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Mutations resulting in progranulin haploinsuffi-
ciency cause disease in patients with a subset of fron-
totemporal lobar degeneration; however, the biolog-
ical functions of progranulin in the brain remain
unknown. To address this subject, the present study
initially assessed changes in gene expression and cy-
tokine secretion in rat primary cortical neurons
treated with progranulin. Molecular pathways en-
riched in the progranulin gene set included cell ad-
hesion and cell motility pathways and pathways in-
volved in growth and development. Secretion of
cytokines and several chemokines linked to chemoat-
traction but not inflammation were also increased
from progranulin-treated primary neurons. There-
fore, whether progranulin is involved in recruitment
of immune cells in the brain was investigated. Local-
ized lentiviral expression of progranulin in C57BL/6
mice resulted in an increase of Ibal-positive microglia
around the injection site. Moreover, progranulin
alone was sufficient to promote migration of primary
mouse microglia in vitro. Primary microglia and C4B8
cells demonstrated more endocytosis of amyloid
B1-42 when treated with progranulin. These data
demonstrate that progranulin acts as a chemoattrac-
tant in the brain to recruit or activate microglia and
can increase endocytosis of extracellular peptides
such as amyloid B. (AmJ Patbol 2011, 178:284-295; DOI:
10.1016/j.ajpath.2010.11.002)

Genetic mutations resulting in haploinsufficiency of the
progranulin protein cause a subset of frontotemporal lo-
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bar degeneration (FTLD-U)."? FTLD-U is characterized
by ubiquitinated cytoplasmic inclusions containing TAR
DNA binding protein 43 (TDP-43).% However, little is
known about the physiologic or pathogenic role of pro-
granulin in the central nervous system (CNS). Since the
initial studies linking progranulin to FTLD-U, progranulin
polymorphisms have also been associated with Alzhei-
mer’s disease (AD), and haplotypes have been identified
that contribute to increased risk of developing AD.*~
Pathologic evidence also links progranulin with AD. Spe-
cifically, it has been observed that progranulin was colo-
calized with B-amyloid (AB) plaques at postmortem ex-
amination of brains from patients with AD 7 and in 3
independent lines of transgenic mice models of AD.®
Progranulin is detected at high levels in activated micro-
glia surrounding amyloid plagues,’®° consistent with its
upregulation in other neuroinflammatory conditions such
as Creutzfeldt-Jakob disease,’® CNS viral infection,'"
and amyotrophic lateral sclerosis.'® Given the genetic
and pathologic evidence linking progranulin to several
neurodegenerative diseases, the present study was un-
dertaken in an attempt to understand the physiologic role
of progranulin in the brain and to identify mechanisms
that may contribute to neurodegeneration.

Progranulin is a 68-kDa secreted protein that is exten-
sively glycosylated to 88 kDa. It is composed of a signal
sequence and seven and one-half granulin repeats
(granulins A-G and paragranulin). Each granulin repeat
contains a highly conserved 12-cysteine motif.’® Pro-
granulin is cleaved by elastase and protease 3, neutro-
phil-secreted serine proteases, to generate granu-
lins."™*'5 Secretory leukocyte protease inhibitor binds
progranulin and blocks proteolysis by elastase,’ thus
regulating the balance between progranulin and the
granulins. Progranulin expression is restricted to mitoti-
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cally active epithelial cells,'® and hematopoietic cells in
the periphery.'” In developing brains, progranulin is ex-
pressed in sexual dimorphic nuclei.’®'° In adult brains,
mRNA has been identified in Purkinje cells in the cere-
bellum, in the granular cell layer of the hippocampus, and
in cortical neurons.’® Progranulin immunoreactivity has
been detected in neurons of the granular cell layer of the
hippocampus and in the cortex. Activated microglia are
strongly immunoreactive for progranulin.®

Interest in progranulin function has been focused on 3
areas: inflammation, tumorigenesis, and more recently, its
role in neurodegeneration. Evidence that progranulin has a
role in inflammation dates from its discovery, when granulin
fragments were first isolated from leukocytes.?° Administra-
tion of progranulin increased the accumulation of neutro-
phils, macrophages, blood vessels, and fibroblasts around
a cutaneous wound, demonstrating that it is a mediator of
the wound response.’® The presence of progranulin in my-
eloid cells and microglia suggested that progranulin may
act as an inflammatory modulator. Proinflammatory signals
such as tumor necrosis factor (TNF)—« stimulate neutrophils
to undergo a “respiratory burst” and release their granule
contents (including elastase) and large quantities of reac-
tive oxygen intermediates. Progranulin blocked the TNF-a—
induced respiratory burst from cultured human neutrophils.
In contrast, granulin B induced epithelial cells to release the
chemokine interleukin (IL)-8, which attracts neutrophils.™
Bone marrow-derived macrophages from progranulin-de-
ficient mice secrete higher levels of proinflammatory cyto-
kines including IL-6 and TNF and less IL-10 than do wild-
type cells.2! In persons with type 2 diabetes mellitus, serum
progranulin levels correlated with macrophage infiltration
into omental adipose tissue. Progranulin can also promote
chemotaxis of THP-1 monocytic leukemia cells.??

Progranulin is up-regulated in a number of tumor cell
lines, and is consistently mitogenic.'* 82326 pro.
granulin also promotes other oncogenic properties
such as invasion and cell survival; SW-13 cells and
5637 bladder cancer cells secrete matrix-degrading
enzymes and migrate through Matrigel filters in re-
sponse to progranulin.?”:28

Studies of progranulin function in the CNS are lim-
ited. Examination of Grn™/~ mice revealed a role for
progranulin in modulating the brain serotonergic sys-
tem to establish sexual dimorphic behaviors.?® Pro-
granulin can mediate TDP-43 cleavage in vitro.*° Con-
sistent with its role in promoting cell survival and
mitogenesis in the periphery, progranulin promotes
neuronal survival ex vivo.®" A second line of Grn™/~
mice exhibit exaggerated inflammation, demonstrate
impaired ability to clear bacterial infections, and de-
velop cytosolic TDP-43 neuronal inclusions.?’

In the present study, microarrays and cytokine arrays
were used to identify neuronal pathways modulated by
progranulin. From these data, it was hypothesized that
similar to its role in the periphery, progranulin may also be
involved in modulating the response to injury in the CNS.
Consistent with this proposed function, it was further
demonstrated that progranulin can act as a chemoattrac-
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tant for microglia and is able to promote their capacity to
phagocytose extracellular peptides including AB.

Materials and Methods

Human Progranulin Production and Purification

Human progranulin®™ in pcDNA3.1V5HisTOPO (Invitro-
gen Corp, Carlsbad, CA) was transiently expressed in
HEK293 cells to ensure appropriate glycosylation. Con-
ditioned medium from the progranulin-transfected cells
was loaded onto a nickel resin affinity column (Qiagen
Inc, Valencia, CA) and eluted in 0.3 mmol/L of imidazole
in 20 mmol/L of Tris, pH8, and 150 mmol/L of sodium. The
eluate was dialyzed against 10 mmol/L of sodium phos-
phate, pH 7.4, 100 mmol/L of sodium, and 10% glycerol.
Protein concentration was calculated based on the Brad-
ford method using a kit (Smart Plus; Bio-Rad Laborato-
ries, Inc, Hercules, CA).

SW13 Cell Proliferation Assay

SWA13 (adrenal cortical adenocarcinoma) cells were ob-
tained from American Type Culture Collection (Manas-
sas, VA) and maintained in Dulbecco modified Eagle
medium (DMEM)/F12 (Invitrogen Corp) supplemented
with 10% (v/v) heat-inactivated FBS (Sigma-Aldrich, St.
Louis, MO) and 10 mmol/L of HEPES (Invitrogen Corp).
Cells (5000/well) were plated in a 96-well plate and al-
lowed to adhere overnight. The following day, the cells
were starved by serum deprivation for 4 hours, then
treated with varying concentrations (0, 37, 111, 333, or
1000 nmol/L) of progranulin diluted in media without se-
rum. Positive control wells contained serum. Cells were
incubated for 72 hours; then a cell-proliferation assay
was performed using a luminescence-based kit (ViaLight
Plus; Lonza Bioscience, Basel, Switzerland) following the
manufacturer’s protocol. Luminescence output was mea-
sured using a plate reader (EnVision; PerkinElmer Inc,
Waltham, MA).

Neuron Culture

Cortices were dissected from embryonic (day 18) Spra-
gue-Dawley rats, collected in cold HBSS, dissociated
using papain (LK003178; Worthington Biochemical Corp,
Lakewood, NJ), triturated, strained, and plated at 6 X 10°
in 6-well plates coated with poly-d-lysine. Cells were ini-
tially plated for 3 hours in Neurobasal medium (Invitrogen
Corp) with 10% FBS, then maintained for 14 days in
Neurobasal medium with 1% B27, glutamine, and glu-
cose. Neurons were treated for 8 hours with either me-
dium containing 10 nmol/L of human progranulin or me-
dium with the same volume of PBS solution.

Microarray Analysis and Identification of PGRN
Gene Signature

Gene expression analysis was conducted using custom
arrays (Rat GeneChip; Affymetrix, Inc, Santa Clara, CA)
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containing approximately 33703 genes, 43686 probe
sets. Isolated total RNA samples were assayed for quality
using a bioanalyzer (Agilent Technologies, Inc, Santa
Clara, CA) and yield (Ribogreen; Molecular Probes, Inc/
Invitrogen Corp, Eugene, OR) metrics before amplifica-
tion. Samples were amplified and labeled using a custom
automated version of the Ovation amplification protocol
(NuGen Technologies, Inc, San Carlos, CA). Hybridiza-
tion, labeling, and scanning using ovens, fluidics sta-
tions, and scanners (all from Affymetrix, Inc) following the
protocols recommended (NuGen Technologies, Inc).
Sample amplification, labeling, and microarray process-
ing were performed by Rosetta Inpharmatics Gene Ex-
pression Laboratory (Seattle, WA). Data were loaded into
the Resolver system (version 6.0; Rosetta Biosoftware,
Kirkland, WA). Experiment intensity profiles were built
using Robust Multichip Averaging via power tools (Af-
fymetrix, Inc) from scans using only the perfect-match
probes. MAS5 P values were calculated using perfect-
match and mismatch probes to determine whether ex-
pression was present or absent for a given probe (22704
probes had a MAS5 P value <0.05). A principal compo-
nent analysis was performed to determine whether dis-
tinct expression from the various treatments, progranulin
and PBS, could be observed. The Resolver system cre-
ates ratio experiments from intensity experiments using
an error-weighted average, as described.®® Ratios for
each gene in each individual replicate were created to a
control (PBS, n = 5) pool, respectively. P values were
generated and assigned to each ratio, and represent the
probability that a given gene is significantly expressed.®?
To determine a reliable probe set for treatment compar-
isons, only those probes with MAS5 P value <0.05, a ratio
P value <0.01, and absolute change 1.2-fold or greater in
at least 20% of the samples were considered. After filter-
ing, 903 probes were used, for an error-weighted 1 anal-
ysis of variance comparing PBS-treated (n = 5) versus
progranulin-treated (n = 5) samples, yielding a signature
of 168 with analysis of variance P < 0.01.

Gene ontology and pathway enrichment analysis was
performed using a hypergeometric test. In brief, a hyper-
geometric test was performed to determine whether a
particular category (e.g., biological process or pathway)
was disproportionately represented in a given set of
genes (e.g., those that were differentially expressed in a
particular group) compared with a reference set (all of the
genes in the GeneChip array). Rat genes were first con-
verted to corresponding human orthologs using the nu-
cleotide-nucleotide Basic Local Alignment Search Tool
(BLASTN; US National Center for Biotechnology Informa-
tion, US National Library of Medicine, Bethesda, MD) (E
value <0.5 cut off)*® before enrichment analysis. Path-
way and biological processes sets were obtained using
KEGG (Kyoto Encyclopedia of Genes and Genomes),3*
Gene Ontology Project (Biological Process and Cellular
Component),®® Metacore (GeneGo, Inc, St. Joseph, M),
and PANTHER (Protein Analysis THrough Evolutionary
Relationships)3® databases, and IPA software (Ingenuity
Systems Inc, Redwood City, CA).

Construction of the FTD, FTLD-U, and PGRN
Signature Network

To determine whether genes from 3 different studies in-
teracted with each other (binding or by regulation), pro-
tein interaction and regulation information from several
public and commercial sources was used. Genes with
only one interaction were considered. The constructed
network contains 156 nodes (genes) and 227 edges (reg-
ulatory or binding interactions).

Cytokine Profiling

Conditioned media were collected from the same primary
neurons treated with 10 nmol/L of progranulin. Samples
were biotinylated and dialyzed before being added to
glass slide—based antibody arrays, and were incubated
at room temperature. The RayBio Biotin Label-based Rat
Antibody Array (RayBiotech, Inc, Norcross, GA) con-
tained antibody spots for 90 rat cytokines. After incuba-
tion with fluorescent dye-streptavidin, the signals were
visualized via fluorescence. Antigen level intensity data
were adjusted for background, and normalized accord-
ing to protocols of the manufacturer (RayBiotech, Inc).
Ratio data for each individual antigen were created as
follows: PBS baseline samples were created by pooling
all replicates (n = 4). The log10 ratio of each individual
replicate, for each treatment group (PBS or PGRN), to
PBS pool was derived. Antigen expression differences
were determined using the t test on log10 ratio data by
comparing PGRN with PBS replicates.

Lentivirus Production

Human progranulin cDNA'® was amplified from PGRN/
pcDNA3.1 using the following primers: 5'-CACCATG-
TGGACCCTGGTGAGC-3', 5'-CAGCAGCTGTCTCAAG-
GCTG-3’, and 5'-CTACAGCAGCTGTCTCAAGGCTG-3'.
Human PGRN was subcloned into pENTR with the
PENTR/D-TOPO Cloning Kit (Invitrogen Corp) and sub-
sequently into pLenti7.3 using the Gateway system (In-
vitrogen Corp). Packaging cell line HEK293FT was in-
fected with various viral constructs to produce the
viruses. Green fluorescent protein (GFP)-lenti (pLenti6.3/
V5-GW/EmGFP Expression Control Vector) was obtained
from Invitrogen Corp.

Lentivirus Injection

Anesthetized mice were restrained in a stereotaxic frame
and injected using a Lab Animal Studies Injector (LASI)
needle attached to a 1700 Series Gastight Syringe (both
from Hamilton Co, Reno, NV) in a Harvard PHD 22/2000
Advance Syringe Pump (Harvard Apparatus, Inc). GFP-
lentivirus was injected into the cortex of one hemisphere,
and progranulin-lentivirus in the contralateral hemisphere
following the coordinates AP, 1.0 mm; ml, [plus or mi-
nus]1.8 mm; and DV, —0.8 mm. The virus was adminis-
tered at an infusion rate of 0.2 ulL/min for 10 minutes.
After viral administration, the needle was allowed to rest
for 5 minutes, and was slowly retracted. This process was



repeated for the second infusion site. The animals were
allowed to recover on a heating pad, and were returned
to a cage after they were fully cognizant. Mice were
euthanized and tissue harvested at 2, 7, or 14 days after
injection.

PBS Lesion

Anesthetized 2-month-old Grn™'~ mice and wild-type lit-
termates®® were restrained in a stereotaxic frame as de-
scribed for lentivirus injection. Two microliters of sterile
PBS was injected into the cortex (coordinates as above)
with a 26-gauge needle mounted on a syringe (Hamilton
Co) at a rate of 0.5 ulL/min. Mice were euthanized and
tissue harvested at 7 days after creation of lesions.

Immunohistochemistry and Image Processing

Mice were euthanized using carbon dioxide according to
guidelines of the Institutional Animal Care and Use Com-
mittee (Michigan State University, East Lansing), then
perfused transcardially with PBS (pH 7.4) for 1 minute
and immersion fixed in 10% neutral buffered formalin for
24 hours. Forebrains were either cyroprotected in 20%
sucrose overnight and sectioned at 30 um into 6 adjacent
series on a freezing microtome or processed into paraffin
molds using standard procedures and sectioned serially
at 5 um. Paraffin sections were immunostained using an
automated stainer (Discovery XT; Ventana Medical Sys-
tems, Inc, Tucson, AZ) with polyclonal rabbit anti-ionized
calcium binding adaptor molecule-1 (lba-1; diluted
1:1000; Wako Pure Chemical Industries, Ltd, Osaka, Ja-
pan; catalog No. 019-19741) and polyclonal goat anti-
progranulin (1:1000; R&D Systems, Inc, Minneapolis,
MN; catalog No. AF2420). Floating sections were stained
by hand using anti-lba-1 diluted 1:2000 using standard
procedures. In brief, sections were incubated with 3%
hydrogen peroxide, blocked in donkey serum, and ex-
posed to primary antibody overnight at room tempera-
ture. Sections were incubated with biotinylated donkey
anti-goat secondary antibody, amplified with avidin-biotin
complex (Vector Laboratories, Inc, Burlingame, CA), and
visualized with 3-3'-diaminobenzidine as the chromagen.
Sections were mounted, dehydrated, and coverslipped.
Immunostaining was quantified using a slide scanning
and analysis system (Ariol; Applied Imaging Corp, San
Jose, CA).

Injection sites were located via PGRN immunoreactiv-
ity in the cortex, and adjacent slides were stained for
Iba-1. The amount of PGRN immunoreactivity on the in-
jected (PGRN-lenti) and control (GFP-lenti) hemispheres
was quantified by measuring the number of pixels above
a color intensity threshold around the injection sites.
Within these regions on adjacent slides, the number of
Iba-1 immunoreactive microglia were counted using
color and shape thresholds. For floating sections, injec-
tion sites were identified via needle-tracks, and Iba-1
immunoreactive microglia were quantified in the region
surrounding the injections. For each injection, 3 to 5 sec-
tions were stained and quantified.
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Fluorescent immunostaining was performed on paraf-
fin sections as described, with modifications as follows.
After antigen retrieval, slides were exposed to primary
antibodies to anti-neuronal nuclei (NeuN; 1:1000; Milli-
pore Corp, Billerica, MA; catalog No. MAB377), lba-1
(1:1000), or glial fibrillary acidic protein (1:1000; DAKO
Corp, Carpenteria, CA; catalog No. Z0334) in conjunction
with anti-progranulin (1:100). ALEXA-488 or ALEXA-594
(Molecular Probes, Inc/Invitrogen Corp) conjugated don-
key anti-mouse (NeuN), rabbit (glial fibrillary acidic pro-
tein, Iba-1), and goat (PGRN) secondary antibodies were
then applied. Slides were coverslipped using a kit (Pro-
Long Anti-Fade; Molecular Probes, Inc/Invitrogen Corp)
with  DAPI (4’,6-diamidino-2-phenylindole) fluorescent
stain, and imaged.

Microglia Culture

Cerebral hemispheres were dissected from P1 C57BL/6
mice in HBSS. Tissue was triturated in HBSS and strained
through a 100-umol/L cell strainer. Cells were spun
down, resuspended in high modified DMEM with glu-
tamine (GlutaMAX; Invitrogen Corp) with 10% heat-inac-
tivated FBS, and plated in 20 ml of media and 25 ng/ml of
recombinant mouse granulocyte macrophage colony-
stimulating factor (rmGM-CSF) (R&D Systems, Inc, Min-
neapolis, MN) at 2 brains per P75 flask. Ten milliliters of
media was replaced every 5 days. On day 14, microglia
lightly adhering to the surface of the mixed culture were
shaken off and harvested for subsequent experiments.

Microglial Migration Assay

Primary mouse microglia were starved via serum depri-
vation overnight in DMEM, and plated at 1 x 10° cells/
well in 200 uL of medium in the upper chamber of
Transwell permeable supports (8.0-um pore size, poly-
carbonate membrane, 6.5-mm diameter, 24-well format)
(Corning Inc, Corning, NY). Four hundred microliters of
media containing chemoattractants (FBS and progranu-
lin) was added to the lower chamber, and cells were
incubated for 24 hours. Cells that migrated to the lower
chamber were stained with CyQUANT NF green fluores-
cent dye (Invitrogen Corp) using the manufacturer’s pro-
tocol. Cells were removed from the upper chamber using
a cotton swab, and migrated cells were counted using a
fluorescent microscope. Cells were counted in 5 fields
(10X magnification) per well. Data are given as the mean
of 3 experimental replicates.

Endocytosis Assay

5 X 10° primary mouse microglia were incubated in
DMEM with 10% heat-inactivated FBS overnight. Cells
were incubated with recombinant human progranulin, hu-
man AB1-42 conjugated with HiLyte Fluor 488 (Anaspec,
Inc, San Jose, CA), cytochalasin D (Sigma-Aldrich), in-
sulin (Invitrogen Corp), or bone-derived neurotrophic fac-
tor (Sigma-Aldrich) for 2 hours. Cells were washed thor-
oughly in PBS and harvested. Measurements were
performed using a cytometer (FACSCalibur; BD Bio-
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sciences, San Jose, CA). The cell population was se-
lected by a forward and side scatter window. The FL1
channel fluorescence (fluorescein isothiocyanate) was
recorded, and 10000 events were acquired. Data were
analyzed using commercially available software (FlowdJo;
Tree Star Inc, Ashland, OR) using a histogram to gate the
fluorescein isothiocyanate—positive cell population. Mi-
croglia adhered to coverslips coated with poly-d-lysine
were placed in the same wells. Cells were incubated for
30 minutes with LysoTracker Red (Invitrogen Corp), fixed
with 4% paraformaldehyde, and mounted using Prolong
Gold antifade reagent containing DAPI (Invitrogen Corp).
Fluorescence images were acquired using a confocal
microscope system (LSM510META; Carl Zeiss AG,
Oberkochen, Germany) and a microscope (Axioplan;
Carl Zeiss AG) using a 40X water immersion lens.

Results

Generation of Biologically Active Human
Progranulin

Human progranulin was expressed and purified from hu-
man embryonic kidney cells to ensure appropriate gly-
cosylation. To confirm that it was biologically active,
SWA13 cells, known to proliferate in response to progranu-
lin,2® were starved via serum deprivation, and incubated
with increasing concentrations of progranulin. Cell prolif-
eration was dose-dependent in response to progranulin

(see Supplemental Figure S1, http://ajp.amjpathol.org).
The increase in cell number was statistically significant at
111 nmol/L, to 157% of control (P = 0.03, t test). Evidence
from the literature suggested that neurons may respond to
progranulin at lower concentrations®'; therefore, we chose
10 to 100 nmol/L for subsequent experiments.

Gene Expression Signature of
Progranulin-Treated Neurons

Primary neurons (14 days in vitro) from embryonic (day
18) Sprague-Dawley rats were treated with 10 nmol/L of
human progranulin for 8 hours. Human progranulin is
75% identical and 84% similar to rat progranulin. Cells
were harvested, and RNA was isolated and analyzed
using a microarray to determine changes in gene signa-
tures between progranulin and control samples. The pro-
granulin gene expression signature consisted of 168
probes differentially expressed, compared with controls
(see Supplemental Table S1 , http://ajp.amjpathol.org). A
clear separation of the treatment groups was observed
along the first principal component of a principle compo-
nent analysis (see Supplemental Figure S2, http.//ajp.
amjpathol.org). Data were analyzed to identify pathways
enriched for genes affected by progranulin. From this
analysis, the inherent bias in the gene expression signa-
ture was identified, which may shed light on biological
processes or pathways that are regulated by progranulin.
Biological processes and pathways enriched (hypergeo-

Table 1. Pathways Enriched for Progranulin-Treated Primary Neuron Gene Set

Similar Set Collection P Value
Neurophysiologic process dopamine D2 receptor signaling in CNS GeneGo Pathways 0.000945
Biological adhesion GO Biological Process 0.000802
Cell adhesion GO Biological Process 0.000802
Regulation of developmental process GO Biological Process 0.000714
Regulation of biological quality GO Biological Process 0.000710
Positive regulation of keratinocyte differentiation GO Biological Process 0.000701
Neurophysiologic process A-type opioid receptor in nervous GeneGo Pathways 0.000603
system
Regulation of cellular component organization GO Biological Process 0.000579
Developmental process GO Biological Process 0.000483
Regulation of cellular component size GO Biological Process 0.000459
Regulation of actin filament length GO Biological Process 0.000406
Actin polymerization or depolymerization GO Biological Process 0.000358
Regulation of actin polymerization or depolymerization GO Biological Process 0.000272
Regulation of organelle organization GO Biological Process 0.000255
Regulation of cell proliferation GO Biological Process 0.000249
Keratinocyte differentiation GO Biological Process 0.000191
Regulation of keratinocyte differentiation GO Biological Process 0.000124
Development EPO-induced MAPK pathway GeneGo Pathway 0.000123
Regulation of locomotion GO Biological Process 0.000064
Regulation of cell motion GO Biological Process 0.000047
Regulation of cytoskeleton organization GO Biological Process 0.000028
Regulation of cell migration GO Biological Process 0.000024
Positive regulation of cell motion GO Biological Process 0.000020
Regulation of actin filament-based process GO Biological Process 0.000018
Regulation of actin cytoskeleton organization GO Biological Process 0.000012
Positive regulation of cell migration GO Biological Process 0.000010
Cell motility GO Biological Process 0.000959

Rat primary cortical neurons were treated with 10 nmol/L of progranulin for 8 hours, and changes in gene expression were measured using a microarray.
Gene ontology and pathway enrichment analysis was performed. Pathways listed were disproportionately represented with the progranulin gene set (P <
0.001). Pathway sets were obtained from KEGG, Gene Ontology, GeneGo, PANTHER, and Ingenuity pathways.

EPO, erythropoietin; MAPK, mitogen-activated protein kinase.
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metric P < 0.001) in the progranulin signature included
pathways associated with cell migration or moatility, cy-
toskeleton organization, cell adhesion, and cell prolifera-
tion (Table 1).

To determine whether the progranulin gene expression
signature described herein was relevant to disease, re-
sults of the present study were compared with 2 pub-
lished gene expression signatures from brains with
FTLD.3”2® Only 1 gene, PARP3, was down-regulated in
both the progranulin signature and the FTLD signature
described by Bronner et al.®” The lack of overlap is
expected because these gene expression signatures
were derived in different biological conditions. For exam-
ple, both FTLD and FTLD-U studies were performed us-
ing postmortem brain tissue containing multiple cell
types, with different patient populations, and at a late
stage of disease. Conversely, the progranulin signature
described herein was derived in a rat neuron cell culture
system and measured after 8 hours. A more relevant
analysis would be to determine whether common pro-
cesses or pathways are affected in all of these models;
thus, we wondered whether any of the genes regulate or
interact with each other based on regulatory interactions
described in the literature. A subset of genes from all 3
studies form an interconnected network, indicating that
the 3 results may converge on certain common biological
processes (see Supplemental Figures S3 and S4, http://
ajp.amjpathol.org). Furthermore, identification of path-
ways enriched for genes in the combined gene subset
revealed several similar pathways to the progranulin-
treated neurons including positive regulation of cellular
component movement, positive regulation of locomotion,
positive regulation of cell migration, transport macropino-
cytosis regulation by growth factors, regulation of cell
adhesion, and regulation of cell proliferation (P < 0.004).
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IL-10 90 cytokines in conditioned media from rat pri-
IL-6 mary cortical neurons treated with 10 nmol/L of
Ubiquitin progranulin for 8 hours. Cytokines were mea-
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CCR4 green; downregulated.
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This indicates that certain processes identified as being
modified by transient progranulin treatment were consis-
tent with those identified as differentially regulated in
brain samples from patients with FTLD.

Cytokines Secreted from Primary Neurons
Treated with Progranulin

To identify whether progranulin also has a role in medi-
ating the inflammatory response in the CNS, conditioned
media from the same primary neurons were analyzed
using an antibody-based array to identify changes in
secreted cytokines. Data were analyzed as described
(Materials and Methods section), using similar principles
to the gene expression arrays. Biological replicates were
consistent between the progranulin-treated and control
groups, demonstrating the consistency of the method
(Figure 1A). Of 90 cytokines measured, 18 were signifi-
cantly up-regulated and 2 were significantly down-regu-
lated. There was a striking overlap between the gene
pathways altered by progranulin treatment and the cyto-
kines secreted by the same neurons. For example, path-
ways associated with cell migration, cytoskeletal organi-
zation, cell motility, and cell adhesion were significantly
enriched in the progranulin-treated gene set. These cor-
related with increased expression of numerous cytokines
and chemokines involved with chemotaxis and cell mo-
tility such as interferon-inducible protein-10, monocyte
chemoattractant protein-1, matrix metalloprotease-13,
fractalkine, C-C chemokine receptor type 4, and glial
cell-derived neurotrophic factor receptor a—1. Cell pro-
liferation pathways were enriched in the gene set that
may be associated with secretion of growth and death
factors such as TNF-related apoptosis-inducing ligand
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A 2 Days
Lenti-PGRN Lenti-GFP

7 Days

14 Days
Lenti-PGRN Lenti-GFP

Figure 2. Progranulin attracts microglia in the
brain. A: Representative C57BL/6 cortical brain
sections containing the PGRN (progranulin)-
lenti or GFP-lenti injection site immunostained
for progranulin or the microglial marker Ibal.
Mice were sacrificed at 2, 7, or 14 days after
injection. Scale bar = 200 wm. B: Quantification
of the number of microglia surrounding the
PGRN-lenti injection site normalized to the num-

B c ber of microglia surrounding the GFP-lenti injec-

tion site, expressed as a percentage increase.

4 * = GFP-lenti Each point represents the mean value from 3 to

H oo i b v PGRN-lenti 4 sections analyzed per mouse (analysis of vari-

= :g T L] ance, P = 0.02; Dunnet post hoc test *P <0.05.

E’ %1 L E o C: Number of microglia recruited to the injection

é % E 5 site correlated closely with progranulin staining

& . . 24 intensity. Each data point was obtained from 1

@z 2 P G 3 p<0.0001 brain section (green square, GFP-lenti injection;

E § e = f R2_0619 blue triangle, PGRN-lenti expression).
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(TRAIL), vascular endothelial growth factor-C, and Fas
ligand. Secretion of cytokines IL-10, IL-6, IL-4, and IL-5
was significantly increased. TNF-a was slightly elevated
(1.6-fold; P < 0.05), whereas interferon-v, IL-2, IL-18, and
associated receptors were not elevated. Therefore, Th2
cytokines were strongly induced, but classic proinflam-
matory factors were not induced by progranulin treat-
ment.

These data suggested that progranulin may be in-
volved in chemotaxis, cell growth, and survival and in
modulating the inflammatory response in the brain. Be-
cause of the established role of progranulin in wound
healing and attraction of leukocytes to sites of injury in the
periphery, ' and the recent discovery that serum pro-
granulin concentrations correlated with macrophage in-
filtration in adipose tissue,?® it was hypothesized that
progranulin may promote chemotaxis of immune cells in
the brain, and attempts were made to confirm this via in
vivo and in vitro experiments.

Progranulin Locally Increases Ibal-Positive
Microglia in Brain

Lentivirus expressing either human progranulin or GFP
was injected into the cortex of C57BL/6 mice. After 2, 7,
or 14 days (n = 3to 4 per group), brains were harvested
and processed for single or double immunohistochemis-
try with GFP, progranulin, Iba-1, glial fibrillary acidic pro-
tein, and NeuN antibodies on 5-um paraffin sections (Fig-
ure 2). The specificity of the progranulin antibody was
confirmed by the absence of staining in Grn™/~ mouse
brain sections and by the absence of staining by an
isotype control antibody (see Supplemental Figure S5,
http://ajp.amjpathol.org). Iba-1is a Ca™ ™ binding protein
specifically produced by activated monocytes and mi-
croglia. Progranulin was present in the parenchyma sur-
rounding the progranulin-lentivirus injection site, and was
strongly expressed in adjacent neurons and microglia
(see Supplemental Figure S6, http://ajp.amjpathol.org).

PGRN Staining Intensity

Endogenous progranulin was weakly expressed in neu-
rons and strongly expressed in microglia surrounding the
GFP-lentivirus injection site. Progranulin did not co-local-
ize with glial fibrillary acidic protein immunoreactivity.
Progranulin immunoreactivity intensity and numbers of
Iba1-positive microglia were quantified around each in-
jection site. The number of activated microglia around the
progranulin injected site were normalized to the number
of microglia around the GFP injection site to calculate the
percent increase in number of microglia and to control for
increased microglial activation from the injection alone.
Progranulin expression started to increase after 2 days,
was clearly present around the progranulin-lentivirus in-
jection site after 7 days, and continued through 14 days
(Figure 2A). There was also an increase in progranulin
expression in microglia around the GFP-lentivirus injec-
tion site, suggesting that the trauma of the injection pro-
cess was sufficient to induce endogenous mouse pro-
granulin expression in this cell type. This could be
detected in the same sections because the antibody
detected both mouse and human progranulin. The num-
ber of activated microglia surrounding the injection site
was higher around the progranulin injection site than
around the GFP injection site (Figure 2A), and the percent
increase of microglia on the progranulin-lentivirus in-
jected side compared with the GFP-lentivirus injected
side was increased between days 2 and 7 after injection
(Figure 2B), (analysis of variance, P = 0.02). Further-
more, progranulin expression tightly correlated with the
number of microglia in the region (R? = .619; P < 0.001,
Pearson correlation) (Figure 2C). Highly significant cor-
relations were observed in both the region expressing
human progranulin from the lentiviral injection (R? = 0.69,
P < 0.001, Pearson correlation) and the region surround-
ing the GFP-lentiviral injection when endogenous mouse
progranulin was induced after the trauma of the injection
(R? = 0.42; P < 0.001, Pearson correlation). To our
knowledge, these data demonstrate for the first time that
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Figure 3. Progranulin promotes microglial migration in vitro. Histogram of
number of primary mouse microglia that migrated across a Transwell mem-
brane toward the chemoattractants progranulin (P) or 10% FBS in DMEM
(D-10). Results are the mean of 3 separate experiments, expressed as a
percentage of the positive control (10% FBS). *P < 0.05 compared with
DMEM/DMEM (no chemoattractant gradient) calculated using the ¢ test.

increased levels of progranulin, both human and mouse,
increase the number of activated microglia in the brain.

Progranulin Promotes Microglial Migration
in Vitro

The increase in Iba1-positive microglia described may be
due to the effect of progranulin on activating resident
microglia or by recruiting distal microglia via chemotaxis.
Therefore, to determine whether progranulin acts as a
chemoattractant, an in vitro migration assay was per-
formed. Microglia cultured from P1 C57BL/6 mice were
plated in the upper chamber of Transwell plates and on
the upper surface of the Transwell membrane, whereas
progranulin or other chemoattractants were added to me-
dium in the lower well. A diffusion gradient formed across
the Transwell membrane. The cells were incubated for 24
hours and stained with Cyquant NF, and the number of
cells on the lower side of the membrane was counted.
Positive controls were 100 pmol/L of ATP (data not
shown) and 10% FBS (Figure 3), and both induced mi-
gration of cells across the membrane toward the higher
concentrations. Ten nanomoles per liter of progranulin
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N
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was sufficient to promote migration of the microglia
across the Transwell membrane, and the number of cells
that migrated across the membrane increased with pro-
granulin treatment in a dose-dependent manner (Figure
3). To test whether increased migration across the mem-
brane was observed, or increased adherence of cells to
the membrane, cells were treated with 100 nmol/L of
progranulin in both the upper and lower chambers. With
high progranulin levels but no gradient across the mem-
brane, the number of microglia on the lower side of the
membrane did not increase, demonstrating that pro-
granulin did not affect adherence in this experiment.
These data show that progranulin is sufficient to act as a
chemoattractant to microglia.

No Difference in Iba1-Positive Microglia in
PBS-Lesioned Progranulin-Deficient Mice

Although progranulin can increase activated microglia in
vivo (Figure 2) and can act as a chemoattractant in vitro
(Figure 3), it is not clear whether it is absolutely required
for these processes. In progranulin-deficient mice
(Grn™/7) and wild-type littermates, lesions were created
by injecting 1 ulL of sterile PBS with a wide-gauge needle
into the cortex, and the number of Iba1-positive microglia
surrounding the injection site was counted. Brains were
processed as described for free-floating immunohisto-
chemistry, and were analyzed as before. The number of
microglia surrounding the injection site was normalized to
the number of microglia in a corresponding region of the
contralateral cortex without lesions to control for interin-
dividual variation. There was no significant difference in
the number of microglia recruited to the site of the PBS
lesion in the Grn™/~ mice compared with the wild-type
littermates (Figure 4). These data demonstrate that, at
least for this lesion, factors other than progranulin can
also act as chemoattractants for microglia.

Microglial Endocytosis Is Increased in Response
to Progranulin

From observations that pathways involved in cytoskeletal
organization and actin polymerization were enriched in
the gene signature of progranulin-treated neurons (Table
1), it was hypothesized that progranulin may also regu-
late endocytosis. Progranulin co-localizes with AB in amy-
loid plagues in brains of patients with AD and in mouse

n/s Figure 4. No difference is observed in micro-
glial migration in progranulin-deficient mice
with lesions created using PBS. A: Number of
Ibal-positive microglia surrounding a PBS le-

. sion in progranulin knockout (Grn™/7) and
wild-type (Grn™™") mice. B: Each point repre-
®e sents the mean of 3 to 5 sections analyzed per

mouse. There was no significant difference be-
tween the groups (7 test).

Ratio of microglia in lesioned vs.

.
Grn ™

Grn' %
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models of AD (see Supplemental Figure S7, http.//ajp.
amjpathol.org),22° and can be endocytosed by microglia.
Therefore, fluorescently tagged AB was used as a sub-
strate to test whether progranulin could increase endo-
cytosis in an in vitro system. C8B4 cells (a mouse micro-
glial cell line) were incubated with freshly solubilized
AB1-42 tagged with Hilyte-488 for 2 hours in the pres-
ence or absence of progranulin. Cells were trypsinized,
washed thoroughly to remove any extracellular AB, har-
vested, and analyzed using flow cytometry. The percent-
age of cells over a control fluorescence threshold in-
creased from 64.08% with 100 nmol/L of AB alone (Figure
5B) to 97.76% with 100 nmol/L of AB and 100 nmol/L of
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progranulin (Figure 5D), demonstrating that more cells
internalized AB in response to progranulin. Ten nano-
moles per liter of progranulin did not have an effect (Fig-
ure 5C). Pretreatment for 20 minutes with 5 umol/L of
cytocholasin D blocked most of the increase in fluores-
cence (Figure 5E), demonstrating that most, but not all, of
the fluorescence associated with incubating the cells with
AB1-42 tagged with Hilyte-488 depends on cytoskeletal
rearrangement. These data suggest that AB1-42 is being
endocytosed by the microglia, that this process is in-
creased by progranulin treatment, and that it requires
cytoskeletal rearrangement by a process such as mac-
ropinocytosis.*°

To confirm this observation, the experiment was re-
peated using primary microglia cultured from P1
C57BL/6 mice. The percentage of cells over a fluores-
cence threshold increased from 12.55% with 100 nmol/L
of AB alone (Figure 5l) to 18.13% with 100 nmol/L of AB
and 10 nmol/L of progranulin (Figure 5J) and to 32.30%
with 100 nmol/L of AB and 100 nmol/L of progranulin.
Cells were treated with other control proteins. Uptake of
AB was not affected by 100 nmol/L of insulin (Figure 5L),
and 100 nmol/L of brain-derived neurotrophic factor had
a limited effect (Figure 5M). To confirm that AB had been
internalized and to determine its subcellular localization,
microglia were treated as described, and subsequently
were incubated for 30 minutes with LysoTracker to label
acidic compartments. AB1-42 was observed in intracel-
lular punctae. These punctae colocalized with acidic
compartments that may be late endosomes or lysosomes
(Figure 5N), demonstrating that the AB was endocytosed
and delivered to the endosomal or lysosomal compart-
ments. Consistent with the flow cytometry data, the punc-
tae increased in progranulin-treated cells (Figure 5N).
These data support the hypothesis that progranulin in-
creases endocytosis of soluble peptides including, but
not necessarily limited to, AB.

Discussion

Interest in the role of progranulin in the brain has in-
creased dramatically since mutations in progranulin were

Figure 5. C4B8 cells and primary microglia endocytose more AP1-42 in
response to progranulin treatment. A—F: C4B8 cells incubated with Hilyte
488—tagged AB1-42 and progranulin. Internalized AB was measured using
flow cytometry on 488-fluorescence. A: Untreated cells. B: Cells incubated
with 100 nmol/L of Hilyte 488-tagged AB1-42. C: Cells incubated with 100
nmol/L of Hilyte 488—tagged AB1-42 and 10 nmol/L of progranulin. D: Cells
incubated with 100 nmol/L of Hilyte 488—tagged AB1-42 and 100 nmol/L of
proganulin. E: Cells incubated with 100 nmol/L of Hilyte 488—tagged AB1-42
and 5 umol/L of cytocholasin D. F: Mean fluorescence intensity of samples
A-E: A, red; B, green; C, blue; D, brown; E, purple. G-N: Mouse primary
microglia incubated with Hilyte 488—tagged AB1-42 and progranulin. G:
Untreated microglia. H: Microglia incubated with 100 nmol/L of Hilyte 488—
tagged AB1-42. I: Microglia incubated with 100 nmol/L of progranulin. J:
Microglia incubated with 100 nmol/L of Hilyte 488—tagged AB1-42 and 10
nmol/L of progranulin. K: Microglia incubated with 100 nmol/L of Hilyte
488—tagged AB1-42 and 100 nmol/L of progranulin. L: Microglia incubated
with 100 nmol/L of Hilyte 488-tagged AB1-42 and 100 nmol/L of insulin. Mz
Microglia incubated with 100 nmol/L of Hilyte 488—tagged AB1-42 and 100
nmol/L of brain-derived neutrotrophic factor. N: Microglia incubated with
100 nmol/L of Hilyte 488—tagged AB1-42 and 10 nmol/L of proganulin. Acidic
compartments stained with LysoTracker Red. Images obtained at 60X mag-
nification using a Zeiss confocal microscope.
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Table 2. Fold-Change of Cytokines Secreted from Progranulin-
Treated Primary Neurons

P Value
Cytokine PGRN/PBS <0.05 <0.01 <0.001

IP-10 8.83 * * *
IL-4 3.75 * * *
Ubiquitin 2.67 * * *
FGF-BP 21.11 * *

CCR4 10.07 * *

Fas ligand/TNFSF6 8.24 * *

IL-6 3.48 * *
Fractalkine 2.59 * *
RALT/MIG-6 1.99 * *

Growth hormone 1.92 * *
VEGF-C 10.69 *

Leptin (OB) 7.85 *

GFR-a1 3.62 *

IL-10 2.98 *

IL-5 2.04 *

MCP-1 1.92 *

MMP-13 1.73 *

TNF-a 1.61 *

TRAIL 0.30 *

VEGF 0.57 *

PGRN/PBS, fold-change in signal intensity in progranulin (PGRN)-
treated conditioned media compared with phosphate-buffered saline so-
lution (PBS)-treated conditioned media (control).®© Asterisks indicate sig-
nificance in change of expression.

Cytokines up-regulated (top section) and down-regulated (bottom
section) via treatment with 10 nmol/L of progranulin for 8 hours.

linked to FTLD-U in 2006."*' To date, more than 50
mutations in progranulin have been identified that cause
frontotemporal dementia, with a spectrum of clinical and
neuropathologic phenotypes.*® Progranulin  variants
have also been linked to AD.*®“3 The number and vari-
ety of progranulin mutations linked to neurodegenerative
disease underscore its prominent role in brain function.
However, little is known about progranulin biology in the
CNS. Relatively unbiased approaches of microarray and
cytokine array analysis were selected to explore the role
of progranulin in the CNS and to identify progranulin-
regulated mechanisms that may be involved in neurode-
generation. The pathway analysis approach was chosen
to identify biological processes and functions that were
regulated by progranulin and could be confirmed in an-
imal and cellular models.

Progranulin functions as a growth factor in many tumor
models, and may have a similar role in promoting growth
or survival in the CNS. Pathways enriched in the pro-
granulin-treated gene set included cell proliferation and
development (Table 1). Progranulin increased the secre-
tion of cytokines involved in cell growth and proliferation
such as growth hormone, leptin, and IL-4. In addition,
progranulin reduced the secretion of TRAIL, a member of
the TNF superfamily that is a regulator of apoptosis.
TRAIL is up-regulated in brains of patients with AD and in
neuronal cells treated with AB, and TRAIL neutralization
blocked neuronal apoptosis in response to AB.**“° Re-
duction of TRAIL secretion may be a neuroprotective
mechanism of progranulin. Secretion of GFRa1 was up-
regulated in response to progranulin treatment (Table 2).
Ret pathway stimulation by soluble or immobilized
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GFRa1 potentiates neurite outgrowth and neuronal sur-
vival and elicits dramatic localized expansion of axons
and growth cones.*® Progranulin treatment also potenti-
ated neurite outgrowth and neuron survival.®'*” Whether
progranulin acts directly or indirectly to promote neuronal
survival and function in vivo remains to be determined.

Neuroinflammation is increased in many neurodegen-
erative diseases, not least AD. The process has both
beneficial and detrimental effects. Individual cytokines
can have both pro-survival and toxic effects on neurons
depending on their concentration and context.*® It was,
therefore, interesting to note that although progranulin
stimulated release of a number of cytokines, it did not
strongly promote secretion of the classic proinflammatory
cytokines such as IL-2, IFN-y, TNF-q, or IL-18, although
IL-6 was up-regulated. Th2 cytokines were up-regulated
(IL-4, 1L-10, and IL-5) in preference to Th1 cytokines
(e.g., IL-2 and IFN-v). Furthermore, several of the up-reg-
ulated cytokines have been linked to neuroprotection. For
example, progranulin stimulated neurons to release fracta-
Ikine (CX3CL1), which regulates migration and structure of
monocytes in the mouse olfactory bulb?® and suppresses
inducible nitric oxide synthase, TNF-«, and IL-6 secretion
from activated microglia,*® and fractalkine receptor—defi-
cient mice are more susceptible to neurodegeneration.®’
These data are complementary to the observation that bone
marrow—derived macrophages from progranulin-deficient
mice release less IL-10 and more inflammatory cytokines
than do wild-type mice.?’

In addition to indirect modulation of inflammation via
key inflammatory mediators described, the present study
demonstrated that progranulin has a direct effect on the
innate immune response by promoting chemotaxis and
endocytosis of extracellular peptides by microglia. Dose-
dependent increases were observed in migration of mi-
croglia toward a higher concentration of progranulin and
a dose-dependent increase in uptake of AB by progranu-
lin-treated microglia in vitro (Figures 3 and 5). These ob-
servations are consistent with our in vivo data (Figure 2),
although it is not yet clear whether progranulin recruits
distal microglia or activates local microglia in vivo. In
addition, although progranulin can promote the uptake of
AB by microglia in this system, the present study did not
enable determination of the extent to which this stimulus
of endocytosis is specific to AB or, as would seem more
likely, whether progranulin, given appropriate conditions,
can increase the endocytosis of other extracellular pep-
tides.

Microglia are recognized as the tissue macrophages
of the CNS but are heterogeneous in marker expression
and function. Alternative polarized activation states of the
cells have been characterized.®®> The M1 phenotype is
induced by classic activation of microglia (e.g., by lipo-
polysaccharide) and is characterized by production of
predominantly proinflammatory cytokines such as TNF-q,
and free radicals such as nitric oxide and superoxide
anions. The alternative M2 anti-inflammatory phenotype
can be subdivided into an alternative activated pheno-
type hallmarked by arginase-1 and induced by IL-4 or
IL-13, or a deactivated phenotype induced by IL-10 or
transforming growth factor-8, and shows some increase
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in chemokine (C-C motif) receptor 2 and scavenger re-
ceptor expression, and increased phagocytic ability, but
no increase in proinflammatory cytokine secretion. Pro-
granulin does not induce neurons to secrete the proin-
flammatory cytokines associated with M1, but did pro-
mote secretion of IL-4, which induces the alternatively
activated M2 phenotype. It also promoted secretion of
IL-10, which induces microglia into the deactivated state
of M2. Progranulin promoted phagocytic activity of micro-
glia (evidenced by AB uptake), which is characteristic of
the M2 deactivated phenotype. These data are consis-
tent with the hypothesis that progranulin induces differ-
entiation of microglia into the M2 phenotype, either alter-
natively activated or deactivated. Further experiments
profiling gene expression in progranulin-treated micro-
glia compared with M1 and M2 microglia would confirm
this hypothesis. These studies explore the role of pro-
granulin and microglia in vitro; however, in the context of
an aged degenerating brain, other factors such as extra-
cellular lesions (e.g., AB or prion plagues) and degener-
ating neurons may also contribute to the microglia phe-
notype.

In conclusion, the present study demonstrates for the
first time that progranulin can recruit microglia, induce
secretion of proliferative and Th2 or alternately activating
cytokines, and increase endocytosis of an extracellular
peptide. Activating the progranulin pathway may provide
a novel strategy to promote microglial clearance of se-
creted peptides such as AB without activation of cyto-
toxic cytokines.
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