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Neurobiology of Disease

Microglial Phagocytosis Induced by Fibrillar 3-Amyloid
and IgGs Are Differentially Regulated by
Proinflammatory Cytokines

Jessica Koenigsknecht-Talboo and Gary E. Landreth

Alzheimer Research Laboratory, Department of Neurosciences, Case Western Reserve University School of Medicine, Cleveland, Ohio 44106

Microglia undergo a phenotypic activation in response to fibrillar -amyloid (fA3) deposition in the brains of Alzheimer’s disease (AD)
patients, resulting in their elaboration of inflammatory molecules. Despite the presence of abundant plaque-associated microglia in the
brains of AD patients and in animal models of the disease, microglia fail to efficiently clear fA 3 deposits. However, they can be induced to
do so during A3 vaccination therapy attributable to anti-A3 antibody stimulation of IgG receptor (FcR)-mediated phagocytic clearance
of AB plaques.

We report that proinflammatory cytokines attenuate microglial phagocytosis stimulated by fA3 or complement receptor 3 and argue
that this may, in part, underlie the accumulation of fA3-containing plaques within the AD brain. The proinflammatory suppression of
fAB-elicited phagocytosis is dependent on nuclear factor kB activation. Significantly, the proinflammatory cytokines do not inhibit
phagocytosis elicited by antibody-mediated activation of FcR, which may contribute to the efficiency of AB vaccination-based therapy.
Importantly, the proinflammatory suppression of fA3 phagocytosis can be relieved by the coincubation with anti-inflammatory cyto-
kines, cyclooxygenase inhibitors, ibuprofen, or an E prostanoid receptor antagonist, suggesting that proinflammatory cytokines induce
the production of prostaglandins, leading to an E prostanoid receptor-dependent inhibition of phagocytosis. These findings support

anti-inflammatory therapies for the treatment of AD.
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Introduction

The Alzheimer’s disease (AD) brain is characterized by the pres-
ence of senile plaques, invariantly surrounded by abundant acti-
vated microglia. One of the central enigmas in AD is why micro-
glia, despite their “activated” state, fail to effectively mount a
phagocytic response to ingest and degrade the insoluble fibrillar
B-amyloid (fAB) deposits. Vaccination studies have demon-
strated that phagocytic removal of amyloid plaques can result
from the addition of antibodies to A directly to the brain (Bac-
skai et al., 2002) or after immunization in animal models of AD
(Schenk et al., 1999; Bard et al., 2000; Wilcock et al., 2003). Sim-
ilarly, it has been argued that this mechanism may be responsible
for reduction of plaque burden in humans immunized with fAS.
These studies argue that plaque removal results from stimulation
of microglial phagocytosis during engagement of IgG (FcR) re-
ceptors by anti-Af antibodies bound to the plaques (Schenk et
al., 1999; Bard et al., 2000; Wilcock et al., 2003, 2004), although
other mechanisms may act in parallel (Wilcock et al., 2003, 2004;
Wryss-Coray et al., 2003; Koistinaho et al., 2004).
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Microglia interact with fAB through an ensemble of cell sur-
face receptors (Bamberger et al., 2003), leading to the activation
of signal transduction pathways that result in phenotypic activa-
tion of these cells (Combs et al., 1999, 2001). The secretion of
cytokines, chemokines, and a diverse array of other proinflam-
matory molecules, including prostaglandins (PGs), accompany
microglial activation. Indeed, the AD brain and animal models of
the disease exhibit elevated levels of these molecules (Akiyama et
al., 2000). This chronic proinflammatory environment is postu-
lated to contribute to the cognitive deficits and neuronal loss that
characterize the disease (Akiyama et al., 2000).

Microglia are typically characterized as “quiescent” or “acti-
vated,” and it has only recently been appreciated that these cells
exhibit an array of phenotypes, governed by their local environ-
ment (Goerdt and Orfanos, 1999; Gordon, 2003). Cells exhibit-
ing these nonclassical phenotypes have recently been termed “al-
ternatively activated” (Goerdt and Orfanos, 1999; Mantovani et
al,, 2002; Dulffield, 2003; Gordon, 2003). Microglia may display
an activated proinflammatory phenotype yet be unable to initiate
a phagocytic response. We have shown recently that microglia
respond to fA 3 by stimulation of a robust 31-integrin-dependent
phagocytic process (Koenigsknecht and Landreth, 2004). We
now question why this response is not evident in the AD brain.

We report that proinflammatory cytokines inhibit phagocy-
tosis elicited by engagement of the AB receptor complex and
complement receptor 3 (CR3). This effect may cause the accu-
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mulation of amyloid plaques within the AD brain by suppression
of endogenous fA peptide clearance mechanisms. Importantly,
antibody-stimulated phagocytosis mediated through FcR was
unaffected by proinflammatory cytokines and argue that this ef-
fect may underlie the efficacy of vaccination-based therapies in
reducing AB plaque burden. We also report that incubation of
cells with anti-inflammatory cytokines or cyclooxygenase (COX)
inhibitors, including ibuprofen, blocks the ability of proinflam-
matory cytokines to suppress fAB-elicited phagocytosis through
the inhibition of prostaglandin E2 (PGE2) production or its sig-
naling pathways. These findings support the use of anti-
inflammatory therapies in the treatment of AD.

Materials and Methods

Materials. AB,5_s5 and AB,_,, were purchased from American Peptide
Company (Sunnyvale, CA). AB peptides corresponding to amino acids
25-35 and 1-42 were dissolved in sterile water and incubated for 5 d at
37°C to allow for fibrilization (Burdick et al., 1992; Lorenzo and Yankner,
1994; Terzi et al., 1994). We cannot rule out that the AB,_,, preparation
may contain some oligomers. Zymosan was purchased from Sigma (St.
Louis, MO) and was opsonized with complement by incubating with
mouse serum for 30 min at 37°C, followed by 10 washes with 0.85% NaCl
before resuspension in PBS. Immune IgG was prepared from goat anti-
rabbit IgG from Sigma and rabbit anti-mouse IgG from Cappel (Aurora,
OH) in a 5:1 ratio. Parthenolide, butaprost, and AH6809 were also pur-
chased from Sigma. Interleukin-4 (IL-4) and IL-10 were purchased from
Biosource (Camarillo, CA). IL-13, interferon y (IFNvy), IL-183, tumor
necrosis factor a (TNFea), and monocyte chemoattractant protein
(MCP-1) were from R & D Systems (Minneapolis, MN). CD40L was
purchased from Alexis (San Diego, CA). Nile red fluorospheres (1 um
microspheres) and AlexaFluor 488-phalloidin were purchased from Mo-
lecular Probes (Eugene, OR). TGF was purchased from Promega (Mad-
ison, WI), lipopolysaccharide (LPS) was from List Biologic (Campbell,
CA), SN50 and SN50M were from Biomol (Plymouth Meeting, PA), and
CAY10404 and SC-560 were from Cayman Chemicals (Ann Arbor, MI).

Tissue culture. The immortalized murine microglia cell line BV-2
(Blasi et al., 1990) was grown and maintained in DMEM containing 2%
fetal bovine serum and gentamycin in 5% CO,. BV-2 cells used in these
experiments were between passage numbers 20 and 40. No differences in
results were observed between different passage numbers. Primary mi-
croglia were derived from postnatal 1-2 d mouse brains (C57BL/6]) as
described previously (McDonald et al., 1997).

Phagocytosis assay. Phagocytosis was assayed as described previously
(Koenigsknecht and Landreth, 2004). Briefly, BV-2 cells were collected,
and 1 X 10° cells were plated in serum-free medium in 35 mm plates and
then incubated in the presence or absence of proinflammatory or anti-
inflammatory cytokines overnight. The cells were then treated for 30 min
in the absence or presence of 60 uMm (63.6 ug/ml) fAB,5_55 peptide, 5 um
(22.6 ug/ml) fAB,_,, peptide, 1 mg/ml complement-opsonized zymo-
san, or 1 mg/ml immune IgG. Fluorescent microspheres were washed in
PBS containing 1 mg/ml BSA and then added to the cells for 30 min. The
fluorescent microspheres were used as a marker of fluid phase phagocy-
tosis. Cells were then fixed with 2% paraformaldehyde, and three ran-
dom fields of cells (>100 cells) were counted on an inverted fluorescent
microscope.

Phalloidin staining. BV-2 cells were collected and then plated on cov-
erslips (150,000 BV-2 cells per coverslip) resting in a 24-well plate over-
night in serum-free medium in the presence or absence of cytokines. The
cells were then incubated in the absence or presence of 60 um (63.6
pg/ml) fAB,5 55 peptide for 30 min. The cells were rinsed with PBS
before being fixed in 3.6% paraformaldehyde and washed again in PBS.
The cells were then incubated at room temperature with 0.1% Triton
X-100 buffer for 5 min and washed again in PBS. Finally, AlexaFluor
488-phalloidin (1.6 U diluted in PBS) was added to the coverslips and
incubated at room temperature protected from light for 25 min. The
coverslips were mounted on glass slides.

J. Neurosci., September 7, 2005 - 25(36):8240 — 8249 - 8241

Results

Proinflammatory cytokines inhibit fA3 and opsonized
zymosan-stimulated phagocytosis but do not inhibit immune
IgG-mediated phagocytosis

We established a phagocytosis assay that measures ligand-
stimulated phagocytosis through the bulk phase uptake of fluo-
rescent microspheres to examine the phagocytic response in mi-
croglia (Koenigsknecht and Landreth, 2004). BV-2 microglial
cells were used because they have been proven to faithfully mimic
behaviors of primary microglial cells (Bocchini et al., 1992) as
well as exhibit a robust phagocytic response (Kopec and Carroll,
1998; Koenigsknecht and Landreth, 2004). We wanted to test the
hypothesis that a proinflammatory environment may act to sup-
press the capacity of microglia to mount a phagocytic response.
We have shown previously that microglia exhibit both classical
(types I and IT) phagocytic responses to immune IgG stimulation
of the FcR and complement-opsonized zymosan stimulation of
CR3, respectively. However, microglia respond to fAB through
the fA receptor complex via a novel and mechanistically distinct
Bl-integrin-dependent phagocytic response (Koenigsknecht and
Landreth, 2004). To test the effect of a proinflammatory environ-
ment on the various types of phagocytosis, BV-2 cells were
treated with LPS for 6 h. LPS elicits the production of proinflam-
matory cytokines from microglia and macrophages (Zielasek and
Hartung, 1996). Moreover, LPS treatment has been demon-
strated to increase neuroinflammation and accelerate fA depo-
sition in animal models of AD attributable to microglial cytokine
production (Qiao etal., 2001). After LPS treatment, the cells were
incubated with phagocytic-stimulating ligands, and phagocytosis
was quantified. LPS incubation before stimulation of the cells
with fAB,_,,, fAB,5 35, or mouse complement-opsonized zymo-
san suppressed phagocytosis, indicating that proinflammatory
stimulation of microglia abrogates the capacity of the cells to
mount a phagocytic response during stimulation of the fAf3 re-
ceptor complex or CR3 (Fig. 1A). Remarkably, immune IgG-
elicited phagocytosis was unaffected, demonstrating that the FcR
still effectively functions to stimulate phagocytosis in the pres-
ence of inflammatory stimuli.

The observation that a difference in modulation of phagocy-
tosis was shown among the three types of phagocytosis by LPS
treatment led us to evaluate the effects of specific proinflamma-
tory cytokines and chemokines. BV-2 cells were treated overnight
with IL-1B, TNFa, IFN+y, MCP-1, and CD40L before stimulation
with phagocytic ligands. MCP-1 is a microglial-derived chemo-
kine found in the AD brain associated with senile plaques (Ishi-
zuka et al., 1997). CD40 is a transmembrane receptor that binds
CD40L (CD154), stimulating the production of proinflamma-
tory cytokines, and has been postulated to participate in disease
pathophysiology (Tan et al., 1999, 2002; Wesemann et al., 2002).
Microglia express low amounts of CD40, but CD40 expression is
upregulated after stimulation with proinflammatory stimuli. Mi-
croglia associated with senile plaques express increased levels of
the proinflammatory cytokines, IL-183, and TNFa (Hoozemans
etal., 2001). Every proinflammatory agent tested in the phagocy-
tosis assay demonstrated the same inhibition of fAB and opso-
nized zymosan-stimulated phagocytosis but had no affect on im-
mune IgG-mediated phagocytosis, identical to the effect
observed in LPS-treated cells (Fig. 1 B). These proinflammatory
agents, acting alone, did not affect phagocytosis.

We next examined in detail the ability of IL-1f3 to suppress
fAB-elicited phagocytosis in BV-2 cells. A time course demon-
strated that the cells required an exposure to IL-1f3 for 3 h or
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inhibit phagocytosis Figure 1. Proinflammatory cytokines inhibit fA/3 and opsonized zymosan-stimulated phagocytosis but do not affectimmune

We next examined the effect of anti-
inflammatory cytokines on phagocytosis
by overnight preincubation of BV-2 cells
with IL-4, IL-10, IL-13, or TGFp before
stimulation of the cells with fAB, opso-
nized zymosan, or immune IgG. These cy-
tokines were tested for their effects on mi-
croglial phagocytosis because they have
been shown to promote alternative activa-
tion of microglia (Goerdt and Orfanos, 1999; Mantovani et al.,
2002; Duffield, 2003). The anti-inflammatory cytokines neither
stimulated nor inhibited phagocytosis elicited by any of the
phagocytic ligands (Fig. 3).

dent experiments.

fAB,_,, elicits phagocytosis in primary microglia in an anti-
inflammatory, but not a proinflammatory, milieu

Primary murine microglia were evaluated to determine whether
proinflammatory environments could also regulate their capacity
to stimulate phagocytosis. Microglia were treated with LPS for 6 h
to induce a proinflammatory environment as was demonstrated
previously with BV-2 cells. LPS treatment before stimulation
with fAB,_,, suppressed phagocytosis in primary microglial cells
(Fig. 4A). Specific proinflammatory and anti-inflammatory cy-

19G phagocytosis. A, BV-2 cells were exposed to LPS (1 r.g/ml) for 6 h to produce a proinflammatory environment. The cells were
then stimulated with fA (60 jum fAB,5_3s and 5 um fAB,_ ,,), mouse complement-opsonized zymosan (m0Z; 1 mg/ml), and
immune IgG (1 mg/ml) for 30 min, followed by 30 min of incubation with fluorescent microspheres. The fraction of phagocytically
active cells was then determined. B, BV-2 cells were incubated with proinflammatory cytokines (15 ng/mlIL-103, 10 ng/ml TNFex,
and 100 ng/ml IFN-y), CD40L (1 weg/ml), or MCP-1 (20 ng/ml) overnight before stimulation with phagocytic-stimulating ligands
for 30 min. Fluorescent microspheres were then added to the cells for 30 min. The fraction of phagocytically active cells was then
determined. *p < 0.01, **p << 0.001, and *p < 0.05 compared with control. This experiment is representative of three indepen-

tokines were also evaluated for their ability to regulate microglial
phagocytosis. The proinflammatory cytokine IL-13 suppressed
fAB-mediated phagocytosis (Fig. 4B). However, the fAB-
stimulated phagocytic mechanism was unaffected by the pres-
ence of IL-4, an anti-inflammatory cytokine (Fig. 4B), and IL-4
had no affect when added alone. We concluded that proinflam-
matory cytokines regulated microglial phagocytosis in primary
microglial cells in a similar manner as in BV-2 cells.

Proinflammatory and anti-inflammatory treated cells exhibit
morphological differences

Treatment of microglia with fAp elicits a B1-integrin dependent
change in cellular morphology similar to that observed in a type I
phagocytic response (Koenigsknecht and Landreth, 2004). We
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Figure 2.  Proinflammatory cytokines inhibit fA3-elicited phagocytosis by a transcriptionally dependent mechanism. A, BV-2
cells were incubated with IL-13 (15 ng/ml) for indicated time periods before fA3,5_35 (60 wum) stimulation for 30 min and the
addition of fluorescent microspheres for 30 min. BV-2 cells were incubated with parthenolide (15 wm) (B), SN50 (100 reg/ml) (C),
or SN50M (100 gg/ml) (€) for 3 h before stimulation with IL-13 (15 ng/ml) for 3 h. The cells were then incubated with fAB,5_;5
(60 pum) for 30 min, followed by the addition of fluorescent microspheres for 30 min. The fraction of phagocytically active cells was
then determined. *p < 0.01 and **p << 0.001 compared with control. The data are representative of three independent
experiments.
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tion. The cells were then stained with
phalloidin to label cytoskeletal filamen-
tous actin (F-actin). The cells treated with
fAB alone or in combination with IL-4 ex-
tended processes and contained phagocy-
tosed microspheres (Fig. 5). In contrast,
the cells that were treated with IL-1 be-
fore incubation with fAf were similar to
untreated cells, demonstrating that pro-
inflammatory cytokines prevented cy-
toskeletal reorganization necessary for
phagocytosis.

Anti-inflammatory cytokines restore
phagocytic activity

It has been demonstrated that anti-
inflammatory and proinflammatory cyto-
kines exhibit antagonistic actions in mac-
rophages (Hamilton et al., 1999; Duffield,
2003). We examined cells incubated si-
multaneously with anti-inflammatory and
proinflammatory cytokines to determine
whether anti-inflammatory cytokines
could suppress the inhibitory actions of
proinflammatory cytokines and restore
phagocytosis in fA 3-treated cells. First, we
incubated BV-2 cells with IL-18 (15 ng/
ml) and IL-4 (5, 10, and 15 ng/ml) over-
night before stimulation with fAB. IL-4
treatments restored fA -elicited phagocy-
tosis in a dose-dependent manner in the
presence of IL-183 (Fig. 6 A). We also dem-
onstrated that IL-4 treatment prevented
the ability of IFNy to inhibit fAB-
mediated phagocytosis (Fig. 6B). Simi-
larly, the LPS-mediated suppression of
fAB-stimulated phagocytosis was blocked
by the action of the anti-inflammatory cy-
tokine IL-10 (Fig. 6C). In each case, the
anti-inflammatory  cytokine restored
phagocytosis in the presence of proin-
flammatory cytokines.

Ibuprofen rescues fA 3-elicited
phagocytosis in a

proinflammatory milieu

The observation that anti-inflammatory
cytokines were able to restore fA B-elicited
phagocytosis in a proinflammatory envi-
ronment led us to evaluate whether the
nonsteroidal anti-inflammatory drug
(NSAID) ibuprofen would elicit similar
effects in a proinflammatory milieu. BV-2
cells were stimulated with IL-18 and race-
mic (R and S enantiomers) ibuprofen
overnight before incubation with fAS.
Ibuprofen was able to restore phagocytosis
stimulated by fA3 dose dependently in the
presence of IL-13 (Fig. 7A).

next asked whether the morphology of the phagocytically active We compared the ability of the two enantiomers of ibuprofen,
cells was different between the anti-inflammatory and the proin- ~ S-ibuprofen and R-ibuprofen, to restore phagocytosis. The
flammatory cytokine-treated cells. BV-2 cells were treated in the ~ S-ibuprofen is the active enantiomer, whereas the R-enantiomer
presence or absence of cytokines overnight before fAB stimula-  is inactive, with respect to COX inhibition. The S-ibuprofen was
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able to rescue phagocytosis in IL-13- 80 -
treated cells, but R-ibuprofen was without kK
effect (Fig. 7B). These data argue that COX g 70 1 ***** ****** ***ﬂ?"********* ****
activity may be involved in the suppres- = 60 7 ok *%
sion of phagocytosis by IL-18 and other 8 50 - ok ok
proinflammatory cytokines. o

To determine which of the two COX E» 40 1
isoforms may play a role in the regulation % 30 A
of fAB-stimulated phagocytosis, we used £ 20
two specific COX inhibitors. SC-560 spe-
cifically inhibits COX-1 (Smith et al, 10 1
1998), whereas CAY10404 is a highly spe- 0 -
cific inhibitor of COX-2 (Parashar et al., AB25-35 -+ e e e
2005). COX-1 is constitutively expressed, ~AB1-42 - - e T Y e
whereas COX-2 expression is induced by mOZ - - L GBI SR BT BT
inflammatory stimulation of microglia ~Immune IgG - = B T e e e
and macrophages (Vane et al., 1998; IL-4 sl o e
Akiyama et al., 2000). BV-2 cells were in-  IL-10 - = T I . T T,
cubated with IL-18 overnight beforea1h  IL-13 - - B T Y I T T
incubation with the COX inhibitors. Cells  TGFp = - w owow wloE w e & w e ow ow wom ow ow d o
were then stimulated with fAB, and the
percentage of phagocytic cells was deter- Figure3. Anti-inflammatory cytokines do not stimulate or inhibit phagocytosis. BV-2 cells were exposed to anti-inflammatory

mined. The inhibition of COX-2 restored
fAB phagocytosis to a level similar to cells
stimulated with only fAB (Fig. 7C). The
COX-1 inhibitor was unable to rescue
phagocytosis driven by fAB in a proin-
flammatory environment (Fig. 7C). We concluded from this ex-
periment that COX-2 is involved in the suppression of fAS-
elicited phagocytosis in a proinflammatory environment.

Prostaglandin E2 suppresses fA3-stimulated phagocytosis
The principal action of COX is to catalyze the synthesis of PGs
from arachidonic acid. COX-2 is responsible for the production
of PGE2. PGE2 binds and activates G-protein-coupled E prosta-
noid receptors (Narumiya et al., 1999) and has been shown to
modulate phagocytosis of macrophages (Hutchison and Myers,
1987; Rossi et al., 1998; Aronoff et al., 2004). Shie et al. (2005)
have shown recently that microglia in which the E prostanoid 2
(EP2) receptor gene was knocked out demonstrated increased
phagocytosis of AB compared with wild-type microglia. To de-
termine whether PGE2 was involved in the suppression of fAS-
elicited phagocytosis in a proinflammatory milieu, we used the
specific EP2 receptor agonist butaprost and an EP receptor an-
tagonist, AH6809 (Aronoffetal., 2004; Pooler et al., 2004). Treat-
ment of microglia with butaprost before fAB stimulation inhib-
ited fA B-elicited phagocytosis, mimicking the effect that was seen
in cells treated with IL-1 before stimulation with fAB (Fig. 8 A).
Importantly, treatment with AH6809 after IL-18 incubation re-
stored the ability of fAS to elicit a phagocytic response (Fig. 8 B).
These data are consistent with a mechanism in which proinflam-
matory stimuli induce COX-2 expression and PGE2 production,
which then likely signals through the EP2 receptor to inhibit
fAB-driven phagocytosis.

Discussion

We have reported previously the characterization of a microglial
fA cell surface receptor complex (Bamberger et al., 2003) whose
engagement leads to stimulation of phagocytosis (Koenigsknecht
and Landreth, 2004). This receptor complex, whose principle
constituents are CD36, CD47 (also termed integrin-associated
protein), and the a6B1-integrin, recognizes and binds fAS and
elicits a novel phagocytic response that is reliant on the B1-

cytokines IL-4, IL-10, IL-13 (each at 10 ng/ml), or TGF 3 (5 ng/ml) overnight before stimulation with fA3 (60 um fAB,5_;cand 5
um fAB;_ ), opsonized zymosan (mOZ; 1 mg/ml), or immune IgG (1 mg/ml) for 30 min. Fluorescent microspheres were then
added to the cells for 30 min. The fraction of phagocytically active cells was then determined. **p < 0.001 compared with control.
The experiment is representative of three independent experiments.
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Figure4. fApB,_,, elicits phagocytosis in primary microglia in an anti-inflammatory, not a
proinflammatory, milieu. 4, Primary microglial cells were treated with LPS (1 wg/ml) for 6 h
before stimulation with fAB, _, (5 um) for 30 min. Fluorescent microspheres were then added
to the cells, and the fraction of phagocytically active cells was determined. B, Primary microglial
cells wereincubated overnightin the presence or absence of IL-13 (15 ng/ml) or IL-4 (10 ng/ml)
before a 30 min treatment with fA3,_,, (5 um). Fluorescent microspheres were then added to
the cells. The fraction of phagocytically active cells was then determined. **p << 0.001 com-
pared with control. The data are representative of three independent experiments.
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Ai2535

IL-4/AB25-35

control

IL-1B/AB25-35

Figure 5.  Proinflammatory and anti-inflammatory treated cells exhibit morphological dif-
ferences. BV-2 cells were treated with IL-1(3 (15 ng/ml) or IL-4 (10 ng/ml) overnight before
stimulation with fA3,5_35 (60 um). Fluorescent microspheres were then added for 30 min. The
cells were stained with phalloidin to visualize F-actin. Images of the cells were taken at 100X
Scale bar, 5 m. This experiment is representative of three independent studies.

integrin and is mechanistically distinct from classical type I or
type II phagocytosis (Koenigsknecht and Landreth, 2004). It re-
mains unclear why activated microglia that physically associate
with amyloid plaques are unable to effectively phagocytose fAf3
deposits in the AD brain or its animal models (Stalder et al.,
2001).

The mechanisms subserving the removal of fAB from the
brain are complex, and microglial phagocytosis is clearly only one
of several mechanisms that operate in parallel to effect the elim-
ination of the amyloid peptides and plaques from the brain.
These include the phagocytic uptake of A3 through complement-
mediated mechanisms (Wyss-Coray et al., 2002) and through the
fAB receptor complex (Koenigsknecht and Landreth, 2004), as
well as trafficking of A into the peripheral circulation through
apolipoprotein-mediated uptake by vasculature (Zlokovic,
2004). We postulated that chronic inflammation in the AD brain
suppresses activation of phagocytic machinery and affects the
ability of microglial cells to mount a phagocytic response, thereby
inhibiting normal microglial clearance of fAB and senile plaques.
The brains of AD patients exhibit elevated levels of cytokines,
chemokines, immune cell surface proteins, and complement pro-
teins, which results in a feedforward process with a progressive
upregulation of inflammation over the course of the disease
(Akiyama et al., 2000). It has been demonstrated that inflamma-
tory stimuli, such as CD40, upregulates expression of proinflam-
matory cytokines, as well as COX-2 and PGE2 levels (Tan et al.,
1999, 2002; Inoue et al., 2004). There is clear evidence that mi-
croglia routinely survey the brain parenchyma (Nimmerjahn et
al., 2005) and act normally through complement-dependent pro-
cesses to remove A3 (Wyss-Coray et al., 2002) but are unable to
prevent plaque formation in the AD brain. We found that micro-
glia stimulated through the CR3 or the fAf receptor complex are
incapable of mounting a phagocytic response in the presence of
proinflammatory cytokines, consistent with a very recent report
by Townsend et al. (2005). Thus, inflammation inhibits both
endogenous fA3 phagocytic mechanisms and reduces fAf3 clear-
ance and may explain, in part, the development and accumula-
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Figure 6.  Anti-inflammatory cytokines restore phagocytic activity. 4, BV-2 cells were incu-
bated with 15 ng/ml IL-13 and indicated doses of IL-4 overnight before a 30 min stimulation
with 60 pm fAB,5_35, followed by incubation with fluorescent microspheres for 30 min. The
fraction of phagocytically active cells was then determined. B, BV-2 cells were incubated with
10ng/mlIL-4 and 100 ng/ml IFN-y overnight before a 30 min stimulation with 60 um fAB,s_35
and incubation with fluorescent microspheres for 30 min. The phagocytically active cells were
then measured. €, BV-2 cells were incubated with 10 ng/ml IL-10 overnight before a 6 h stim-
ulation with 1 wg/ml LPS. The cells were then stimulated with 60 m fAB,5_35 for 30 min and
incubated with fluorescent microspheres for 30 min. The fraction of phagocytically active cells
was then determined. **p << 0.001 compared with control. These data are representative of
three independent experiments.

tion of senile plaques in the AD brain. The present study has
demonstrated these effects in vitro with acute stimulation of
phagocytes, and it remains possible that the chronic in vivo situ-
ation may be different.

We demonstrated that proinflammatory cytokines act selec-
tively to regulate different types of microglial phagocytosis, be-
cause these cytokines had no effect on immune IgG-elicited
phagocytosis. The molecular basis for this effect is unknown but
suggests that elements of the phagocyte machinery are not subject
to inhibition by cAMP. Previous studies that characterized the
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Figure 7.

onset, reducing the severity, and slowing
the progression of AD (Rogers et al., 1993;
Rich et al., 1995). Importantly, NSAID
treatment is associated with a reduced
number of plaque-associated microglia in
the AD brain (Mackenzie and Munoz,
2001). The effect of proinflammatory
stimulation of microglia is the rapid in-
duction of COX-2 expression and the sub-
sequent production of PGs (Akiyama et
al., 2000). Indeed, COX-2 protein levels have been shown to be
elevated in AD brains (Pasinetti and Aisen, 1998; Ho et al., 1999;
Kitamura et al., 1999). The effect of anti-inflammatory cytokines
is to suppress the NFkB-dependent stimulation of COX-2 ex-
pression and PGE2 production in CD40-stimulated monocytes

independent experiments.
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Ibuprofen rescues fA3-elicited phagocytosis in a proinflammatory milieu. A, BV-2 cells were treated with racemic
ibuprofen atindicated doses and IL-113 (15 ng/ml) overnight before stimulation with fA3,5_35 (60 wum) for 30 min, followed by a
30 min incubation with fluorescent microspheres. The fraction of phagocytically active cells was then determined. B, BV-2 cells
were treated with racemic ibuprofen, S-ibuprofen, or R-ibuprofen at indicated doses together with IL-103 (15 ng/ml) overnight.
Cells were then stimulated with fA3,5_;5 (60 wum) for 30 min before incubation with fluorescent microspheres for 30 min. The
phagocytically active cells were then measured. , BV-2 cells were treated with IL-103 (15 ng/ml) overnight before a 1 hincubation
with CAY10404, a COX-2 inhibitor, at indicated doses or SC-560, a COX-T inhibitor, at indicated doses. Cells were then stimulated
with fAB,5_35 (60 um) for 30 min before the addition of fluorescent microspheres for 30 min. The fraction of phagocytically active
cells was then determined. *p < 0.01, **p << 0.001, and *p << 0.05 compared with control. These data are representative of three

(Inoue et al., 2004), and we argue that this effect underlies the
antagonist actions of these anti-inflammatory cytokines in re-
storing phagocytic activity in the presence of inflammatory stim-
uli. TGFB overexpression in an animal model of AD resulted in a
dramatic reduction in A3 plaque burden that was associated with
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Figure 8.  Prostaglandin E2 regulates the suppression of fA3-stimulated phagocytosis in a

proinflammatory milieu. A, BV-2 cells were treated with IL-13 (15 ng/ml) overnight before the
addition of butaprost, an EP2 receptor agonist, at indicated doses for 1h before stimulation with
fAB,5_35 (60 um) for 30 min. Cells were then incubated with fluorescent microspheres for 30
min. The percentage of phagocytically active cells was then determined. B, BV-2 cells were
treated with IL-1/3 (15 ng/ml) overnight before the addition of AH6809, an EP receptor antag-
onist, at indicated doses for 1 h. Cells were then stimulated with fA3,5_35 (60 wum) for 30 min,
followed by a 30 min incubation with fluorescent microspheres. The percentage of phagocyti-
cally active cells was then determined. *p << 0.01 and **p << 0.001 compared with control.
These data are representative of three independent experiments.

microglial activation and enhanced phagocytosis (Wyss-Coray et
al., 2001).

The primary effect of NSAID action is the inhibition of COXs
and the subsequent suppression of PG synthesis (Vane and Bot-
ting, 1998). We provide data that ibuprofen acts via this mecha-
nism to counteract the ability of proinflammatory cytokines to
inhibit phagocytosis elicited by engagement of the fAf receptor
complex. Ibuprofen has been implicated in the prevention and
treatment of AD. Treatment of AD murine models with ibupro-
fen resulted in a reduction of plaque burden and AB peptide
levels that was not observed in untreated mice (Lim et al., 2000;
Jantzen et al., 2002; Yan et al., 2003). Ibuprofen-treated animals
exhibited a reduction in the number of reactive microglia and
their proinflammatory products, as well as improved behavior
(Lim et al., 2000). We demonstrated that anti-inflammatory cy-
tokines and ibuprofen were able to restore fAB-elicited phagocy-
tosis in a proinflammatory milieu. This rescue effect was medi-
ated by the inhibition of COX-2, reducing PGE2 levels, and
signaling through the EP2 receptor. Importantly, this conclusion
was validated by a recent report by Shie et al. (2005). Our results
also define a mechanism that may explain, in part, the animal
data in which administration of ibuprofen results in a reduction
of fAB plaques. Our finding that ibuprofen acts to antagonize the
action of inflammatory stimuli and restore phagocytosis provides
a new mechanism whereby NSAIDs act to reduce AD risk.

There has been considerable controversy over the efficacy of
anti-inflammatory therapies in reducing AD risk, as well as in the
treatment of patients with the disease. The epidemiological stud-
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ies have led to clinical trials of steroids (Aisen et al., 2000), COX-
2-specific inhibitors, and naproxen in patient populations with
mild to moderate AD (Aisen et al., 2003). These trials failed to
demonstrate a salutary effect on AD progression. This outcome
likely reflects the requirement for drug intervention at earlier
stages of the disease because the epidemiological studies revealed
that only long-term (at least 2 years) drug treatment provided the
protection against AD (Stewart et al., 1997; in t'Veld et al., 2001),
suggesting that these agents cannot functionally intervene in the
disease process after it has become clinically evident. From a
mechanistic prospective, the action of NSAIDs relative to disease
pathophysiology has generated substantial controversy with the
newly recognized ability of a subset of these drugs, including
ibuprofen, to have anti-inflammatory actions through peroxi-
some proliferator-activated receptor <y activation (Lehmann et
al., 1997; Jiang et al., 1998; Ricote et al., 1998; Combs et al., 2000)
and to act on neurons to alter the specificity of amyloid precursor
protein processing by directly effecting y-secretase specificity,
although the effects are only observed at high drug concentra-
tions (Weggen et al., 2001; Sagi et al., 2003; Kukar et al., 2005).
The effects observed in the present study were elicited at ibupro-
fen concentrations consistent with its action on COX and not
through alternate mechanisms (Tegeder et al., 2001).

In summary, the present study supports the use of anti-
inflammatory therapies in patient populations at risk for AD.
Specifically, we have shown that ibuprofen, acting at therapeuti-
cally relevant concentrations on its canonical targets, the COXs,
facilitate the normal clearance of fA 3 by phagocytosis. Moreover,
the action of anti-inflammatory cytokines in facilitating the clear-
ance of fAB validate this therapeutic approach. The present data
also illustrate the phenotypic complexity of “reactive microglia”
and argue that it may be possible to selectively target specific
actions of these cells. These findings also have direct therapeutic
relevance to AD through the recognition that vaccination-based
removal of fAB from the AD brain is unaffected by its inflamma-
tory status.
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