive microglia surrounding Thioflavin S-labeled amyloid
plaques, although the C3aR immunoreactivity was stronger in
GcKO/Tg mice (Fig. 6B). This was verified by quantifying the C3aR
intensity in Ibal-positive cells (Fig. 6C). Increased C3aR mRNA and
immunoreactivity was also observed in the APP/TTA mice relative

<«

(Figure legend continued.) ~ 1hor48h.N = 165 cells (PBS, 1h); N = 151(C3, Th); N = 164
(PBS, 48 h); N = 158 (C3,48 h). D, E, Quantification of relative A 342 fluorescence intensity per
Iba1 ™ cell (D) and percentage of A342 ™ area within each cell (E) in primary WT, (3aR KO, and
CR3KO microglia exposed to FAM-labeled A 342 after 48 h of PBS or (3 treatment. N = 164 cells
(WT); N =112 ((3aR K0); N = 154 (CR3 KO). F, G, A342 degradation assay by application of
the peptide to 1 h (F) or 48 h (G) PBS- or (3-treated microglial cultures and by measuring
relative intracellular A342 levels immediately after (0 h) and at 1, 2, and 4 h later. The experi-
ments were performed in triplicate. H-J, Coimmunostaining of Iba1 and lysosome marker
Lamp1 (H), ER marker KDEL (1), and cis-Golgi network marker GM130 (J) in primary WT micro-
glia following 48 h (3 treatment and 1 h incubation with FAM-labeled A@3. The Iba1/DAPI are
merged z-stack images; all others are taken from a single z position to test colocalization. Insets
in Hare enlarged views of the bracketed areas within each image. Scale bars: 4, 20 pm; H-J,10
um. *¥¥p < 0.001 (B, , Student's ¢ test; D, E, two-way ANOVA followed by Bonferroni's post
hocanalysis; n.s., nonsignificant). F, G, Linear regression followed by F test (p > 0.5).
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to thelittermate TTA controls (Fig. 6D—F). These results suggest that
AP accumulation induces microglial C3aR expression. Given that
prolonged C3aR activation diminished microglial AB uptake in
vitro, we reasoned that microglial C3aR upregulation in the vicinity
of amyloid deposits may augment further accumulation by decreas-
ing phagocytic clearance, and that this effect might be reversed by
C3aR blockage. To test this idea, we treated 7-month-old APP/TTA
mice and littermate TTA controls with the C3aR antagonist or the
vehicle control DMSO and quantified the plaque burden 5 weeks
later. Compared to DMSO-injected controls, APP/TTA mice treated
with the C3aR antagonist showed a significant reduction in amyloid
load across the forebrain (Fig. 6G, quantified in H ). Quantification
of RIPA-extractable AB40 and AB42 revealed that, although we
failed to see changes in absolute A3 values, we observed a significant
decrease in the AB42/40 ratio, which is a reliable measure for A3
pathology, in C3aRA-treated animals compared to the DMSO con-
trols (Fig. 6I). The attenuation of the amyloid burden was accompa-
nied by a decline in microgliosis (Fig. 6],K).

Discussion

In the current study, we expand on our past efforts to elucidate
the role of NF-kB and complement activation in the patho-
genesis of AD. Using a combination of genetic and pharmaco-
logic tools, we identify a novel signaling pathway linking
astroglial NF-kB and C3 with microglial C3aR to dynamically
regulate microglial phagocytosis. We show that AB induces
astrocytic C3 expression which, under chronic activation con-
ditions and in a C3aR-dependent manner, attenuates micro-
glial AB phagocytosis in vitro and exacerbates A3 pathology in
vivo. Our studies identify AB as an upstream stimulator of the
NF-kB and complement activation and downstream effector
of the complement-mediated phagocytic function, and estab-
lish an AB—C3/C3a—C3aR signaling cross talk among neuron,
astrocyte, and microglia that is intimately involved in AD
pathogenesis.

Elevated expression of complement protein and activation of
complement signaling have been observed both in postmortem
AD tissue and in APP transgenic mouse models (Rogers et al.,
1992; Yasojima et al., 1999; Matsuoka et al., 2001; Reichwald et
al., 2009). However, both neurons and glia have been reported to
express complement proteins, leaving unclear which cell types
mediate specific aspects of the complement response (Fischer et
al., 1995; Shen et al., 1997; Walker et al., 1998; Lue et al., 2001).
Using in situ hybridization and immunofluorescence staining, we
show here that under physiological conditions, C3 is primarily
expressed in astrocytes where its expression is further upregu-
lated in APP/PS1 (Tg) and APP/TTA mice. This assessment is
consistent with previous reports using Tg2576 and 3xTg animals
(Zhou et al., 2008; Fonseca et al., 2011). However, in contrast to
past reports describing microglial expression of complement
proteins (Haga et al., 1996; Schifer et al., 2000; Griffin et al., 2007;
Rutar et al., 2014), we detected little C3 protein in microglia of
APP transgenic mice. We further observed no upregulation of C3
mRNA following A stimulation of purified microglia in vitro,
despite the clear C3 response detected following TNFa stimula-
tion (data not shown). These discrepancies with past reports may
be due to differences in the preparation, duration, or dosage of
A exposure or differences in the sensitivity and specificity of the
antibodies employed.

The C3aR is expressed by both neurons and glia (Davoust et
al., 1999; Zhang et al., 2014), but its specific function in each cell
type is not well understood. Previously, we found that neuronal
activation of C3aR disrupts intracellular calcium dynamics, lead-
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ing to aberrant dendritic morphology and neuronal excitability
(Lian et al., 2015). Here we show that, in agreement with the
published reports, microglia possess high levels of C3aR and their
expression is particularly prominent in areas surrounding amy-
loid plaques in APP transgenic animals. The heightened C3/C3a—
C3aR signaling may impair microglial function and dampen
microglial A clearance as prolonged complement activation im-
pairs AB phagocytosis in vitro. We did not detect appreciable
astrocytic C3aR expression in our AD mouse models even though
such expression has been reported by others (Ischenko et al.,
1998; Jauneau et al., 2006). Although the reason for this remains
to be determined, it is interesting to note that transcriptional
control of C3aR in microglia and astroglia has been shown to be
distinctly regulated, which may result in variable expression pat-
terns in different model systems (Martin et al., 2007). Neverthe-
less, cell-type specific knock-out mice are needed to definitively
address the precise cellular expression of C3 and C3aR and their
perspective contribution to disease pathogenesis.

Microglial uptake of both artificial substrates such as fluores-
cent latex beads and more realistic targets such as synthetic
AB42 aggregates is accomplished through phagocytosis (Koenig-
sknecht and Landreth, 2004; Smith et al., 2010; Jones et al., 2013).
The C3 cleavage products C3a, C3b, and iC3b and the subsequent
processing products have been shown to mediate A3 phagocyto-
sis (Wyss-Coray et al., 2002; Maier et al., 2008; Fu et al., 2012).
One mechanism by which phagocytic cells recognize and engulf
target particles is through complement-mediated opsonization
(Schafer et al., 2012; Linnartz and Neumann, 2013; Bodea et al.,
2014). Not only does complement activation identify the target
required for clearance, it also promotes microglial migration to
the site by generating chemoattractant anaphylatoxin C3a from
proteolytic cleavage of C3 (Zwirner et al., 1998; Gutzmer et al.,
2006). Here we demonstrate that exposing primary microglia to
exogenous C3 affects phagocytosis. This is primarily mediated by
C3a and through microglial C3aR-dependent substrate uptake,
but not degradation. Unexpectedly, we found that the microglial
response was biphasic: acute C3/C3a treatment increased,
whereas prolonged treatment of 1-2 d impaired, substrate up-
take. Whether the differing outcomes are mediated by distinct
molecular mechanisms or quantitative differences of the same
signaling pathway remains to be established. The functional at-
tenuation produced by extended complement activation is con-
sistent with the idea that chronic neuroinflammation dampens
the immune response (Frank-Cannon et al., 2009; Lian et al.,
2012). In this regard, it is interesting to note that, besides the
well-recognized proinflammatory function, C3a has been impli-
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(Figure legend continued.) D, qPCR measurement of (3aR mRNA in TTA and APP/TTA mouse
brains. N = 6 animals (TTA); N = 7 (APP/TTA). E, Representative double immunostaining for
(3aRand Iba1withamyloid plaque labeled by Thioflavin Sin cortical sections from 8-month-old
TTA and APP/TTA mice. F, Quantification of relative (3aR immunofluorescence intensity in
Iba1™ cells from TTA and APP/TTA brain sections. N = 35 cells (TTA); N = 28 (APP/TTA).
Random sections were selected for analysis from three animals per genotype. G, Representative
immunostaining of amyloid plaques in APP/TTA mice treated with vehicle (DMSO) or 1 mg/kg
(3aRA. H, Quantification of plaque load in the forebrain of DMSO- or (3aRA-treated animals.
N = 6animals/genotype/treatment, 2— 4 sections per mouse. /, Levels of RIPA-extracted A 340
and A342 and the A342/40 ratio in DMSO- or (3aRA-treated APP/TTA mice. N = 6 animals/
genotype/treatment. J, Representative Iba1 immunostaining in the CTX and HPC of APP/TTA
animals treated with DMSO or (3aRA. K, Number of Iba1 ™ cells in the CTX and HPC of APP/TTA
animals treated with DMSO or (3aRA. N = 11 sections (CTX, APP/TTA, DMSO); N = 12 (CTX,
APP/TTA, (3aRA); N = 12 (HPC, APP/TTA, DMSO); N = 16 (CTX, APP/TTA, (3aRA). Scale bars: B,
E, 50 em; G, 1 mm; J, 20 wm. *p < 0.05; **p =< 0.01; ***p =< 0.001 (Student’s t test).
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cated to display anti-inflammatory responses, particularly under
acute inflammatory conditions (Coulthard and Woodruff,
2015). Therefore, it is tempting to speculate that the anti- and
proinflammatory activities of C3/C3a during acute and pro-
longed incubation, respectively, govern its contrasting effects on
A phagocytosis.

The effect of C3/C3a was abrogated by coadministration of
C3aR antagonist and was absent in C3aR null microglia, indicat-
ing that C3aR is a key part of the C3/C3a response. It is important
to note, however, phagocytosis is a complex cellular process in-
volving multiple receptors and subcellular programs (Desjardins,
2003; Sierra et al., 2013; Fu et al., 2014). Of particular relevance,
the iC3b receptor CR3 has also been shown to mediate microglial
AP phagocytosis (Fu et al., 2012). We found that, different from
those of the C3aR knock-out, microglia cultured from CR3 null
mice still respond to C3 treatment, although the degree of the
response is somewhat dampened compared to wild-type cul-
tures. Our results overall support a potential activity of CR3 in
this process, although the effect is not as prominent as that of
C3aR. These in vitro results are corroborated with our mouse
model studies in which we show that C3aR blockade leads to
reduced AP pathology and neuroinflammation in APP/TTA
mice. Intriguingly, we found that the C3aR antagonist resulted in
alower AB42/40 ratio but not absolute A levels. The reason for
this is not clear, but could be due to the specific RIPA-soluble
pool of AB we captured, as has been seen by others (Chakrabarty
et al., 2015). Nevertheless, the ratio of AB42/40 is viewed as a
reliable readout to predict A pathology (Wang et al., 2006), and
our results as a whole suggest that C3aR inhibition positively
affects A3 dynamics in the mouse brain.

Although the overall impact of C3 on microglial phagocytosis
of different substrates was similar, there were noticeable quanti-
tative differences that may be informative. For example, C3 ex-
posure reduced phagocytosis of beads within 24 h, but required
twice as long to significantly impair uptake of AB. Conversely,
100% of cultured microglia internalized AB but only a fraction
took up the latex beads. Similar nuances in substrate uptake were
also reported by other groups (Koenigsknecht and Landreth,
2004; Smith et al., 2010). One possible explanation is that differ-
ent membrane receptors may be involved in the phagocytosis of
beads versus Af. Latex beads are opsonized in serum, and their
uptake may be mediated through Fc receptors (Hishikawa et al.,
1991; Kusner et al., 1999; Zhang et al., 2010). In contrast, AB42
phagocytosis does not require opsonization and may instead in-
volve B1 integrin receptors (Bamberger et al., 2003; Koenig-
sknecht and Landreth, 2004). Differences in the capacity and
kinetics of these receptors may well influence the efficiency and
timing of microglial substrate uptake.

Therapeutic benefit from C3aR blockade has been reported in
several disease models including CNS lupus (Jacob et al., 2010),
multiple sclerosis (Boos et al., 2004), asthma (Ames et al., 2001;
Banda et al., 2012), and ischemia/reperfusion injury (Ducruet et
al., 2008). We too found that blocking C3aR was beneficial, as it
restored learning and memory in amyloid-bearing APP trans-
genic mice (Lian et al., 2015). Here we reveal that treatment with
the C3aR antagonist also reduced amyloid pathology and neuro-
inflammation in APP transgenic mice, and we provide in vitro
evidence that this effect was mediated by restoring microglial
phagocytosis. Collectively, data from our current and former
studies suggest that the therapeutic efficacy of C3aR inhibition is
likely due to its protection of both neuronal synaptic activity and
microglial phagocytic function. Although the duration of this
benefit remains to be seen and the extension to human patients
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remains to be shown, our findings provide cautious optimism for
considering C3aR therapy in AD.
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