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Toll-Like Receptor 2 Acts as a Natural Innate Immune
Receptor to Clear Amyloid 3, ,, and Delay the Cognitive
Decline in a Mouse Model of Alzheimer’s Disease

Karine L. Richard, Mohammed Filali, Paul Préfontaine, and Serge Rivest
Laboratory of Molecular Endocrinology, Centre hospitalier de I'Université Laval Research Center, and Department of Anatomy and Physiology, Laval
University, Québec, Québec, Canada G1V 4G2

Microglia are the immune cells of the brain, they are activated in the brain of Alzheimer’s disease (AD) patients and mouse models of AD,
and they express the innate immune receptor toll-like receptor 2 (TLR2). The present study investigated role of this receptor in the
progression of AD-like pathologies. Here we show that amyloid 8 (A3) stimulates TLR2 expression in a small proportion of microglia. We
then generated triple transgenic mice that are deficient in TLR2 from mice that harbor a mutant human presenelin 1 and a chimeric
mouse/human amyloid precursor protein (APP) genes. TLR2 deficiency accelerated spatial and contextual memory impairments, which
correlated with increased levels of AB, _,, and transforming growth factor 81 in the brain. NMDA receptors 1 and 2A expression levels
were also lower in the hippocampus of APP-TLR2™/~ mice. Gene therapy in cells of the bone marrow using lentivirus constructs
expressing TLR2 rescued the cognitive impairment of APP-TLR2™'~ mice. Indeed, lenti-green fluorescent protein/TLR2 treatment had
beneficial effects by restoring the memory consolidation process disrupted by TLR2 deficiency in APP mice. These data suggest that TLR2
acts as an endogenous receptor for the clearance of toxic AB by bone-marrow-derived immune cells. The cognitive decline is markedly
accelerated in a context of TLR2 deficiency. Upregulating this innate immune receptor may then be considered as a potential new
powerful therapeutic approach for AD.
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Introduction

Alzheimer’s disease (AD) is characterized by memory loss and
increasingly severe dementia (Hardy and Selkoe, 2002). The neu-
ropathological changes are manifested by accumulation of
plaques containing the amyloid 8 (AB) protein, intracellular
neurofibrillary tangles, activated microglia and astrocytes, and
degenerating neurons. Early in the disease process, A3 accumu-
lation reduces synapse density of cortical and hippocampal neu-
rons, which strongly correlates with memory impairments
(Selkoe, 2002). AB of 40 and 42 amino acids are highly toxic for
the synaptic connections, and their levels are elevated in the brain
of AD patients. These peptides are produced from the cleavage of
amyloid precursor protein (APP) by enzymatic complexes
known as B- and y-secretase. Many mutations in APP and
presenelin (PS1) genes are believed to increase A in the brain of
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patients (Hardy and Selkoe, 2002), and expression of these mu-
tated genes induces AD-like pathologies in mice (Hsiao et al.,
1996; Borchelt et al., 1997).

Microglia are the immune cells of the brain, and they are
attracted to amyloid deposits both in human samples and in ro-
dent transgenic models that develop this disease. The precise role
of microglia in AD is still under intensive debate. Microglia are
activated by A and secrete neurotoxic molecules, but they have
neuroprotective actions by secreting neurotrophic agents and
eliminating toxic AB by phagocytosis (Akiyama et al., 2000; Ver-
dier et al., 2004). The dual role of microglia may also depend on
their origin. Bone-marrow-derived cells are able to cross the
blood—brain barrier and differentiate into fully competent mi-
croglia (Hess et al., 2004; Simard and Rivest, 2004; Malm et al.,
2005; Massengale et al., 2005). These new differentiated cells ex-
press higher levels of proteins that are required for antigen pre-
sentation and are more efficient phagocytes than resident micro-
glia (Simard and Rivest, 2004; Simard et al., 2006). However, they
seem to lose these properties while the disease is progressing (Si-
mard et al., 2006), and they may not be efficient immunologically
to clear toxic AB in AD patients and mouse models of this disease.

Toll-like receptors (TLRs) are type I transmembrane pattern
recognition receptors that act as endogenous sensors for specific
elements called the pathogen-associated molecular patterns
(PAMPs) (Akira et al., 2006). PAMPs from Gram-positive bacte-
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ria are recognized by TLR2, although few proteins of the host are
believed to act as endogenous ligands for this innate immune
receptor. There is a robust transcriptional expression of TLR2 in
microglia during infection, brain injuries, and diseases (Glezer et
al., 2007). Actually, TLR2 mRNA induction is a reliable marker of
activated microglia, but its physiological significance has yet to be
uncovered (Laflamme et al., 2001). Increased levels of TLR2
mRNA have been found in microglia isolated from AD patients
(Bsibsi et al., 2002), and TLR2 activation increases A clearance
from the brain (Tahara et al., 2006). The main objective of this
study was to follow the progression of the disease in a context of
TLR2 gene deficiency and overexpression in bone marrow stem
cells. We have identified a novel innate immune mechanism of
neuroprotection.

Materials and Methods

Transgenic mouse lines. APP transgenic mice harboring the human
presenelin I (A246E variant) and the chimeric mouse/human A precur-
sor protein (APP695.,.) under the control of independent mouse
prion protein  promoter elements [B6C3-Tg(APP695)3Dbo
Tg(PSEN1)5Dbo/J] were bred with the TLR2™/~ mouse strain (B6.129-
TIr2"Kir[]) for at least three generations to generate APP-TLR2 triple
transgenic animals. All newborn pups were genotyped as described in
supplemental Table 1 (available at www.jneurosci.org as supplemental
material). All mouse strains were purchased from The Jackson Labora-
tory and maintained in a C57BL/6] background. All protocols were con-
ducted according to the Canadian Council on Animal Care guidelines, as
administered by the Laval University Animal Welfare Committee.

To collect brain tissues, mice were deeply anesthetized via an intraperi-
toneal injection of a mixture of ketamine hydrochloride and xylazine and
then perfused intracardially with ice-cold 0.9% saline, followed by 4%
paraformaldehyde (PFA) in a 0.1 M borax buffer, pH 9.5, at 4°C. Brains
were rapidly removed from skulls, postfixed in PFA 1-3 d at 4°C, and
cryoprotected in 10% sucrose diluted in PFA overnight. The frozen
brains were sectioned into 25-um-thick coronal sections using a mic-
rotome (Reichert-Jung, Cambridge Instruments Company), and slices
were collected in a cold cryoprotectant solution (0.05 M sodium phos-
phate buffer, pH 7.3, 30% ethylene glycol, and 20% glycerol, stored at
—20°C).

For protein analysis, mice were anesthetized with isoflurane, and
blood was removed from organs by intracardiac punctures. Brains were
rapidly frozen in liquid nitrogen and stored at —80°C.

AB,_,; intracerebral injection. These experiments were performed as
described previously (Simard et al., 2006). Briefly, 1 ul of saline or syn-
thetic AB,_,, (1 mg/ml; Bachem Biosciences) was injected into the hip-
pocampus of CD1 mice using a stereotaxic instrument (David Kofp In-
struments). Six hours later, they were perfused and their brains removed
for histological analyses.

Production and femoral injection of lentiviral vector. For lentivirus con-
struction, ViraPower T-Rex Lentiviral Gateway Vector kit was used as
described by the manufacturer (Invitrogen). The vector pLenti4/TO/V5—
DEST was modified to visualize transduction. The Zeocin resistance cas-
sette was replaced by the enhanced green fluorescent protein (GFP) cod-
ing region and its phosphoglycerate kinase promoter. The insert was
amplified from pSuperior vector as template (OligoEngine) (forward,
5'-CACAAGTGGCCTCGAGCCTCGCACACATTCCACATCCAC-3';
reverse, 5'-CTTGTTCAATCATGGTACCTCTAGCCTTAAGTTCG-
AGAC-3") and was inserted in pLenti4/TO/V5-DEST between Xhol and
Kpnl restriction sites, forming the pLenti/GFP vector. The TLR2 coding
sequence was amplified by PCR from a cDNA brain library and cloned in
the pENTR4 vector using the Sall and Xhol restriction sites of the
polylinker (forward, 5'-CAGACAAAGCGTCGACTCTCAGAGGAT-
GCTAC-3'; reverse, 5'-GAAGTCAGGAACTCGAGGGAGAACCTAG-
GAC-3'; GenBank accession number AF124741). The TLR2 coding se-
quence was transferred onto the pLenti/GFP downstream the
cytomegalovirus promoter by homologous recombination, forming the
pLenti/GFP/TLR2. To prepare lentivirus, 293T cells (gift from Dr. L.
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Vallieres, Université Laval, Québec, Québec, Canada) were transfected
with pLenti/GFP/TLR2, pLPI, pLP2, and pLP—vesicular stomatitis virus
protein G (20 ug per plasmid) using the calcium chloride technique.
Lentiviruses were concentrated by ultracentrifugation (50,000 X g for
2 h) of the 72 h culture supernatant and resuspended in DMEM (Sigma).

APP-TLR2 mice (2.5-3 months of age) were anesthetized with isoflu-
rane, and the right knee was flexed. The intrafemoral space was reached
with a 28 gauge needle by applying gentle twisting and pressure between
the condyles at the top of the femur. The needle was replaced by a 30
gauge needle, and 2 X 107 lentiviruses (20 ul) were injected. APP-TLR2
mice treated with control lentivirus (pLenti/GFP) or pLenti/GFP/TLR2
were tested at 6 months of age for spatial learning and memory.

Behavioral analyses. Mice were housed four or five per cage in a colony
maintained in a room under natural lighting conditions with a 12 h
light/dark cycle (on at 6:00 A.M.) and tested during the “light on” phase
of the day. Food and water were provided ad libitum. Behavioral experi-
menter was blinded as to the genetic and treatment status of animals. To
assess hippocampal-dependent spatial learning and memory, mice were
trained in the T-water maze task. In this paradigm, we evaluate the
mouse’s ability to remember the spatial location of submerged platform.
The T-maze apparatus (length of stem, 64 cm; length of arms, 30 cm;
width, 12 cm; height of walls, 16 cm) was made of clear fiberglass and
filled with water (23 = 1°C) at a height of 12 cm. A platform (11 X 11 cm)
was placed at the end of the target arm and was submerged 1 cm below the
surface. The acquisition phase allows to evaluate animals for left-right
spatial learning. During the first two trials, platforms were placed on each
arms of the maze to test the spontaneous turning preference of the
mouse. After these two trials, the least chosen arm was reinforced by the
escape platform. The mice were placed in the stem of the T maze and
choose to swim either left or right until they found the submerged plat-
form and escape to it, to a maximum of 60 s. After reaching the platform,
the mice remained on it for 20 s and then were immediately placed back
in the maze. If the animals did not find the platform within this limit, they
were gently guided onto it. Repeated trials were presented on the same
day up to a maximum of 48 trials. A rest period of at least 10—15 min
intervened between each block of 10 trials. A mouse was considered to
have learned the task when it made no errors in a block of five consecutive
trials. The reversal learning phase was then conducted 48 h later. During
this phase, the same protocol was repeated, except that the mice were
trained to find the escape platform on the opposite side to that on which
they had learned on acquisition phase. The number of trials to reach the
criterion (five of five correct choices made on consecutive trials) was
measured.

Based on the animal’s natural tendency to prefer the dark environ-
ment, the animals were also evaluated in retention of nonspatial memory
for one-trial passive avoidance task. The passive avoidance apparatus
(Ugo Basile) was divided into two sections, one illuminated (the start
compartment) and one dark (escape compartment). The floor of each
compartment contained a grid, with only the dark compartment being
electrified by a generator. On the training day, mice were placed into the
lighted compartment for 60 s acclimation period. The guillotine door
was then opened, and the latency to enter the dark side was recorded.
Immediately after entering the dark compartment, the door was closed
and an electric shock (0.5 mA for 2 s) was delivered. The mouse was kept
in the dark compartment for 10 s before being returned to its home cage.
On the next day, the mice were again placed in the light compartment,
and the time, step through latency to enter the dark side, was measured
for up to 300 s.

Stereological analysis. Free-floating sections were treated 30 min with a
permeabilization/blocking solution containing 0.4% Triton X-100, 4%
goat serum, and 1% bovine serum albumin (Sigma-Aldrich) in potas-
sium PBS (KPBS). Sections were thereafter immunostained 60 min with
a polyclonal anti-AB (6E10, 1:3000; Millipore Bioscience Research Re-
agents), washed three times for 5 min in KPBS, and then incubated with
a secondary antibody goat anti-mouse cyanine 3 conjugated (1:1000;
Jackson ImmunoResearch) for 60 min. Unbiased stereological analysis
was performed as described previously (Simard et al., 2006). The con-
tours of the cortex and hippocampus areas were traced as virtual overlay
on the steamed images, and areas were calculated. For 3- and 6-month-
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old APP mice, the area occupied by all AB-
labeled plaques was determined. For plaque
analysis in the 9-month-old APP mice, the Ste-
reo Investigator software (MicroBrightField) se-
quentially chose counting frames in cortex and
hippocampus. Areas of analyzed hippocampal
or cortex regions were calculated as well as areas
occupied by plaques in those counting frames.
Determination of AB,_,, levels by Western blot.
Hemi-forebrains were homogenized in a buffer
containing 8 M urea, 0.5% SDS, 2%
B-mercaptoethanol, and a protease inhibitor
cocktail (1:100; Sigma-Aldrich). Brain homoge-
nates of 6-month-old APP and APP-TLR2 mice €
were run on a precast 10-20% SDS-
polyacrylamide Tris-Tricine gel (Bio-Rad) and
transferred onto polyvinylidene fluoride mem-
branes (PerkinElmer Life and Analytical Sciences).
Blots were probed with a polyclonal antibody di-
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rected against AB,_,, (ab10148, 1:1500; Abcam)
in 1 M Tris-HCI, pH 8.0, 5 M NaCl, 5% skim milk,
and 0.05% Tween 20. Blots were visualized using
anti-rabbit secondary antibody tagged with horse-

TLR2 mRNA (0.D.)
b=
3

radish peroxidase (1:1000; Jackson Immuno- 0.00

Research) and enhanced chemiluminescence

(PerkinElmer Life and Analytical Sciences) and
then analyzed on a gel imaging system (scanner | &% *
Agfa Arcus IT; NIH Image J software version 1.32j). v
Membranes were stripped in 25 mm glycine-HCI, |
pH 2.0, containing 1% SDS to allow B-actin reve-
lation using first a mouse B-actin antibody
(MAB1501, 1:3500; Millipore Bioscience Research
Reagents) and then a goat anti-mouse peroxidase-
conjugated secondary antibody (1:1500; Jackson
ImmunoResearch).

In situ hybridization and immunohistochemis-
try. Every 12th section of brain slices was

— . L S

mounted on Colorfrost/Plus microscope slides
(Fisher Scientific), starting from the end of the
olfactory bulb to the end of the cortex. In situ
hybridization histochemical localization of
TLR2, NMDA receptors R1 and R2A and trans-
forming growth factor Bl (TGFB1) was per-
formed using *°S-labeled cRNA probes. Ribo-
probes synthesis and preparation and in situ
hybridization were performed according to a
protocol described previously (Laflamme et al.,
1999). Plasmids were linearized, and sense and
antisense cRNA probes were synthesized with appropriate RNA poly-
merase, as described in supplemental Table 2 (available at www.jneuro-
sci.org as supplemental material). All plasmids were analyzed for se-
quence confirmation an orientation. Slides were exposed at 4°C to x-ray
films (Biomax; Eastman Kodak), and semiquantitative analysis of hy-
bridization signals were performed under a Northern Light Desktop II-
luminator (Imaging Research) using a Sony Camera Video System and
the NTH Image ] software version 1.32j. The expression levels were quan-
tified for three (NMDA-RI1 and NMDA-R2A) and 12 (TLR2) sections
per brain, and means were used for statistical analyses.

Dual labeling combining immunocytochemistry and in situ hybridiza-
tion was performed as described previously (Laflamme et al., 2001). Im-
ages were captured using a Nikon Eclipse 80i microscope equipped with
a digital camera (QImaging), processed to enhance contrast and sharp-
ness using Adobe Photoshop 7 (Adobe Systems), and then assembled
using Adobe Illustrator (Adobe Systems).

Figure 1.

Results

TLR2 expression in response to Af3

To assess whether AB protein alone can activate TLR2 gene ex-
pression in the brain, we injected AB,_,, in the hippocampus of

TLR2 gene expression in response to exogenous and endogenous AS3. A solution containing either sterile saline (a)
orsyntheticA3,_,, peptide (b) was injected into the hippocampus of CD1 mice. TLR2mRNA expression was determined by in situ
hybridization (agglomeration of silver grains) 6 h after the intracerebral infusion. ¢, TLR2 mRNA expression levels (as determined
by optical density quantification) were significantly increased in areas distal to the injection site of Af3,_,,-treated animals.
*p < 0.05 (Student's ttest; saline,n = 3; A3;_,,, n = 5).d, Tissue sections were stained with an antibody directed againstiba1
to reveal microglia (brown cells) and hybridized with TLR2 mRNA probe. TLR2 mRNA signal always colocalized with iba1-
immunoreactive cells surrounding the injection site (indicated with arrows). e, f, Activated microglia had also a positive signal for
TLR2 transcript in the brain APP mice (iba1 */TLR2 *). Scale bars: a, b, 500 um; d—f, 20 wm. Error bars indicate SEM.

wild-type (WT) CD1 mice. Six hours after the injection, we stud-
ied the expression level of the TLR2 gene by in situ hybridization.
As shown in Figure 1, the expression of TLR2 gene was greatly
increased after AB,_,, infusion (Fig. 1b) compared with their
saline-treated littermates (Fig. 1a). We thus quantitatively mea-
sured the optical density of hybridization signal for TLR2 tran-
script on the vicinity of the injection sites. The values obtained for
saline- and Af;_,,-injected groups were 0.018 * 0.002 and
0.033 = 0.004, and a Student’s ¢ test analysis revealed a statistical
difference between the groups ( p < 0.05) (Fig. 1¢). The injection
of other APP-derived peptides, C31 and CTF-57, did not induce
similar effects as depicted by supplemental Figure 1 (available at
www.jneurosci.org as supplemental material). These data dem-
onstrate that TLR2 transcriptional activation is specific to the
injection of AB,_,, peptide.

Microglia are the immune cells of the brain and are known to
express inflammatory molecules. To determine whether these
cells were responsible for the TLR2 induction in the presence of
exogenous Af3,_,,, we performed a colocalization study (Fig. 1d).
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Figure2. TLR2 deficiency accelerates the onset and severity of spatial memory impairment
in APP/PS1 mice. a, Animals were trained to reach the hidden platform on the T-water maze
apparatus, and mean of trials to accomplish the task was presented. All the different mouse
groups had similar acquisition phases at 3, 6, and 9 months of age. b, The reversal learning
phase was conducted 48 h later. APP—TLR2 transgenic mice exhibited a greater decline of their
spatial memory capacity than their control and APP mice. *p << 0.05, **p << 0.01 (two-way
ANOVA was performed revealing a significant interaction between factors age and genotype,
and multiple comparisons of genotype simple effects in each level of age was performed by
Bonferroni’s post hoc test). Error bars indicate SEM.

We found that TLR2-expressing cells surrounding the injection
site were all immunoreactive for the microglial marker ionized
calcium-binding adapter molecule 1 (ibal). This is also the case
in the natural course of AD, because several double-labeled cells
were found in the brain of APP mice that did not receive exoge-
nous AB,_,, (Fig. le,f). These data demonstrate that microglial
TLR2 is induced in response to exogenous Af3,_ 4, administration
and endogenous A deposits. Numerous reports have shown that
microglia have the ability to originate from the bone marrow in
the brain of mouse models of AD. To determine whether TLR2
transcript was expressed in resident and/or infiltrating microglia,
we created APP chimeric mice that were transplanted with bone
marrow cells expressing GFP. We labeled GFP-infiltrating cells
by immunohistochemistry (brown cells) and found positive
TLR2-expressing cells in both resident and bone-marrow-
derived microglia (BMDM) surrounding AB deposits (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material). However, it was not possible to quantify the exact pro-
portion of each type of TLR2-expressing cells, because the hy-
bridization signal decreased considerably attributable to the im-
munohistochemical procedure using a primary antibody
directed against GFP.

APP/PS1 mice that bear a mutation in the gene encoding
TLR2 exhibit severe memory deficits

We next determined the role of such natural TLR2 induction by
A in studying the behavior of a mouse model of AD in a context
of TLR2 gene deficiency. For this purpose, APP/PS1 mice were
bred with TLR2-deficient mice, which share the same C57BL/6]

J. Neurosci., May 28, 2008 - 28(22):5784—5793 « 5787

a 457
Acquisition phase = Wt
40 =3 TLR2
| I =3 APP
_ 35 EEN APP-TLR2
@ 301
2
> 257
2 204
8 20
5 151
101
5-
O-
3 months 6 months 9 months
b 300 Test phase okeke
- *k%k
*kk —— | = WT
_l:] I T =3 TLR2
T I T == APP
_ I BN APP-TLR2
S 200+
a
>
Q
c
2
T 100+
0
3 months 6 months 9 months
Figure 3.  Behavioral analysis of APP—TLR2 transgenic mice unravels a contextual memory

deficit. a, All mouse groups showed similar step-through latency on the single training trial of
the passive avoidance test. b, Twenty-four hours after the conditioning test, APP-TLR2 mice
showed significantly lower latency to enter the dark compartment of the passive avoidance
apparatus. Mean latencies are depicted for each mouse groups at 3, 6, and 9 months of age.
Pairwise group comparison revealed a significant main effect between APP—TLR2 and other
groups of mice. ***p << 0.001;n = 9—12 (two-way ANOVA, Tamhane post hoc test). No specific
pairwise comparisons could be done at each age because of lack of a group X age interaction.
Error bars indicate SEM.

background. All newborn pups were genotyped and included in
the different experimental groups. These mice were subjected to
hippocampus-based spatial learning in T-water maze and con-
textual memory storage in passive avoidance paradigm to evalu-
ate the importance of TLR2 receptor in the course of the disease.
In the T-water maze test, mice were trained to find a hidden
platform for the acquisition of spatial memory and mean of trials
needed to learn the task is presented in Figure 2a. All groups
exhibited comparable swimming performance and motivation to
escape from the water during initial training session. There were
no effects of genotype or age on number of trials to reach crite-
rion. We then experienced hippocampus-dependant cognitive
flexibility by allowing the mice to find a platform in the opposite
arm of the T-water maze task apparatus (reversal phase) (Fig. 2b).
Both wild-type and TLR2 knock-out mice showed equally suc-
cessful number of trials to criterion during the reversal task. Be-
cause of their AD behavioral phenotype, the trials made by APP
mice were increased at 6 and 9 months compared with controls.
However, the decline in behavioral performance of APP-TLR2
mice began as early as 3 months, as evidenced by a significantly
increased in the number of trials made to reach the platform
(5.0 £ 0.9 for APP mice vs 12.0 = 2.8 for APP-TLR2 mice; p <
0.05). At 6 and 9 months of age, the spatial memory decline of the
APP-TLR2 mice (22.0 £ 4.0 and 32.7 * 4.4 trials, respectively)
was also significantly higher than the decline observed in APP
mice (14.3 = 2.0 and 18.9 * 2.7 trials, respectively).

We also determined the contextual, nonspatial memory of
each group with the passive avoidance paradigm. Passive avoid-
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ance training was performed by introduc-
ing the mice to the light compartment with
the dark compartment closed. In this task,
animals were trained to avoid the dark
compartment by receiving an electrical
shock. The latency for entering the dark
side of the apparatus was measured 1 d af-
ter the training session. There were no sig-
nificant differences for initial latencies to
enter the dark compartment between the
groups at all ages (Fig. 3a). However, when
tested 1 d later (retention session), APP—
TLR2 mice spent less time to reenter the
dark compartment compared with the
other control groups, revealing an impair-
ment of the memory based on punishment
(Fig. 3b). The values obtained for the laten-
cies were 209.2 * 27.0 versus 99.5 * 23.6,
154.3 * 23.3 versus 83.4 * 13.3, and
124.7 = 20.6 versus 41.6 * 7.8 for 3-, 6-,
and 9-month-old APP and APP-TLR2 an-
imals, respectively. A two-way ANOVA re-
vealed a significant effect of groups (p <
0.05) but no effect of age, suggesting that
the behavior of APP-TLR2 is significantly
different than the other strains (p <
0.001). Because electric foot shocks were
used in passive avoidance task, we verified
whether all animals displayed similar noci-
ceptive responses and found that no differ-
ence in term of foot-shock sensitivity
threshold was present between groups
(data not shown). These results demonstrate a greater cognitive
deficit in APP-TLR2 mice compared with their APP littermates.
The lack of TLR2 in our model of AD results in an accelerated
spatial and contextual memory deficits. These data suggest that
TLR2 play an important role in memory formation.

6 months 3 months

9 months

Figure 4.

Amyloid-p analysis in the brain of APP mice in a context of
TLR2 deficiency
In addition to behavioral changes, AD is associated with accumu-
lation of AB. We thus determined whether the lack of TLR2 ex-
pression in microglia affected the accumulation and production
of AB in the mouse brains. We first measured A3 immunoreac-
tivity in coronal sections of APP and APP-TLR2 with the 6E10
antibody specific for the 1-17 fragment of the AB human protein.
Area of AP deposits was measured for two sections identical for
each animals, and the percentage of area occupied by plaques was
determined in the hippocampus and cortex. At 3 and 6 months of
age, area covered by immunoreactive AB deposits appeared sig-
nificantly lower (p < 0.01 and p < 0.05, respectively) in APP—
TLR2 brains (0.0037 = 0.0007 and 0.41 £ 0.09%) compared with
their APP littermates (0.020 = 0.005 and 0.83 * 0.16%) (Fig.
4a—f). In contrast, 9-month-old brains exhibited comparable
amount of AB deposits (3.11 = 0.58% for APP and 2.94 = 0.50%
for APP-TLR2) (Fig. 4¢g—i). These results revealed a lower rate of
AP deposition in APP-TLR2 mice on early phases of the disease.
Because the percentage of area occupied by plaques did not
correlate with the behavioral results, we next identified the A
species that cause memory deficits. AB;_,, has been shown to be
the most toxic AP isoform that elicits immunological response
(Simard et al., 2006) and cognitive deficit (Lue et al., 1999;
McLean et al., 1999; Mucke et al., 2000; Naslund et al., 2000;
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Amyloid plaque formation is delayed in the brain of APP mice that bear a mutation in the gene encoding TLR2. a—i,
Anti-A3 immunoreactivity in the brains of APP (a, d, g) and APP-TLR2 (b, e, h) mice. APP mice exhibited higher amyloid loads
than APP—TLR2 mice at 3 (a, b) and 6 (d, e) months of age. g, h, Such a difference in the plaque formation was attenuated at later
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f, i, Percentage of area covered by senile plaguesin the brain of mice killed at 3, 6, and 9 months, respectively. *p << 0.05, **p <
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Figure 5.  Enhanced production of AB,_; in the brains of APP—TLR2 mice. Proteins from

hemi-forebrains of 6-month-old APP and APP-TLR2 mice were immunoblotted with an anti-
AB,_ 4, antibody. B-Actin levels were used for equal protein loading of samples.

Koistinaho etal.,2001). We thus quantified the amount of AB,_,,
in the brain of 6-month-old APP and APP-TLR2 mice by West-
ern blots. Relative level results, standardized by the amount of the
B-actin protein, demonstrated that APP-TLR2 brains contained
a significant ( p < 0.05, Student’s t test; n = 4) higher AB,_,,
protein load (0.88 = 0.14 for APP-TLR2 vs 0.38 = 0.05 for APP
mice) (Fig. 5). These data demonstrate that APP-TLR2 mice have
alower A deposition in the early phase but a higher production
of the toxic AB,_,, species in the same phase of the disease.

Defect in synaptic plasticity of APP-TLR2 mice

Previous studies have documented that soluble forms of AB, ,,
inhibit one form of plastic synaptic function, the long-term po-
tentiation (LTP), that is closely associated with learning and
memory (Lambert et al., 1998; Selkoe, 2002; Rowan et al., 2003;
Chang et al., 2006). Induction and expression of LTP depend
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Differential expression levels for the genes encoding NMDA receptors in the hippocampus of APP and APP/TLR2 mice. Relative NMDA-R1 (a) and NMDA-R2A (b) mRNA levels were

quantified in the dentate gyrus and the pyramidal cell layer of the hippocampus of WT (n = 8), TLR2 knock-out (n = 6—7), APP (n = 6—11), and APP—TLR2 (n = 9—10) mice as described in
Materials and Methods. ¢, d, Optical densities (0.D.) normalized to the background values. Please note the significantly (*p << 0.05) lower mRNA levels for both receptors in the hippocampus of
APP/TLR2 mice compared with the other mouse groups at 6 months of age. This is suggestive of potential synaptic defects of learning and memory, which was evaluated by the different behavioral
tests. NMDA-R1 expression levels were also higher in the hippocampus of 3-month-old APP mice when compared with those of WT control mice (*p < 0.05). Two-way ANOVA was performed and
revealed a significant interaction between factors age and genotype. Bonferroni's post hoc test was then used for multiple comparisons to determine significance levels between mouse genotypes

at either 3 or 6 months of age. Error bars indicate SEM. Scale bars, 500 m.

among others on the regulated activity of NMDA receptors,
which are affected in subjects with AD (Ulas and Cotman, 1997;
Bi and Sze, 2002). To determine whether synaptic plasticity is
defective in our model of APP mice lacking of TLR2 receptor, we
examined the mRNA expression of the NMDA receptor subunits
NR1 and NR2A. Results of densitometric analysis of hybridiza-
tion signal revealed a significant decrease (p < 0.05) of the

NMDA-R1 expression in the hippocampus of 6-month-old
APP-TLR2 mice (0.125 = 0.011) compared with WT (0.168 =
0.011) and APP (0.167 * 0.011) mice (Fig. 6a,c). It is interesting
to note that NMDA-R1 mRNA levels were higher in 3-month-old
APP mice (0.168 = 0.012) compared with WT controls (0.111 *
0.008). Such an increase was not detected in the hippocampus of
APP-TLR2 mice. NMDA-R2 mRNA levels were similar in the
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hippocampus of all groups of mice at 3 a
months of age (Fig. 6b,d). However,
6-month-old APP-TLR2 mice exhibited a
significant decrease (0.157 * 0.014) com-

pared with WT (0.265 = 0.033) and APP

(0.257 = 0.017) mice (Fig. 6d). These data

are consistent with the severe cognitive im-
pairment and increased levels of AB;_,, of
APP-TLR2 mice. A

y,
b

Enhanced TGF1 expression in the

brain of APP-TLR2 mice

TGEFp1 is a potent anti-inflammatory cyto-
kine, which has been found in the brain of
AD patients and promotes A deposits in
transgenic mouse model of AD (Wyss-
Coray et al., 1997). A robust hybridization
signal was detected in the brain of
9-month-old APP-TLR2 mice (Fig. 7). The
signal was mainly associated with the senile
plaques in the cortex as well as in the hip-
pocampus (Fig. 7d,f). The number of pos-
itive cells and signal intensity were clearly
lower in the same regions of age-matched
APP mice (Fig. 7c,e). These data indicate
that TGFp1 is upregulated in the brain of
APP mice in a context of TLR2 deficiency.

The lentiGFP/TLR2 treatment improves
spatial and contextual memory in
APP-TLR2 mice
We next attempted to confirm that acceler-
ated evolution of AD in APP-TLR2 mice
was caused by the absence of this innate
receptor in bone-marrow-derived cells. To
achieve this goal, lentiGFP/TLR2 or its
control lentiGFP was injected in the bone
marrow of APP-TLR2 mice at 2.5-3
months of age, and mice were tested 3
months later. The mean of trials to reach
the criterion during the reversal phase in the T-water maze indi-
cates that lentiGFP/TLR2 mice required significantly fewer trials
to learn the task than lentiGFP-treated APP-TLR2 transgenic
mice (8.6 = 0.8 vs 18.2 * 2.1, respectively; p < 0.01) (Fig. 8a).
The lentiGFP/TLR2-treated mice performed comparably with
the wild-type mice, suggesting a complete rescue of their cogni-
tive deficit. Moreover, the lentiGFP/TLR2 treatment in APP—
TLR2 mice resulted in a significant increased of the step through
latency in the retention session of the passive avoidance test (71 =
18 for lentiGFP-treated and 160 * 30 for lentiGFP/TLR2-treated
APP-TLR2 mice; p < 0.05) (Fig. 8b). This suggests a strong im-
provement of the contextual memory deficit. Therefore, TLR2
expression in bone-marrow-derived cells of APP-TLR2 mice re-
sulted in an enhancement of performance in the passive avoid-
ance and the reversal spatial learning task. LentiGFP/TLR2 treat-
ment had Dbeneficial effects by restoring the memory
consolidation process disrupted by TLR2 deficiency in APP mice.
We next determined the nature of the cells that are responsible
for these cognitive changes and searched for genetically modified
cells in different organs. Although the level of chimera was low in
all the infected mice (e.g., <5%), we found positive GFP cells in
the spleen, liver, and brain (supplemental Fig. 3, available at
www.jneur-

Figure 7.
Representative dark-field photomicrograph of in situ hybridization signals showing the expression of TGF31 mRNA in brains of
9-month-old APP (c, e) and APP—TLR2 (d, f) mice and the corresponding thionin staining sections (a, b). Scale bars: ¢, d, 500 m;
e, f,50 um.
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TGFB1 mRNA expression is increased in regions surrounding A3 plaques in the brain of TLR2-deficient APP mice.

osci.org as supplemental material). This suggests that the lentivi-
ral constructs successfully modified a proportion of bone mar-
row cells, which were then able to migrate and help rescuing the
cognitive deficit of APP-TLR2 mice.

Discussion
It has been shown that key receptors of innate immune system are
involved in AB removal. Indeed, the lipopolysaccharide receptor
CD14 is upregulated in microglia of AD brains, and polymor-
phism of this receptor is associated with increased risks of AD
(Combarros et al., 2005). CD14 actually interacts with fibrillar
AB,_,, and facilitates its phagocytosis (Liu et al., 2005). It was
also reported that AB load in the brain is modulated in part by
TLR4 and that activation of TLR2, TLR4, and TLR9 increases A3
uptake by microglia (Chen et al., 2006; Tahara et al., 2006). These
data suggest that expression of these innate immune receptors in
microglia act as a natural defense mechanism to prevent A ac-
cumulation in the CNS. The critical question then is why do these
receptors fail to remove A in the CNS of AD patients and APP
mice? It is possible that the phagocytic properties of microglia are
decreased with the disease progression or the balance between A3
production and clearance is deviant in AD subjects. TLR2 may
play a critical role in such a balance.

We show in this study that AB,_,, triggers TLR2 gene expres-
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Figure 8. The lentiGFP/TLR2 treatment in the bone marrow rescues spatial and contextual

memory in 6-month-old APP—TLR2 mice. The mean of trials to reach the criterion during the
reversal phase in the T-water maze indicates that lentiGFP/TLR2-treated mice required signif-
icantly fewer trials to learn the task than APP—TLR2 transgenic animals that were treated with
the control lentiGFP virus (a). It is of great interest to note that lentiGFP/TLR2-treated APP—
TLR2 transgenic animals performed comparably with wild-type mice. **p < 0.01, *** p <
0.001 (one-way ANOVA; APP—TLR2 reproduced from Fig. 2,n = 9; lentiGFP, n = 11; lentiGFP/
TLR2, n = 14). The lentiGFP/TLR2-treated animals also showed a higher step-through latency
to enter the dark compartment during the passive avoidance task compared with controls (b).
*p < 0.05 (one-way ANOVA; APP—TLR2 reproduced from Fig. 3, n = 9; lentiGFP, n = 5;
lentiGFP/TLR2, n = 7). APP—TLR2 mice received the different lentivirus preparations at 2.5-3
months of age and were tested 3 months later. For details, see Materials and Methods. Error bars
indicate SEM.

sion in microglia and that deletion of that gene in APP mice
results in an accelerated spatial and contextual memory deficits
that correlate with increased AB,_,, levels in the brain. The ac-
celerated cognitive decline of APP-TLR2 mice was associated
with lower NMDA-R1 and NMDA-R2A mRNA levels in the hip-
pocampus and higher levels of the anti-inflammatory cytokine
TGEFBI in the vicinity of AB plaques. Finally, APP-TLR2 that
received TLR2 gene rescued expression in bone marrow cells no
longer exhibited cognitive decline. The presence of TLR2 in
bone-marrow-derived microglia is therefore a powerful natural
endogenous mechanism to restrict AB toxicity and prevent the
cognitive decline in this mouse model of AD.

As depicted by the Figure 1, e and f, a small proportion of
microglia contained TLR2 hybridization signal around Af
plaques of APP mice. Although TLR2 was found in resident mi-
croglia, a proportion of bone-marrow-derived cells contained
mRNA signal for the innate immune receptor (supplemental Fig.
2, available at www.jneurosci.org as supplemental material).
Many studies support the idea that bone-marrow-derived cells
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are able to cross the blood—brain barrier and differentiate into
microglia (Hess et al., 2004; Simard and Rivest, 2004; Malm et al.,
2005). Moreover, these BMDM are able to phagocyte AB, and
their selective ablation resulted in an increased of amyloid bur-
den (Simard et al., 2006). Similarly, CC chemokine receptor 2
(CCR2) gene deficiency was found to impair microglia recruit-
ment and increase amyloid deposits in APP mice (El Khoury et
al., 2007). CCR2 is the receptor for monocyte chemoattractant
protein-1 (CC chemokine ligand 2), which plays a major role for
the chemotaxis of monocytes to inflammatory sites. Such a che-
moattraction of BMDM is greatly improved with immunization
using a wide range of self-antigen (e.g., glatiramer acetate), which
is clearly beneficial for APP mice (Butovsky et al., 2006). The
present study suggests that TLR2 expression in BMDM plays a
major role in preventing cognitive decline because of Af3,_,, ac-
cumulation in the CNS. Upregulating this receptor in monocy-
toid precursors in the bone marrow may then be a powerful new
therapeutic strategy for curing AD.

Studies using passive immunization against A have high-
lighted the possibility that brain AB burden can be reduced by a
peripheral sink mechanism (DeMattos et al., 2001). This theory
actually proposes an efflux of soluble AB from the brain, across
the blood—brain barrier, into the plasma and that this protein can
be degraded in peripheral organs. Transporter and carrier pro-
teins have been found in the blood—brain barrier to control the
exchange of smaller peptides, including A, from the brain to the
periphery (Mackic et al., 1998; Shibata et al., 2000; Sagare et al.,
2007). Therefore, it is possible that peripheral immunocompe-
tent cells, expressing TLR2 after the lentiviral injection, contrib-
ute to the AB clearance. In such a case, these cells would not
necessary need to enter the CNS to remove AB from the
circulation.

It is interesting to note that the deficit of memory capacities
was not associated with plaque formation in the brain APP-TLR2
mice; actually, they had less plaques at both 3 and 6 months of age
than APP mice. Accumulation of AB plaques commonly indi-
cates AD progression in these mouse models. However, many
reports have suggested that soluble AB, more specifically the
AB,_,, oligomers, may better correlate with both neurodegen-
eration and memory impairment (Lue et al., 1999; McLean et al.,
1999; Mucke et al., 2000; Naslund et al., 2000; Koistinaho et al.,
2001). Soluble forms of AB are known to accumulate in the brain
of AD patients and APP mice (Gong et al., 2003; Lesne et al.,
2006). It is also demonstrated that AB;_,, induced deficits in
synaptic plasticity, a critical component of the mechanisms in-
volved in learning and memory (Selkoe, 2002). Moreover, two
studies have shown that passive immunization using anti-Af3 an-
tibodies resulted in the reversal of memory impairment without
reduction in amyloid plaque burden (Dodart et al., 2002; Koti-
linek et al., 2002). According to these studies, AB,_,, accumula-
tion in the CNS of APP-TLR2 mice is more indicating of AD
progression than the area occupied by plaques. Moreover, we
found the same quantity of total AB in brain homogenates of APP
and APP-TLR2 mice (Western blot; data not shown), which sup-
ports the ratio of soluble A and plaque formation in early phases
of the disease. We propose that TLR2 in BMDM is essential to
eliminate the most toxic form of AB explaining the significant
increase in Af3;_,, levels in the CNS of APP-TLR2 mice.

Expression of NMDA receptors was performed to test
whether the rapid cognitive decline and high AB,_,, levels were
associated with changes in synaptic plasticity. We found lower
NMDA-R1 and NMDA-R2A mRNA levels in the hippocampus
of APP-TLR2 mice. The hippocampus is known to be vulnerable
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in AD. Cognitive tests used here explored the hippocampus-
based spatial learning and contextual memory storage and can
detect alterations in synaptic plasticity, especially LTP (Tsien et
al., 1996; Morris et al., 2003). A3;_,, is able to inhibit LTP, affects
synapse composition and structure, and causes the loss of gluta-
mate receptors (Snyder et al., 2005; Lacor et al., 2007). Moreover,
LTP deficit is rescued by inhibiting A production (Postina et al.,
2004), and AB induces NMDA receptor endocytosis of cultured
cortical neurons (Snyder et al., 2005). Both reversal spatial task
and contextual memory paradigm appear to be sensitive assays of
NMDA receptor functions and hippocampal integrity in mouse
models of AD.

Qualitative analysis of brain tissues showed that TLR2 defi-
ciency resulted in TGFf1 overexpression. This molecule has pro-
found immunosuppressive and anti-inflammatory effects on mi-
croglia (Brionne et al., 2003). Chronic TGFB1 overexpression
promotes cerebrovascular fibrosis and amyloidosis (Wyss-Coray
etal., 1997; Ueberham et al., 2005). High TGF31 mRNA levels are
also detected in senile plaques and correlate with the degree of
cerebrovascular amyloidosis in AD-affected patients (Wyss-
Coray et al., 1997). Although we have to prove this experimen-
tally, it is tempting to propose that TGFf1 inhibits the immune/
phagocytic properties of BMDM in both AD patients and mouse
models of AD. These data fit very well with the increased soluble
AP, decreased NMDA receptors, and greater cognitive impair-
ment of APP-TLR2 mice.

In conclusion, we found a rapid cognitive decline closely re-
lated to the prevalence of soluble A3;_,, in the brain of APP mice
in a context of TLR2 deficiency. The rescue experiment in cells of
the bone marrow provides direct evidence that TLR2 competent
BMDM act as a natural innate immune mechanism for restricting
AP toxicity. Such a mechanism may be absent in AD patients, and
restoring TLR2 via gene delivery in monocytoid precursors could
therefore be envisaged as a powerful new therapy for treating AD.
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