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Alzheimer’s disease (AD) is characterized by the presence of parenchymal amyloid-� (A�) plaques, cerebral amyloid angiopathy (CAA)
and neurofibrillary tangles. Currently there are no effective treatments for AD. Immunotherapeutic approaches under development are
hampered by complications related to ineffectual clearance of CAA. Genome-wide association studies have demonstrated the importance
of microglia in AD pathogenesis. Microglia are the primary innate immune cells of the brain. Depending on their activation state and
environment, microglia can be beneficial or detrimental. In our prior work, we showed that stimulation of innate immunity with Toll-like
receptor 9 agonist, class B CpG (cytosine–phosphate– guanine) oligodeoxynucleotides (ODNs), can reduce amyloid and tau pathologies
without causing toxicity in Tg2576 and 3xTg-AD mouse models. However, these transgenic mice have relatively little CAA. In the current
study, we evaluated the therapeutic profile of CpG ODN in a triple transgenic mouse model, Tg-SwDI, with abundant vascular amyloid, in
association with low levels of parenchymal amyloid deposits. Peripheral administration of CpG ODN, both before and after the develop-
ment of CAA, negated short-term memory deficits, as assessed by object-recognition tests, and was effective at improving spatial and
working memory evaluated using a radial arm maze. These findings were associated with significant reductions of CAA pathology lacking
adverse effects. Together, our extensive evidence suggests that this innovative immunomodulation may be a safe approach to ameliorate
all hallmarks of AD pathology, supporting the potential clinical applicability of CpG ODN.
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Introduction
Alzheimer’s disease (AD), a progressive neurodegenerative dis-
order, is characterized by parenchymal amyloid-� (A�) plaque

deposition, cerebral amyloid angiopathy (CAA), and neurofibril-
lary tangle formation (Schellenberg and Montine, 2012). Over-
whelming experimental evidence points to a significant role of
neuroinflammation in AD pathology and its association with
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Significance Statement

Recent genetic studies have underscored the emerging role of microglia in Alzheimer’s disease (AD) pathogenesis. Microglia lose
their amyloid-�-clearing capabilities with age and as AD progresses. Therefore, the ability to modulate microglia profiles offers a
promising therapeutic avenue for reducing AD pathology. Current immunotherapeutic approaches have been limited by poor
clearance of a core AD lesion, cerebral amyloid angiopathy (CAA). The present study used Tg-SwDI mice, which have extensive
CAA. We found that stimulation of the innate immune system and microglia/macrophage activation via Toll-like receptor 9 using
CpG (cytosine–phosphate– guanine) oligodeoxynucleotides (ODNs) leads to cognitive improvements and CAA reduction, without
associated toxicity. Our data indicate that this novel concept of immunomodulation represents a safer method to reduce all aspects
of AD pathology and provide essential information for potential clinical use of CpG ODN.
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cognitive impairment (Lampron et al., 2013a; Lee et al., 2013).
Genome-wide association studies have shown the linkage of sev-
eral innate immunity-related genes in late-onset Alzheimer’s dis-
ease (Zhang et al., 2013; Karch et al., 2014). Recent genetic studies
demonstrated the importance of microglia in AD by identifying
several AD-associated genes that are expressed primarily in mi-
croglial cells. Microglia are critical regulators of innate immune
responses in the brain. However, depending on the circum-
stances, their activation can be either beneficial or detrimental
(ElAli and Rivest, 2016). Innate immune cells, including both
CNS resident microglia and peripheral bone marrow-derived
macrophages (BMDMs), can exhibit a dysfunctional/senescent
profile characterized by impaired migration and phagocytosis in
AD (Michaud and Rivest, 2015; Heneka et al., 2016). Therefore,
modification of the macrophage/microglia activation state has
strong therapeutic promise (Guillot-Sestier et al., 2015b; Heneka
et al., 2016). Signaling via Toll-like receptors (TLRs) is known to
influence the phenotypic status of microglia. TLRs are well char-
acterized pattern-recognition receptors triggered by pathogen-
associated molecular patterns expressed by bacteria, viruses,
fungi, and protozoa. TLRs may mediate different pathways in
microglia leading to either neuroprotective or neurotoxic pheno-
types (Iliev et al., 2004; Cunningham et al., 2005; Hanke and
Kielian, 2011).

Stimulation of innate immunity via TLR signaling pathways
has been shown to be beneficial in modulating AD pathology
(Richard et al., 2008; Doi et al., 2009; Michaud et al., 2013; Su et
al., 2016). Nonetheless, manipulation of TLRs can also exert ad-
verse effects in AD models (Heikenwalder et al., 2004; Lee et al.,
2008; Campbell et al., 2009; Su et al., 2016). Discrepancies be-
tween studies may be the consequence of variations in types and
concentrations of TLR ligands used, as well as differences in ad-
ministration frequencies. We have focused on reconciling the
age-related defects in immune-cell function and on tackling AD
via Toll-like receptor 9 (TLR9). TLR9 recognizes the unmethyl-
ated CpG (cytosine–phosphate– guanine) motifs present at high
frequency in bacterial and viral DNA and at low frequency in
human DNA. Oligodeoxynucleotides (ODNs) containing these
unmethylated CpG motifs trigger cells that express TLR9 (in-
cluding monocytes, plasmacytoid dendritic cells, and B cells) to
mount an innate immune response. TLR9 is localized in late
endosomal and lysosomal compartments of the intracellular mi-
lieu (Krieg, 2002; Vollmer and Krieg, 2009). Several CpG ODNs
have shown excellent safety profiles in humans and have been
explored in numerous human clinical trials as antitumor, anti-
microglial agents and as vaccine adjuvants (Vollmer and Krieg,
2009; Krieg, 2012).

Immunotherapy has emerged as an attractive approach for
disease intervention in AD. However, major concerns are the
occurrence of cerebral microhemorrhages associated with in-
creased CAA and excessive neuroinflammation (Wilcock and
Colton, 2009; Sakai et al., 2014; Wisniewski and Goñi, 2015). Our
initial findings using the Tg2576 and 3xTg-AD mouse models
document that stimulation of innate immunity via TLR9 ligand
class B CpG ODN has the advantage of concurrently ameliorating
A� and tau pathologies, in association with behavioral improve-
ments (Scholtzova et al., 2009, 2014). However, these mouse
models have relatively little vascular amyloid. The current study
evaluated the therapeutic profile of CpG ODN in Tg-SwDI mice,
which have extensive vascular amyloid in association with low
levels of parenchymal amyloid deposits (Davis et al., 2004; Van
Vickle et al., 2008). We tested the hypothesis that CpG ODN can
harness innate immunity to prevent the age-dependent accumu-

lation of CAA pathology in young mice and can rescue the CAA
phenotype in aged mice. A growing number of studies have iden-
tified macrophages/microglia as highly dynamic cells with the
coexistence of multiple activation states and a broad spectrum of
overlapping polarization phenotypes with diverse functions
(Brothers and Wilcock, 2013; Latta et al., 2015; Wes et al., 2016).
Therefore, we conducted a short-term acute study in a separate
cohort of old Tg-SwDI mice to further clarify the effect of CpG
ODN on the recruitment and activation of beneficial macro-
phage/microglia phenotypes that may contribute to clearance of
CAA pathology.

Materials and Methods
Animals and treatment
The treatment was performed in triple transgenic (Tg) mice expressing
human Swedish K670N/M671L and vasculotropic Dutch/Iowa E693Q/
D694N mutations under the control of the mouse Thy1.2 promoter (Tg-
SwDI). These mice exhibit early and robust cerebral microvascular
accumulation of A� in the form of fibrillar vascular A� deposits (starting
at the age of 3– 4 months), and mainly diffuse A� deposition in the brain
parenchyma (Davis et al., 2004; Miao et al., 2005). Both Tg-SwDI mice
and wild-type (Wt) control mice used in this study were bred internally
and aged at the New York University School of Medicine on a pure
C57BL/6 background. Breeding pairs of Tg-SwDI mice were obtained
from the Jackson Laboratory (www.jax.org) where this transgenic (Tg)
line was originally generated on a C57BL/6 background. The animals
were maintained on a 12 h light/dark cycle, and animal care was in
accordance with institutional guidelines in facilities approved by the As-
sociation for Assessment and Accreditation of Laboratory Animal Care.
All experimental procedures were approved by the Institutional Animal
Care and Use Committee at the New York University School of Medi-
cine. Mice were injected with either TLR9 agonist CpG ODN 1826 (2.5
mg/kg, i.p.) or vehicle (saline) at monthly intervals. The mice were di-
vided into two study groups treated from 4 to 14 months of age, before
significant pathology development, and from 8 to 18 months of age, at a
point when pathology is well established. Control Wt mice, matched for
age and sex to Tg-SwDI groups, were given CpG ODN or saline. Treat-
ment and vehicle groups included 14 mice per group, and equal numbers
of males and females were in each experimental group. A short-term
acute study was conducted in a separate cohort of aged Tg-SwDI mice (18
months old; matched for age and sex to our 8 –18-month study group at
the end of the treatment period). Animals (n � 8) were acutely injected
with CpG ODN or saline to further evaluate the effects of TLR9 signaling
on the formation of dynamic range of macrophage/microglia activation
states with the ability to promote phagocytosis. CpG ODN 1826 [5�-TCC
ATG ACG TTC CTG ACG TT-3� (CpG motifs italicized)], with a com-
plete phosphorothioate backbone, was purchased from Integrated DNA
Technologies. During the treatment, animals were monitored for signs of
toxicity, such as differences in total body weight, altered behavior, and
changes in physical appearance.

Behavioral testing
At the end of the treatment, mice were subjected to behavioral testing.
Behavioral analyses consisted of both cognitive assessment and measure-
ment of sensorimotor (locomotor) abilities. The latter tests were in-
cluded to verify that the performance on cognitive testing was not
influenced by sensorimotor abnormalities.

Locomotor activity test. Locomotor activity was recorded in a circular
open-field activity chamber measuring 70 cm in diameter. A Hamilton-
Kinder Smart-Frame Photobeam System was used to make a computer-
ized recording of animal activity, as we have previously described (Yang
et al., 2011; Scholtzova et al., 2014). A video camera mounted above the
chamber automatically recorded horizontal movements in the open field
in each dimension. Before testing, mice were adapted to the room with
lights on for a designated period. Animals were allowed to explore the
environment for 15 min. Results were reported based on distance trav-
eled (cm), mean resting time (sec), and velocity (mean and maximum;
cm/sec) of the animal.
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Novel object recognition test. The novel object recognition test is based
on the natural tendency of rodents to investigate a novel object instead of
a familiar one (Asuni et al., 2007; Scholtzova et al., 2008). This test was
used to measure deficits in short-term memory and did not require food
or water deprivation. The object-recognition test was conducted in a
square open-field box (48 cm square with 18-cm-high walls) constructed
from black Plexiglas. The light intensity of the arena was set to 30 lux. The
test consisted of a familiarization session (day 1, 15 min) in which mice
explored the open-field arena containing two identical, symmetrically
placed objects. During training sessions (day 2), two novel objects were
placed at diagonal corners in the open field. The animal was allowed to
explore for 15 min. The time spent exploring each object was recorded by
a tracking system (San Diego Instruments) and, at the end of the training
phase, the mouse was removed from the box for the duration of the
retention delay (retention delay, 3 h; Chen et al., 2000; Dodart et al., 2002;
Asuni et al., 2007; Scholtzova et al., 2008; Boutajangout et al., 2010).
During the retention session, the animals were placed back into the same
box, in which one of the previous familiar objects used during training
was replaced by a second novel object. They were allowed to explore the
objects for 6 min. The time spent exploring the novel and familiar objects
was recorded for the duration of the test. The data are presented as a
novel object preference index, a ratio of the amount of time spent explor-
ing the novel object (retention session) over the total time spent explor-
ing both objects. All objects used for our analysis have been previously
tested for investigatory preference and have been used in earlier pub-
lished studies (Scholtzova et al., 2008; Boutajangout et al., 2010, 2012).
The two objects differed in shape, color, and reflectance. The shape and
height of the objects prevented the mice from climbing onto them. The
type of familiar or novel object as well as the relative position was coun-
terbalanced and randomly selected for each experimental animal during
both the training phase and the retention session.

Radial arm maze. Spatial learning (working memory) was evaluated
using an eight-arm radial maze as previously reported (Yang et al., 2011;
Goñi et al., 2013; Scholtzova et al., 2014). The apparatus consisted of
eight radial 30-cm-long arms originating from the central space with a
water well at the end of each arm (0.1% saccharine solution). Plexiglas
guillotine doors, operated by a remote pulley system, controlled access to
the arms. Animals entered and exited all arms of the apparatus from a
central area. After 4 days of adaptation, water-restricted mice (2 h daily
access to water) were subjected to testing for 12 consecutive days (one test
session per day). For each session, animals were permitted to enter all
arms until the eight rewards had been consumed. Our criteria for termi-
nation of a session was whether the mouse had either successfully visited
each of the distinct eight arms at least once or 900 sec session time had
elapsed. The number of working-memory errors (entries to previously
visited arms) and time to complete each session were recorded. The
behavioral testing was performed by an individual blinded to the ani-
mal’s treatment status.

Histological studies
The mice were anesthetized with sodium pentobarbital (150 mg/kg, i.p.)
and perfused transaortically with 0.1 M PBS, pH 7.4. The right brain
hemisphere was immersion-fixed in periodate-lysine-paraformaldehyde
for 24 h, whereas the left hemisphere was snap-frozen on dry ice and
stored at �80°C for biochemical analyses (measurements of A� levels
and oligomers). After fixation, brains were placed in 2% DMSO/20%
glycerol in PBS and stored at 4°C until sectioned. Serial coronal brain
sections (40 �m) were cut from each experimental group on a freezing
microtome and 10 series of sections were saved for histological and im-
munohistochemical analysis of staining with the following: (1) anti-A�
antibodies 6E10/4G8, (2) thioflavin-S, (3) anti-CD45 antibody, (4) anti-
CD11b antibody, (5) anti-CD206 antibody, (6) anti-Iba1 antibody, (7)
anti-GFAP antibody, and (8) anti-CD3 antibody. For each antibody im-
munostain, we sampled every 10th section from the mouse brain. The
remaining series were placed in ethylene glycol cryoprotectant (30% su-
crose/30% ethylene glycol in 0.1 mol/l phosphate buffer) and stored at
�20°C until used. A� deposits were stained either with a mixture of
mouse monoclonal antibodies 6E10/4G8 (total amyloid) or thioflavin-S
for fibrillar amyloid (both parenchymal and CAA).

Microglial activation is a complex process that can result in several
phenotypes. Hence, in the present study we used four different markers
to identify distinct macrophage/microglia activation states. CD11b
[member of �-integrin family of adhesion molecules; also known as
MAC-1 or complement receptor 3 (CR3)] and CD45 (protein-tyrosine
phosphatase) are commonly used as markers for microglial activation at
the earlier and later stages of plaque development, respectively (Morgan
et al., 2005). CD11b labels macrophage/microglia in both M1 (classical)
and M2 (alternative) activation states, while CD45 (highly expressed on
peripherally derived macrophages) is often associated with the M1 clas-
sical activation state (Cao et al., 2012; Guerrero et al., 2012). In addition,
histological staining for the alternative M2 macrophage activation
marker mannose receptor 1 CD206 was performed. The mannose recep-
tor is a phagocytic receptor of the C-type lectin family with known ex-
pression on activated macrophages/microglia (Gordon, 2003; Guerrero
et al., 2012; He et al., 2012). Bone marrow-derived perivascular macro-
phages have been shown to be phagocytic and to express CD206 (Galea et
al., 2005; Hawkes and McLaurin, 2009). Iba1 (ionized calcium-binding
adaptor molecule) labels the entire microglia population (activated, rest-
ing), and is often used as a marker of generic microglia (Streit et al., 2009;
Zotova et al., 2013). GFAP is a component of the glial intermediate
filaments that form part of the cytoskeleton and is found predominantly
in astrocytes.

Immunohistochemistry was performed on free-floating coronal brain
sections as previously described (Scholtzova et al., 2009, 2014). Briefly,
serial sections were incubated in mouse-on-mouse diluents containing
different mouse monoclonal primary antibodies at 4°C overnight
(anti-A� antibodies 6E10 and 4G8, 1:1000; Covance Research Products).
CD206 (rabbit polyclonal, 1:200; 4°C overnight; Abcam)], Iba1 (rabbit
polyclonal, 1:1000; 4°C overnight; Wako Chemicals), GFAP (rabbit poly-
clonal, 1:1000; 4°C overnight; Dako), and T-cell antibody CD3 (rabbit
polyclonal, 1:100; 4°C overnight; Ventana Medical Systems) immuno-
staining was performed with a primary antibody diluent composed of
0.3% Triton X-100, 0.1% sodium azide, 0.01% bacitracin, 1% bovine
serum albumin, and 10% normal goat serum in PBS, and secondary biotin-
ylated goat anti-rabbit antibody (Vector Laboratories) reacted for 1 h at
1:1000 dilution. Moreover, T-cell immunohistochemistry was performed
using the citrate buffer antigen retrieval protocol [10 mM sodium citrate, pH
6.0, 95°C water bath (10 min incubation)]. CD45 (rat anti-mouse,
1:1000; 4°C overnight; Bio-Rad Laboratories)] and CD11b [rat anti-
mouse, 1:500; 4°C overnight; Bio-Rad Laboratories) immunohistochem-
istry was performed in a way similar to that for GFAP staining except that
the secondary antibody was goat anti-rat (Vector Laboratories) diluted
1:1000. Antibody staining was revealed with 3,3-diaminobenzidine tet-
rahydrochloride (Sigma-Aldrich) with nickel ammonium sulfate color
intensification. In addition, nuclear fast red (Vector Laboratories) was
applied after completion of T-cell immunohistochemical staining.

To further evaluate the effects of TLR9 signaling on diverse range of
macrophage/microglia activation states, we next assessed CD45, CD11b,
CD206, and Iba1 immunohistochemistry on a separate set of brains from
aged (18 months) Tg-SwDI mice acutely injected (12 h before perfusion)
with CpG ODN or saline. Double immunofluorescence for macrophage/
microglia markers (CD45 or CD206) and A� deposits (6E10/4G8) was
done on selected sections to identify the location of acutely activated
microglial cells in relationship to A� deposits. Subsequent series of dou-
ble staining (CD206/CD45, CD206/CD11b, CD206/Iba1, and CD45/
Iba1) were performed to examine distribution of distinct macrophage/
microglia cell types. Secondary antibodies were Cy3-conjugated goat
anti-mouse, Cy3-conjugated goat anti-rabbit Cy3, Alexa Fluor 488-
conjugated goat anti-rat, and Alexa Fluor 488-conjugated goat anti-rabbit
(1:500; room temperature 2 h; Jackson ImmunoResearch Laboratories).
Fluorescent imaging was executed on a Zeiss LSM 700 inverted confocal
microscope. ZEN 2011 software was used for data collection and analy-
ses. Thioflavine-S staining for parenchymal and vascular fibrillar amy-
loid deposits was performed on mounted sections (Yang et al., 2011;
Scholtzova et al., 2014). Microhemorrhages (small microscopic bleeds)
were detected by Perls’ Prussian blue staining for ferric iron in hemosid-
erin (a degradation product of hemoglobin) on another set of sections, as
previously published (Yang et al., 2011; Scholtzova et al., 2014). Equally
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spaced defatted and hydrated sections were mounted and stained in a
solution containing 10% potassium ferrocyanide and 20% hydrochloric
acid for 45 min. The slides were then rinsed in distilled water, and the
sections were dehydrated and coverslipped. Fifteen Perls-stained sections
were examined per mouse and the average number of iron-positive pro-
files per section was calculated by an assessor blinded to treatment
assignments.

Image analysis; quantification of amyloid and CD45 burden. Quantita-
tive image analyses of immunohistochemistry were performed according
to our previously published protocols, using a Bioquant stereology semi-
automated image analysis system (Bioquant Image Analysis) and an un-
biased random-sampling scheme (Scholtzova et al., 2008, 2014; Liu et al.,
2014). Fifteen evenly spaced coronal sections were analyzed per animal.
All measurements were performed by an individual blinded to group
assignment. Total cortical and hippocampal A� burden (defined as the
percentage of test area occupied by A�) was quantified separately on
sections stained with the monoclonal anti-A� antibodies 6E10 and 4G8.
Intensification with nickel ammonium sulfate blackened the A� depos-
its, which facilitated threshold detection. Thresholds were established
with accurately identified objects on a standard set of slides and these
thresholds remained constant throughout the whole analysis. The corti-
cal area analyzed was dorsomedial from the cingulate cortex and ex-
tended ventrolaterally to the rhinal fissure within the right hemisphere.
Test areas (640 � 480 �m) were randomly selected by applying a grid
(800 � 800 �m) over the traced contour. Hippocampal measurements
(grid area, 600 � 600 �m) were performed similar to the way they were
performed in the cortical analysis. Fibrillar A� burden was evaluated
separately in sections stained with thioflavin-S, using our established
methods (Yang et al., 2011; Scholtzova et al., 2014). The CD45 microglia
burden (the percentage of area in the measurement field occupied by
CD45-immunoreactive microglia) was quantified in a manner analogous
to that used to measure the A� burden.

Rating of microgliosis. Semiquantitative analysis of the extent of mi-
crogliosis in brain sections was based on the severity of CD11b,
CD206, and Iba1 immunoreactivity. Immunostained sections were
evaluated on scales (0 – 4) devised by a blinded individual (0, a few
resting microglia; 1, rare ramified and/or phagocytic microglia; 2, a
few ramified/phagocytic microglia; 3, a moderate ramified/phago-
cytic microglia; 4, numerous ramified/phagocytic microglia), as we
have reported previously (Yang et al., 2011; Scholtzova et al., 2014).
Approximately 13 cortical and seven hippocampal sections were an-
alyzed per animal at 10� magnifications.

Rating of astrocytosis. The assessment of GFAP-immunostained sec-
tions was based on a semiquantitative analysis of the extent of GFAP
immunoreactivity (number of GFAP-immunoreactive cells and com-
plexity of astrocytic branching), as published (Yang et al., 2011; Goñi et
al., 2013). Reactive astrocytosis was rated on a scale from 0 to 4 (0 for 1–5
resting astrocytes; 1 for 6 –15 resting astrocytes/rare processes; 2 for
16 –25 resting astrocytes/few processes; 3 for 26 –35 reactive astrocytes/
moderate branching; 4 for �36 reactive astrocytes/extensive branching).
Approximately thirteen cortical and seven hippocampal sections were
analyzed per animal at 10� magnifications by an investigator blinded to
treatment group assignment.

Rating of CD3-positive T cells. The rating of T lymphocytes was based
on a semiquantitative analysis of CD3 immunoreactivity (number of
CD3-positive cells). Scores were assigned by a blinded individual using a
scale from 0 to 4 (0 for no positive cells; 1 for 1– 4 positive cells; 2 for 5– 8
positive cells; 3 for 9 –12 cells; 4 for �13 positive cells). Approximately
thirteen cortical and seven hippocampal sections were analyzed per ani-
mal at 10� magnifications.

Biochemical assessment of A� pathology in the brain
Tissue homogenization. Before tissue fractionations and extraction of A�
from brain tissue, 10% (w/v) homogenates were prepared in tissue ho-
mogenization buffer (20 mM Tris base, pH 7.4, 250 mM sucrose, 1 mM

EDTA, 1 mM EGTA) with 100 mM phenylmethylsulphonyl fluoride,
protease inhibitors [protease inhibitors mixture Complete, Roche Diag-
nostic) and pepstatin A (Sigma-Aldrich) added immediately before ho-
mogenization, as we have previously published (Schmidt et al., 2005;

Asuni et al., 2006; Liu et al., 2014). Subsequently, brain homogenates
were aliquoted, frozen, and stored at �80°C until further use for extrac-
tion of soluble and insoluble fractions of A� and for biochemical analyses
(ELISA).

Sandwich ELISA for A� levels. Extraction of A� from left hemispheres
was performed as previously described (Scholtzova et al., 2009, 2014;
Yang et al., 2011; Goñi et al., 2013). In summary, for extraction of soluble
A�, brain homogenates were thoroughly mixed with an equal volume of
cold 0.4% diethylamine (DEA)/100 mM NaCl, and subsequently centri-
fuged at 135,000 � g for 1 h at 4°C. Then the supernatant was neutralized
with 1:10 volume of 0.5 M Tris, pH 6.8. The samples were then aliquoted,
flash-frozen on dry ice, and stored at �80°C until used for measurements
of soluble A� fraction. Similarly for extraction of the total A�, homoge-
nates (200 �l) were added to 440 �l of cold formic acid (FA) and soni-
cated for 1 min on ice. Subsequently, 400 �l of this solution was spun at
100,000 � g for 1 h at 4°C. Then, 210 �l of the resulting supernatant was
diluted into 4 ml of FA neutralization solution (1 M Tris base, 0.5 M

Na2HPO4, 0.05% NaN3), flash frozen on dry ice, and stored at �80°C
until used for total A� measurements.

The total and soluble A� levels were measured using a combination of
mouse monoclonal antibody 6E10 (specific to an epitope present on
amino acid residues 1–16 of A�) and two different rabbit polyclonal
antibodies specific for A�40 (R162) and A�42 (R165), in a double anti-
body sandwich ELISA, as we have previously reported (Yang et al., 2011;
Scholtzova et al., 2014). Optical density (OD) was measured at 450 nm.
The relationship between OD and A� peptide concentration was deter-
mined by a four-parameter logistic log function. The assay was per-
formed by an investigator blinded to group assignment.

Sandwich ELISA for aggregated/oligomeric A�. The levels of A� oligom-
ers, within the soluble brain fraction, were determined using the Human
Aggregated A� ELISA kit (Invitrogen), according to the manufacturer’s
instructions and as published previously (Goñi et al., 2013; Scholtzova et
al., 2014). This ELISA method is specific for aggregated A� species. As
this is being measured in a soluble brain fraction, the measured levels are
equivalent to A� oligomer levels. In summary, the levels of aggregated/
oligomeric A� in each sample were measured against a standard contain-
ing aggregated A�. Brain homogenates (10%) were centrifuged at
100,000 � g for 1 h at 4°C. Samples diluted in the provided standard
diluent buffer (1:5 dilutions) were incubated for 2 h at room tempera-
ture, allowing the A� to bind the capture antibody (a monoclonal anti-
body specific for the N terminus of human A� precoated to each well),
followed by extensive washing and incubation for 1 h at room tempera-
ture with biotin-conjugated detection antibody (same as the capture
antibody), which binds to the immobilized aggregated A�. After removal
of excess antibody, horseradish peroxidase-labeled streptavidin was
added to incubate for 30 min, followed by washing, and a tetramethyl-
benzidine (TMB) substrate incubation, which resulted in a colometric
solution. The intensity of the colored product was directly proportional
to the concentration of oligomeric A� in the sample. The TMB reaction
was stopped and the absorbance of each well was read at 450 nm. The
standards provided a linear curve and the best-fit line determined by
linear regression were used to calculate the concentration of A� oligom-
ers in our samples.

Immune response analyses
Measurements of cytokine production to evaluate the subset of T helper
cells (Th cells) induced and of autoantibody responses toward A� pep-
tides were performed in plasma, using the New York University Langone
Medical Center Immune Monitoring Core (http://www.med.nyu.edu/
ocs/immune-monitoring-core). Animals were bled before immuniza-
tion and every month thereafter, including a sacrifice bleed.

Cytokine assays. Cytokine induction profiles in plasma from CpG
ODN-treated and control animals were analyzed using a MilliplexMAP

mouse cytokine/chemokine magnetic bead panel (EMD Millipore), after
the intraperitoneal injection of either CpG ODN or saline at 4 h postin-
jection every month throughout the treatment period (Scholtzova et al.,
2014). Additionally, cytokine/chemokine levels were assessed in plasma
samples collected at the time of death, 4 weeks after the last injection.
These assays allow quantification of an array of cytokines in a small-
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volume sample. A custom nine-plex detection kit, which measured IL1�,
IL4, IL6, IL10, MCP1, TNF�, IFN�, IP10, and IL12p70, was used and the
assays were performed as per the manufacturer’s protocol. Briefly,
plasma samples (1:3 dilution–serum matrix) were incubated with a
mixture of antibodies conjugated with fluorescent beads overnight. Fol-
lowing the biotinylated detection antibody and streptavidin phycoery-
therin-conjugate incubations, levels of each cytokine were measured
using the Luminex 200 analyzer (New York University Langone Medical
Center Immune Monitoring Core). Median fluorescent intensity data
were analyzed with ExPONENT software using a five-parameter logistic
curve-fitting method for calculating cytokine/chemokine concentrations
in samples. Concentrations were calculated from standard curves and are
expressed in picograms per milliliter.

A� autoantibody response. Plasma samples were evaluated for the pres-
ence of autoantibodies using ELISA as described previously (Scholtzova
et al., 2009, 2014; Goñi et al., 2013). Plasma at dilutions of 1:200 was
applied to 96-well microtiter plates coated with 5 �g of the A�40/42
peptides (Immulon 2HB, Thermo Fisher Scientific). The bound antibod-
ies in plasma were detected by a goat anti-mouse IgG or a goat anti-
mouse IgM linked to a horseradish peroxidase conjugate (IgG: GE
Healthcare Bio-Sciences; IgM: KPL) at 1:3000 dilution. The development
substrate was TMB (Bio-Rad Laboratories) and the readings were made
at 450 nm.

Statistical analysis
The radial arm maze data (working-memory errors) were analyzed by
two-way repeated-measures ANOVA followed by a Bonferroni’s post
hoc test. Wt animals’ learning/improvement across 12 d (radial arm
maze) was analyzed by one-way repeated-measures ANOVA, within-
subjects contrast/trend tests, Mauchly’s test of sphericity, and Stu-
dent’s paired two-tailed t test. A Student’s unpaired two-tailed t test
or one-tailed t test was used to analyze data collected from locomotor-
activity test and novel object recognition test. Group differences in
total amyloid burden, fibrillar/CAA amyloid burden, levels of ex-
tracted A�, levels of aggregated/oligomeric A� in brain homogenates,
microgliosis (CD45, CD11b, CD206, Iba1), astrogliosis (GFAP),
T-cell infiltration, brain microhemorrhages, autoantibody levels, and
cytokine profiles were analyzed using a Student’s unpaired two-tailed

t test or one-tailed t test. Wt animals’ learning statistical tests (radial
arm maze) were performed using SPSS Advanced Statistics version 21
(IBM) and remaining statistical tests were performed using Prism
version 6.07 (Graphpad).

Results
Behavioral studies
The mice underwent a battery of behavioral tests during the final
month of treatment. Before cognitive assessment, all study
groups were subjected to a sensorimotor (locomotor) activity test
to verify that any CpG ODN treatment effects observed in the
cognitive tasks could not be explained by differences in sensori-
motor abilities. Locomotor tests eliminated the confounding fac-
tor of different motor functions among the Tg treatment groups
by showing no statistical differences in any of the four parameters
measured [distance traveled, velocity (average and maximum),
and mean resting time; Fig. 1A–H]. Tg-SwDI mice performed
comparably to Wt littermates. Furthermore, no differences were
observed between both Wt treatment groups in their locomotor
performance (data not shown).

In addition to sensorimotor evaluation, the mice underwent a
cognitive assessment. Short-term memory deficits were assessed
based on an animal’s exploratory behavior using the novel object
recognition test. Rodents generally exhibit a preference for the
novel object, whereas animals with cognitive deficits will not
exhibit any exploratory preference. We found that TLR9 stimu-
lation was effective at preventing and improving short-term
memory deficits in both age cohorts of Tg-SwDI mice. The rec-
ognition ability of the novel object was expressed as a preference
index. The CpG ODN-treated Tg mice performed similarly to
age-matched Wt littermates and demonstrated a significantly
greater preference for interaction with the novel object than the
vehicle (VEH)-treated Tg mice (4 –14-month study group, two-
tailed t test, Tg-CpG vs Tg-VEH, ***p � 0.0001; Fig. 2A; 8 –18-

Figure 1. Locomotor activity test. A–H, No statistical differences between CpG ODN-treated and control Tg mice were discerned in any of the four locomotor parameters measured (A, E, average
speed; B, F, maximum speed; C, G, resting time; D, H, distance traveled) in both age groups (A–D, 4 –14 months; E–H, 8 –18 months). The error bars show SEM. This applies to all subsequent figures.
VEH, Vehicle.
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Figure 2. Novel object recognition test. Peripheral administration of TLR9 agonist CpG ODN prevented and improved short-term memory deficits in both age cohorts of Tg-SwDI mice. The CpG
ODN-treated Tg mice performed comparably to age-matched Wt littermates and spent more time exploring the novel object, indicating their novel-object preference, whereas our Tg control mice
did not show any preference for the novel object. Data were reported as the preference index, i.e., the total time spent investigating the novel object was divided by total time the animal spent
investigating both objects. The preference index was significantly different between CpG ODN-treated and vehicle (VEH)-treated Tg mice. A, Treatment from 4 to 14 months: Tg-CpG vs Tg-VEH,
***p � 0.0001. B, Treatment from 8 to 18 months: Tg-CpG vs Tg-VEH, ***p � 0.0006. C, Preference index in both Wt groups was �50% indicating their novel object preference, and no significant
differences were observed in preference index among Wt groups (Wt-CpG vs Wt-VEH, p � 0.39). D–F, Total exploration time of each object within a defined zone of the arena during the retention
session. The CpG ODN-treated mice spent significantly more time interacting with the novel object. D, Treatment from 4 to 14 months: novel vs familiar, *p �0.04. E, Treatment from 8 to 18 months:
novel vs familiar, *p � 0.04. VEH-treated Tg mice spent significantly more time near the familiar object. D, Treatment from 4 to 14 months: novel vs familiar, ***p � 0.0008. E, Treatment from 8
to 18 months: novel vs familiar, **p � 0.0017. F, Both Wt CpG ODN-treated and Wt VEH-treated groups spent significantly more time exploring the novel object, CpG ODN Wt group: novel vs familiar
****p � 0.0001; VEH Wt group, novel vs familiar, ****p � 0.0001.
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month study group, Tg-CpG vs Tg-VEH, ***p � 0.0006; Fig. 2B).
Both Wt groups spent more time interacting with the novel
object, indicating their exploratory preference for the novel
object. As shown in Figure 2C, there was no significant differ-
ence in the preference index for recognition of the novel object
among Wt groups (two-tailed t test, Wt-CpG vs Wt-VEH, p �
0.39), confirming that chronic CpG ODN administration in
Wt animals was not associated with toxicity leading to cogni-
tive deficits. The total exploration time for novel versus famil-
iar objects (retention session) was automatically recorded and
is presented in Figure 2D–F. The CpG ODN-treated Tg mice
spent significantly more time interacting with the novel object
(4 –14-month study group, one-tailed t test, novel vs familiar,
*p � 0.04; Fig. 2D; 8 –18-month study group, novel vs famil-
iar, *p � 0.04; Fig. 2E), whereas our Tg controls spent sub-
stantially more time with the familiar object (4 –14-month
study group, two-tailed t test, novel vs familiar, ***p � 0.0008;
Fig. 2D; 8 –18-month study group, novel vs familiar, **p �
0.0017; Fig. 2E). As shown in Figure 2F, both Wt groups (CpG
ODN Wt group, two-tailed t test, novel vs familiar, ****p �
0.0001; VEH Wt group, novel vs familiar, ****p � 0.0001)
spent significantly more time exploring the novel object.

Spatial/working memory was evaluated using the radial
arm maze test. The overall performance (number of working-
memory errors) of the mice differed significantly between Tg
groups. The CpG ODN-treated Tg groups were better at navigat-
ing the maze than the VEH-treated Tg groups (Fig. 3A,B). All Tg
animals made significantly more errors than Wt animals. How-
ever, the performance of CpG ODN-treated Tg mice was more
comparable to that of our Wt littermates [4 –14-month study
group: two-way repeated-measures ANOVA, group (treatment)
effect, p � 0.0001; sessions (days) effect, p � 0.0005; interaction
(group vs days), p � 0.96. Bonferroni’s post hoc test showed Tg-
CpG vs Tg-VEH, p � 0.0001; Tg-CpG vs Wt, p � 0.006; Tg-VEH
vs Wt, p � 0.0001; Fig. 3A; 8 –18-month study group: two-way
repeated-measures ANOVA, group (treatment) effect, p �
0.0001; sessions (days) effect, p � 0.37; interaction (group vs
days), p � 0.26; Bonferroni’s post hoc test showed Tg-CpG vs
Tg-VEH, p � 0.0009; Tg-CpG vs Wt, p � 0.0004; Tg-VEH vs Wt,
p � 0.0001; Fig. 3B]. No significant differences were detected
between CpG ODN and VEH-treated Wt animals (data not
shown). Moreover, our Wt animals showed evidence of learning
across sessions (days) as measured by improvements in perfor-
mance for both total time to complete each session (Fig. 3C) and

Figure 3. Radial arm maze test. Tg-SwDI mice treated with CpG ODN navigated the radial arm maze with significantly fewer working-memory errors than control Tg mice. Spatial/working-
memory improvements were observed in both study groups. A, Treatment from 4 to 14 months: two-way repeated-measures ANOVA, group (treatment) effect, p � 0.0001; sessions (days) effect,
p � 0.0005; interaction (group vs days), p � 0.96. Bonferroni’s post hoc test revealed Tg-CpG vs Tg-vehicle (Tg-VEH), p � 0.0001; Tg-CpG vs Wt, p � 0.006; Tg-VEH vs Wt, p � 0.0001. B, Treatment
from 8 to 18 months: two-way repeated-measures ANOVA, group (treatment) effect, p � 0.0001; sessions (days) effect, p � 0.37; interaction (group vs days), p � 0.26. Bonferroni’s post hoc test
revealed Tg-CpG vs Tg-VEH, p � 0.0009; Tg-CpG vs Wt, p � 0.0004; Tg-VEH vs Wt, p � 0.0001. The Wt groups did not differ significantly in their performance on the radial arm maze; hence, CpG
ODN-treated and VEH-treated Wt mice are presented as one group. C, D, Furthermore, our Wt mice showed evidence of learning across sessions (days) as measured by both the total time to complete
(C) and total number of working memory errors (D) committed within each session. One-way repeated-measures ANOVA indicated a significant main effect of sessions (days) for both time to
complete the session (F(11,187) � 3.17, p � 0.001) and total number of errors (F(11,187) � 5.75, p � 0.0001). Within-subjects contrast/trend analyses confirmed both a significant linear trend of
decreasing time to complete the session (F(1,17) � 15.34, p � 0.001) and a linearly decreasing number of errors (F(1,17) � 32.14, p � 0.0001) across sessions. Mauchly’s sphericity test indicated no
significant effects of sphericity on either the session time ( p � 0.16) or the number of errors ( p � 0.12). Moreover, a comparison of the total session time and total errors between the first (day 1)
versus last (day 12) sessions confirmed significant reductions in both of these variables (two-tailed t test: session time, p � 0.0001; number of errors, p � 0.002). Overall, these data indicate that
our Wt mice exhibit characteristic monotonic learning-improvement curves using our radial arm maze protocol.

942 • J. Neurosci., January 25, 2017 • 37(4):936 –959 Scholtzova et al. • Innate Immunity and Vascular Amyloid



total number of working-memory errors (Fig. 3D) committed
within each session. One-way repeated-measures ANOVA on
performance data of the Wt group (averaged across 12 days)
indicated a significant main effect of sessions (days) for both time
to complete the session (F(11,187) � 3.17, p � 0.001) and total
number of errors (F(11,187) � 5.75, p � 0.0001). Within-subjects
contrast/trend analyses confirmed both a significant linear trend
of decreasing time to complete the session (F(1,17) � 15.34, p �
0.001) and a linearly decreasing number of errors (F(1,17) � 32.14,
p � 0.0001) across sessions. For these analyses, Mauchly’s sphe-
ricity test indicated no significant effects of sphericity on either
the session time (p � 0.16) or the number of errors (p � 0.12).
Furthermore, a comparison of the total session time and total
errors between the first (day 1) versus last (day 12) sessions con-
firmed significant reductions in both of these variables (paired
two-tailed t test: session time, p � 0.0001; number of errors, p �
0.002). Together, present data provide evidence that Wt mice
exhibit characteristic monotonic learning/improvement curves
using our radial arm maze procedure, suggesting good execution
of the task protocol.

Amyloid pathology
Quantification of amyloid burden
Comprehensive immunohistochemistry and quantitative image
analyses were performed to further assess whether the CpG ODN
memory-enhancing effect correlated with its effect on A� pathol-
ogy in Tg-SwDI mice. The mice were killed at 15 and 19 months
of age after behavioral testing and their brains were processed for
histology. Total amyloid burden in the cortical, hippocampal,
and thalamic regions was quantified by stereological techniques
using an unbiased, hierarchical sampling scheme and a semiauto-
mated image analysis system on serial coronal sections immuno-
stained with anti-A� 6E10/4G8 antibodies. Significant reductions in
the total amyloid burden were noted in all three brain regions of
CpG ODN-treated animals in both study groups (Fig. 4A–L).
Quantitative assessment of the total cortical amyloid burden re-
vealed a significant 22% reduction (two-tailed t test, *p � 0.025;
Fig. 4M) in the 4 –14-month study group. Reductions of 32% and
36% in the total amyloid burden were observed in the hippocam-
pus and thalamus, respectively (hippocampus, two-tailed t test,
***p � 0.0007; Fig. 4N; thalamus, two-tailed t test, *p � 0.013;
Fig. 4O). In the 8 –18-month study group, peripheral administra-
tion of TLR9 agonist CpG ODN led to a 20% reduction (two-
tailed t test, *p � 0.012; Fig. 4P) in the total cortical amyloid
burden, a 37% reduction (two-tailed t test, ***p � 0.00032; Fig.
4Q) in total hippocampal amyloid burden, and a 33% reduction
(two-tailed t test, *p � 0.045; Fig. 4R) in thalamic amyloid bur-
den compared with age-matched VEH Tg animals. Thioflavine-S
staining revealed fibrillar amyloid depositions, which in this
model corresponds almost exclusively to vascular amyloid bur-
den. The CAA burden (A� burden in the vasculature) was quan-
tified by using the same principle of an unbiased sampling
scheme as described previously (Scholtzova et al., 2009). Reduc-
tions in the fibrillar cortical and hippocampal vascular amyloid
burden were observed in CpG ODN-treated animals compared
with controls in both age groups (Fig. 5A–L). There was a 29%
reduction (two-tailed t test, **p � 0.0062; Fig. 5M) in cortical
CAA burden and 27% reduction (two-tailed t test, *p � 0.034;
Fig. 5N) in hippocampal CAA burden in Tg-SwDI mice treated
with CpG ODN in the 4 –14-month study group. Similar effects
were seen in the 8 –18-month study group. Quantitative analysis
within the cortex showed a significant 21% reduction (two-tailed
t test, *p � 0.041; Fig. 5P) in treated mice. A 30% reduction

(two-tailed t test, *p � 0.017; Fig. 5Q) was noted in the hip-
pocampus. No statistical differences between treatment groups
were observed in the thalamus in both age cohorts (4 –14-month
study group; Fig. 5O; 8 –18-month study group; Fig. 5R). The
integrity of cerebral vessels was examined using the Perls’ stain
method that detects hemosiderin, indicating cerebral bleeding.
Significant reductions in the extent of CAA-associated (hip-
pocampal and cortical) microhemorrhages were demonstrated in
CpG ODN-treated animals in both study groups (Fig. 6A–H )
(4 –14-month study group, two-tailed t test, *p � 0.02; Fig. 6I;
8 –18-month study group, two-tailed t test, *p � 0.04; Fig. 6J ).
Furthermore, we did not detect increased microhemorrhages
in association with CpG ODN treatment in brains of Wt ani-
mals (data not shown), providing further evidence of the
safety of CpG ODN administration.

Assessment of A� levels, A� oligomers in the brain
To further examine the extent of amyloid pathology in Tg-SwDI
mice after CpG ODN administration, we performed multiple
biochemical analyses. Stimulation of TLR9 signaling significantly
decreased total (FA extract) and soluble (DEA extract) brain A�
levels in Tg-SwDI mice in both study groups. ELISA measure-
ments revealed a statistically significant decrease in the levels of
total (FA extracted) A�40 by 43% (two-tailed t test, **p � 0.004)
and A�42 by 64% (two-tailed t test, **p � 0.0016) after the CpG
ODN treatment in the 4 –14-month study group (Fig. 7A). The
levels of soluble (DEA extracted) A�40 and A�42 fractions were
significantly reduced by 44% (two-tailed t test, *p � 0.03) and
47% (two-tailed t test, *p � 0.013), respectively, in CpG ODN-
treated mice in the 4 –14-month study group (Fig. 7B). Treat-
ment in the 8 –18-month study group significantly lowered total
A�42 by 32% (one-tailed t test, *p � 0.04), while there was a
strong trend for reduction in the levels of total A�40 (one-
tailed t test, p � 0.09; Fig. 7C). Soluble A�40 and A�42 brain
levels were reduced by 20% (one-tailed t test, *p � 0.041) and
23% (two-tailed t test, *p � 0.015), respectively, in CpG ODN-
treated animals compared with controls in the 8 –18-month
study group (Fig. 7D).

Soluble oligomeric A� ligands (also known as A�-derived dif-
fusible ligands) may account for AD neuropathology and mem-
ory loss, thus presenting a significant therapeutic target (Lesné et
al., 2013). Pathogenic A� oligomers in 10% brain homogenates
were assessed by ELISA specific to aggregated/oligomeric A�.
CpG ODN treatment led to a significant decrease in A� oligomers
in Tg-SwDI mice in both age cohorts (4 –14- month study group,
two-tailed t test, *p � 0.01; Fig. 7E; 8 –18-month study group,
two-tailed t test, *p � 0.03; Fig. 7F). Overall, biochemical analysis
of A� levels in brain homogenates provided additional validity to
shifts in amyloid burden observed in our CpG ODN-treated
Tg-SwDI mice.

Associated histopathology: assessment of microgliosis
and astrogliosis
Potential signs of cerebral inflammatory toxicity were assessed by
quantification of reactive gliosis as described in our earlier studies
(Scholtzova et al., 2009, 2014; Yang et al., 2011). To determine
CpG ODN treatment effect on the development of a diverse range
of macrophage/microglia activation states, we immunohisto-
chemically evaluated sections from CpG ODN-treated and VEH-
treated Tg-SwDI mice using four different markers. Quantitative
stereological analysis of macrophage/microglia marker CD45,
which is typically expressed on peripherally derived macrophages
and in association with more mature plaques (Morgan et al.,
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Figure 4. Total amyloid burden. A–L, 6E10/4G8 immunohistochemistry showed significant reduction in total amyloid burden in cortical, hippocampal, and thalamic brain regions in CpG
ODN-treated Tg-SwDI mice compared with Tg control mice treated with vehicle (VEH) in both study groups. M–O, Quantitative stereological assessment of total amyloid burden revealed a 22%
reduction (*p � 0.025) in the cortex (M ), a 32% reduction (***p � 0.0007) in the hippocampus (N ), and a 36% reduction (*p � 0.013) in the thalamus (O) in the 4 –14-month study group. P–R,
Similarly, there was a 20% reduction (*p � 0.012) in total cortical amyloid burden (P), a 37% reduction (***p � 0.00032) in total hippocampal amyloid burden (Q), and a 33% reduction (*p �
0.045) in total thalamic amyloid burden (R) in the 8 –18-month study group. Scale bars: (in B, H ) A, B, G, H, 100 �m; (in D, J ) C, D, I, J, 100 �m; (in F, L) E, F, K, L, 100 �m.
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Figure 5. Fibrillar-vascular amyloid burden. A–L, Thioflavine-S staining revealed significant differences in fibrillar cortical and hippocampal vascular amyloid burden (CAA burden) between CpG
ODN-treated and vehicle (VEH)-treated Tg-SwDI mice in both study groups. M, N, There was a 29% reduction (**p � 0.0062) in the cortical CAA burden (M ) and a 27% reduction (*p � 0.034) in
the hippocampal CAA burden (N ) in the 4 –14-month study group. P, Q, Likewise, cortical and hippocampal CAA burdens were reduced by 21% (*p � 0.041; P) and 30% (*p � 0.017; Q),
respectively, in CpG ODN-treated mice in the 8 –18-month study group. O, R, No statistical differences between our treated and control Tg-SwDI animals were detected in the thalamus in both age
cohorts. Scale bars: (in B, H ) A, B, G, H, 200 �m; (in D, J ) C, D, I, J, 200 �m; (in F, L) E, F, K, L, 100 �m.
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2005), indicated 41% cortical reduction (two-tailed t test, *p �
0.03; Fig. 8M) and 30% hippocampal reduction (two-tailed t test,
*p � 0.034; Fig. 8N) in CD45 burden in CpG ODN-treated Tg-
SwDI mice compared with VEH-treated mice in the 4 –14-month
study group at the end of the study. Analysis in the thalamus did
not reveal group differences (Fig. 8O). No significant differences
in CD45 immunoreactivity were detected between CpG ODN
mice and control animals in the 8 –18-month study group (Fig.
8P–R). The assessment of another well established mononuclear
phagocyte marker, CD206 (alternative M2 activation marker),
was based on semiquantitative analyses (Gordon, 2003; He et al.,
2012). No apparent differences were observed between groups in
the extent of CD206 immunoreactivity in both age cohorts at the
end of the treatment period (Fig. 9A–L). The staining intensity of
the CD206 marker was very low in the thalamus (data not
shown). Similarly, no group differences were found in CD11b-
reactive microglia in all brain regions from both study groups

(Fig. 10A–R). Furthermore, Iba1 has been reported to label all
microglia populations, whether resting or activated (Streit et al.,
2009; Zotova et al., 2013). Our immunohistochemical observa-
tions demonstrated no apparent differences in Iba1-immuno-
reactive cells between the Tg CpG ODN-treated and VEH-treated
animals in both age groups (data not shown). Subsequent analy-
sis for astroglial marker GFAP was performed. No differences in
astrogliosis were detected between treatment groups in both
study cohorts (Fig. 11A–R). To further evaluate the safety profile
of CpG ODN, assessment of microgliosis in Wt mice was per-
formed. Minimal microglial immunoreactivity was observed in
our Wt animals. No increase in microgliosis was found in age-
matched Wt littermates treated with CpG ODN (Fig. 12A–L).
CD3 immunohistochemistry indicated the presence of T lym-
phocytes in all Tg groups at the end of the treatment period (Fig.
13A–D). However, the number of CD3-positive cells did not
differ significantly between CpG ODN-treated Tg mice and

Figure 6. Brain microhemorrhages. A–H, Representative cortical and hippocampal brain sections stained with Perls’ stain for ferric iron in hemosiderin, indicating cerebral bleeding. I, J,
Quantification revealed a significant reduction in the extent of CAA-associated hippocampal and cortical microhemorrhages in the CpG ODN-treated animals in both the 4 –14-month study group
(*p � 0.02; I ) and the 8 –18-month study group (*p � 0.04; J ). Scale bars: (in B, F ) A, B, E, F, 25 �m; (in D, H ) C, D, G, H, 100 �m.
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our Tg controls in both study groups. Parenchymal (hippocampal,
cortical, and thalamic) and perivascular lymphocytes were included
in the semiquantitative analysis (Fig. 13E,F). Moreover, there was
no evidence of increased T-cell infiltration in any brain regions of
CpG ODN-treated Wt mice (data not shown). Hence, stimulation of
innate immunity with TLR9 agonist CpG ODN did not enhance
neuroinflammation.

Our short-term acute study was conducted in a separate co-
hort of aged (18 months) Tg-SwDI mice. An acute administra-

tion of CpG ODN was performed to further assess the effects of
TLR9 signaling on the stimulation of transient macrophage/mi-
croglia activation states and subsequent formation of the dy-
namic range of their phenotypes with the ability to promote
phagocytosis. Semiquantitative analysis revealed a significant in-
crease in hippocampal CD45 (two-tailed t test, ***p � 0.0001;
Fig. 14A–C) and CD11b (two-tailed t test, *p � 0.04; Fig. 14D–F)
immunoreactivity in the brains of Tg-SwDI mice 12 h after CpG
ODN intraperitoneal administration.

Figure 7. Brain A� levels and A� oligomers. A, CpG ODN treatment significantly lowered total (FA extracted) A�40 levels by 43% (**p � 0.004) and A�42 levels by 64% (**p � 0.0016) in the
4 –14-month study group. B, There was also a reduction in the levels of soluble (DEA extracted) A�40 (44%, *p � 0.03) and A�42 (47%, *p � 0.013). C, Treatment in the 8 –18-month study group
significantly decreased total A�42 by 32% (*p � 0.04), and there was a strong trend for reduced total A�40 levels ( p � 0.09). D, Soluble A�40 and A�42 brain levels were reduced by 20% (*p �
0.041) and 23% (*p � 0.015), respectively. E, F, Furthermore, TLR9 stimulation led to a significant decrease in soluble oligomeric A� ligands in both treatment groups (E, 4 –14-month study group,
*p � 0.01; F, 8 –18-month study group,*p � 0.03).
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Figure 8. Assessment of CD45 immunoreactivity. A–F, Quantitative stereological analysis of macrophage/microglia marker CD45 revealed an overall reduction in Tg-SwDI mice treated with CpG
ODN compared with control Tg mice in the 4 –14-month study group. M–O, There was a 41% reduction (*p � 0.03) in cortical CD45 burden (M ) and a 30% reduction (*p � 0.034) in hippocampal
CD45 burden (N ), whereas no changes were noted in the thalamus (O) at the end of the treatment. G–L, P–R, No differences in CD45 immunoreactivity were detected between our treated and
control animals in the 8 –18-month study group. Scale bars: (in B, H ) A, B, G, H, 100 �m; (in D, J ) C, D, I, J, 100 �m; (in F, L) E, F, K, L, 100 �m.
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Subsequent staining with CD206 M2 macrophage marker was
conducted to further characterize distinct macrophage/microglia
phenotypes. Moreover, perivascular macrophages expressing
CD206 continuously turn over in the CNS and have been shown
to be phagocytic (Galea et al., 2005; Hawkes and McLaurin,
2009). Immunohistochemical examination showed an increase
in CD206 hippocampal microglial activation in CpG ODN-
injected animals (two-tailed t test, **p � 0.001; Fig. 14G–I) when
compared with controls that received saline only. Cortical CD45,
CD206, and CD11b immunohistochemical analyses also revealed
significant increase (CD45, two-tailed t test, p � 0.0001; CD206,

two-tailed t test, p � 0.0001; CD11b, two-tailed t test, p � 0.002)
in macrophage/microglia density in mice injected with CpG
ODN 12 h before perfusion (data not shown). On the other hand,
we found that acute administration of CpG ODN did not alter
Iba1 immunoreactivity in our separate cohort of old Tg-SwDI
animals. No differences were detected in the number of Iba1-
positive cells in the hippocampus (Fig. 14J–L) and cortex (data
not shown) between groups. Subsequently, we costained the
brain sections with anti-A� 6E10/4G8. Double immunofluores-
cence for 6E10/4G8-positive A� deposits and both macrophage/
microglial markers (CD45 and CD206) demonstrated dense

Figure 9. Assessment of CD206 immunoreactivity. A–L, Representative cortical and hippocampal immunostained images with perivascular macrophage activation marker (BMDM marker)
CD206 and subsequent semiquantitative analysis showed no differences between CpG ODN-treated Tg mice compared with control Tg mice in both age cohorts at the end of the treatment. The
degree of CD206 immunoreactivity was graded on a scale of 0 – 4. CD206 staining intensity in thalamus was minimal. Scale bars: (in B, F ) A, B, E, F, 100 �m; (in D, H ) C, D, G, H, 100 �m.
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Figure 10. Assessment of CD11b immunoreactivity. A–R, Histological observation and semiquantitative rating of CD11b-reactive microglia did not reveal group differences in the degree of
CD11b immunoreactivity in all three brain regions analyzed in both age groups at the end of the treatment. The degree of CD11b immunoreactivity was analyzed on a scale of 0 – 4. Scale bars: (in
B, H ) A, B, G, H, 100 �m; (in D, J ) C, D, I, J, 100 �m; (in F, L) E, F, K, L, 100 �m.
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Figure 11. Assessment of GFAP immunoreactivity. A–R, Subsequent semiquantitative analysis for astroglial marker GFAP showed no differences between our treatment groups in both study
cohorts at the end of the treatment period. GFAP immunoreactivity was rated on a scale of 0 – 4. Scale bars: (in B, H ) A, B, G, H, 100 �m; (in D, J ) C, D, I, J, 100 �m; (in F, L) E, F, K, L, 100 �m.
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clustering of acutely activated microglia around A� deposits in
mice injected with CpG ODN compared with saline controls.
Partial colocalization of CD45-positive or CD206-positive mi-
croglia and 6E10/4G8-positive A� deposits was often observed in
CpG ODN group (Fig. 14M,N). CD45-positive and CD206-
positive cells, commonly representing subsets of infiltrating pe-
ripheral BMDMs, were examined as possible contributors to the
elimination of A� by phagocytosis.

Furthermore, we performed series of double staining to exam-
ine the distribution and relationship between CD45-reactive,
CD11b-reactive, Iba1-reactive, and CD206-reactive macro-
phages/microglia in old Tg-SwDI mice acutely injected with CpG
ODN. Interestingly, direct colocalization between activated Iba1
and CD45 cells was found in areas adjacent to amyloid deposits
(Fig. 14O). However, no colocalization was noted between

CD206-immunoreactive cells and CD45 (Fig. 14P), CD11b (Fig.
14Q), Iba1 (Fig. 14R) markers, further confirming the CpG ODN
treatment effect on recruitment and activation of distinct macro-
phage/microglia cell types. Our observations highlight the im-
portance of assessing macrophage/microglia activation states
responsible for the formation of unique phenotypes that may
have contributed to clearance of CAA pathology.

Characterization of immune responses
Cytokine responses (plasma)
We next examined whether peripheral administration of CpG
ODN in Tg-SwDI mice was effective in inducing beneficial im-
munostimulatory response in the absence of any inflammatory
toxicity. Cytokine profiles in plasma collected 4 h after an intra-
peritoneal injection of CpG ODN or saline were analyzed at

Figure 12. Assessment of CD206, CD45, CD11b, and Iba1 immunoreactivity in Wt animals. A–L, CD206 (A, B), CD45 (C, D), CD11b (E, F ), and Iba1 (G, H ) macrophage/microglial immunoreactivity
observed in our Wt animals was minimal and no apparent differences were detected between our treated and control animals at the end of the study (I–L). Hence, microgliosis was not affected by
CpG ODN treatment in age-matched Wt littermates, providing further evidence of the safety of our approach. Scale bars: (in B, D, F, H ) A–H, 100 �m.
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monthly intervals using the Th1/Th2 Luminex mouse cytokine/
chemokine kit. As shown in Figure 15A–P, significant differences
in cytokine/chemokine levels in plasma collected before and after
CpG ODN administration were detected in both study groups.
Higher peak plasma levels of IP10 (interferon gamma-induced
protein 1, also known as CXCL10), and MCP1 (monocyte che-
motactic protein-1, also known as CCL2) chemokines were ob-
served after CpG ODN administration in the 4 –14-month study
group [IP10, two-tailed t test (applies to all subsequent t tests for
cytokine responses), ****p � 0.0001; Fig. 15A; MCP1, ***p �
0.0002; Fig. 15B]. Similar effects were seen in the 8 –18-month
study group (IP10, **p � 0.0016; Fig. 15I; MCP1, *p � 0.02; Fig.
15J). There was a strong induction of plasma IL6 levels (4 –14
months, ***p � 0.0001; Fig. 15C; 8 –18 months, *p � 0.04; Fig.
15K) 4 h post-CpG ODN injection compared with saline ani-
mals. In addition, our subjects showed an evident increase in
IL12p70 plasma levels in response to stimulation with CpG ODN
in both age groups (4 –14 months, *p � 0.04; Fig. 15D; 8 –18
months, *p � 0.02; Fig. 15L). Slightly more modest, but signifi-
cant elevation was observed in circulating levels of TNF� (4 –14
months, ***p � 0.0002; Fig. 15E; 8 –18 months, **p � 0.007; Fig.
15M) and IFN� (4 –14 months, **p � 0.0085; Fig. 15F; 8 –18
months, *p � 0.04; Fig. 15N). The involvement of the IL1� sig-
naling cascade as one of the key disease mechanism for AD has
been well documented (Mrak and Griffin, 2001; Kitazawa et al.,
2011). Of interest to us, IL1�, a potent inflammatory cytokine,
was detectable at very low levels, and no significant changes were
observed between the groups (4 –14 months, p � 0.13; Fig. 15G;
8 –18 months, p � 0.46; Fig. 15O). The levels of IL10 (a potent
anti-inflammatory cytokine) were also significantly induced in
both CpG ODN groups (4 –14 months, ***p � 0.0005; Fig. 15H;
8 –18 months, **p � 0.002; Fig. 15P). IL4 cytokine levels were

near the detection limit and exhibited no differences between the
treatment groups (data not shown).

Separate plasma cytokine analyses were performed at the time
of death, 4 weeks after the last intraperitoneal CpG ODN or saline
injection in both study cohorts. As expected, the cytokine/
chemokine levels subsided over time and no significant differ-
ences were found between the Tg-SwDI CpG ODN-treated and
control groups (data not shown). Overall, CpG ODN elevated the
levels of various Th1/Th2 cytokines/chemokines, but the abso-
lute levels were lower than what was observed in previous reports
with TLR4 agonist LPS (Jaeger et al., 2009; Michaud et al., 2013).
Present findings demonstrate that stimulation of innate immu-
nity with TLR9 agonist CpG ODN induces a suitable degree of
innate immunity stimulation, without producing a sustained
neuroinflammatory environment, therefore leading to beneficial
modulation of immune profiles resulting in restriction of AD-
related pathology.

A� autoantibody levels
Furthermore, stimulation of TLR9 signaling did not lead to in-
creased generation of anti-A� antibodies in CpG ODN-treated
Tg-SwDI mice. No differences were detected in the levels of IgG
or IgM A� autoantibodies in plasma obtained at the end of the
study, compared with the beginning of the study, in both study
groups (data not shown). This indicates that the effects of CpG
ODN on reducing vascular amyloid burden cannot be attributed
to stimulation of a humoral response against A�.

Discussion
Multiple immunotherapeutic approaches for AD have been devel-
oped and tested in clinical trials. However, major impediments in-
clude the limited evidence of significant clinical benefits, the

Figure 13. Assessment of CD3 immunoreactivity. A–D, Representative hippocampal brain sections stained with CD3 marker for positive T cells. The degree of CD3 immunoreactivity was
semiquantitatively graded on a scale of 0 – 4. E, F, Quantification of CD3-positive T lymphocytes in all three brain regions did not reveal differences between CpG ODN-treated and vehicle
(VEH)-treated Tg animals in both the 4 –14-month study group (E) and the 8 –18-month study group (F ). Scale bars: (in B, D) A–D, 100 �m.
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Figure 14. Acute study assessment of macrophage/microglia activation states. An acute administration of CpG ODN elicited an induction of beneficial macrophage/microglia activation in a
separate cohort of aged Tg-SwDI mice. A–I, Hippocampal semiquantitative analysis of the extent of macrophage/microglia density and activation revealed a (Figure legend continues.)
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occurrence of excessive neuroinflammation, and CAA-related com-
plications (Wisniewski and Drummond, 2016). CAA, as a common
neuropathological finding in both AD patients and cognitively nor-
mal elderly individuals, has been shown to be more resistant to clear-
ance than parenchymal amyloid (Wilcock and Colton, 2009;
Yamada, 2015). Current evidence points to a key role of CAA in the
pathophysiology leading to development of amyloid-related imag-
ing abnormalities. These MRI abnormalities include parenchymal
vasogenic edema and sulcal effusion and abnormalities due to mi-
crohemorrhages (Sperling et al., 2012; Piazza and Winblad, 2016).
Our initial findings from AD mouse models provide the first in vivo
evidence that stimulation of innate immunity with TLR9 agonist
class B CpG ODN appears to reduce behavioral deficits and restrict
all pathological hallmarks of AD, including amyloid plaques, tau
pathology, and CAA, without any adverse reactions (Scholtzova et
al., 2009, 2014). However, the levels of vascular amyloid in these
models of neurodegeneration were low. Given the independent cor-
relation of the degree of CAA pathology with the severity of cognitive
impairment, as well as the importance of CAA-linked complications
associated with immunotherapy, the present study was designed to
determine whether stimulation of TLR9 signaling with CpG ODN
could have beneficial effects in the Tg-SwDI mice with extensive
CAA (Davis et al., 2004; Yamada, 2015; Vidoni et al., 2016). We
assessed the association of our treatment approach with potential
adverse effects (such as inflammation and microhemorrhages),
which have been reported with many immunotherapeutic para-
digms (Wisniewski and Goñi, 2015).

The efficacy of TLR9 agonist was verified in animals treated
before and after the onset of CAA pathology. Specifically, periph-
eral administration of CpG ODN negated short-term memory
deficits as assessed by the novel object recognition test and was
effective at improving spatial and working memory evaluated
using a radial arm maze in both age cohorts of Tg-SwDI mice.
Further analysis of Wt mice provided evidence of learning (im-
provements in performance) across 12 sessions (days) using our
radial arm maze procedure, hence validating proper execution
of the test. Moreover, cognitive improvements were not con-
founded by any differences in locomotor functions among the Tg
treatment groups. Detailed neuropathological evaluation accom-
panied by quantitative image analyses demonstrated significant
reductions in total amyloid burden in CpG ODN-treated Tg an-
imals compared with Tg controls. Even though fibrillar deposits
are less amenable to clearance, quantification of thioflavine-S-
stained sections confirmed a significant reduction in fibrillar vas-
cular amyloid burden without associated microhemorrhages in

CpG ODN groups. Furthermore, we did not detect any microhe-
morrhages in Wt animals after CpG ODN administration, thus
providing additional evidence of the safety of our approach.
These favorable histological findings were corroborated by mea-
surements of A� levels in the brain homogenates, which revealed
a significant decrease in the levels of total and soluble A�40/42
fractions and A� oligomer levels in CpG ODN-treated Tg-SwDI
mice.

With aging and particularly in the presence of AD pathology,
macrophages/microglia become senescent, displaying decreased
migration, phagocytosis, and inability to restrict AD pathology
(Streit et al., 2014). Therefore, modulating macrophage/micro-
glia profiles represents a potential therapeutic avenue for AD.
Prior reports have demonstrated that microglia become signifi-
cantly more efficient in A� uptake and degradation when stimu-
lated with TLR9 agonists in vitro (Iribarren et al., 2005; Tahara et
al., 2006; Doi et al., 2009). We and others have shown that micro-
glial activation associated with TLR9 is beneficial in AD mouse
models (Scholtzova et al., 2009, 2014; Su et al., 2016). It has been
reported that TLR9 ligands drive macrophages/microglia into a
phagocytic, long-lived state with a decreased capacity for antigen
presentation resembling M2-like macrophages, which are associ-
ated with the production of regulatory or anti-inflammatory cy-
tokines (Celhar et al., 2016). These lines of evidence led us to an
evaluation of macrophage/microglia responses, as well as poten-
tial signs of treatment-associated toxicity. Reduction in CD45
microgliosis paralleled A� clearance in the 4 –14-month study
group at the end of the treatment period. No group differences
were detected in the 8 –18-month study group. No increases in
the extent of CD11b, CD206, Iba1 gliosis, and GFAP astrogliosis
were observed in CpG ODN-treated animals in both age cohorts
at the end of the treatment. A CpG ODN immunostimulatory
effect was not associated with activation of T-cell response in the
brains of Tg-SwDI mice in both study groups. Hence, there was
no evidence of encephalitis in the brains of CpG ODN-treated
animals. Additionally, no alteration in macrophage/microglia
responses or T-cell infiltration was detected immunohistochemi-
cally in our Wt animals treated with CpG ODN, further support-
ing the viability of our approach. A short-term acute study was
performed to assess the effect of CpG ODN on the dynamic
range of macrophage/microglia phenotypes that may have con-
tributed to CpG ODN therapeutic outcomes. Transient increases
in favorable CD45, CD206, and CD11b immunoreactivity were
observed 12 h after CpG ODN administration in a separate co-
hort of old Tg-SwDI mice. Interestingly, we noted that costaining
for CD206-immunoreactive cells and CD45, CD11b markers, did
not reveal colocalization, confirming the effect of TLR9 signaling
on the recruitment of distinct macrophage/microglia popula-
tions with unique activation states. On the other hand, accumu-
lation and distribution of Iba1 immunoreactivity (marker of both
resting and activated microglia) was not affected by the acute
injection of CpG ODN. No colocalization between CD206 and
Iba1 markers was found. However, we noted abundant activated
CD45/Iba1-coimmunoreactive macrophages/microglia at sites
of amyloid deposits. In a recent postmortem study of 299 aged
subjects, the increased presence of Iba1-immunoreactive micro-
glia correlated positively with better cognition, as measured by
the Mini-Mental State Examination (Minett et al., 2016). Simi-
larly, APP/PS1 mice treatment with IL33, which skews microglia
toward an alternative activation state with enhanced phagocytic
capacity, resulted in AD pathology amelioration in association
with Iba1 microglia in the vicinity of amyloid deposits (Fu et al.,
2016). The role of macrophages/microglia in A� clearance was

4

(Figure legend continued.) significant increase in CD45-positive (***p � 0.0001; A–C),
CD11b-positive (*p � 0.04; D–F), and CD206-positive (**p � 0.001;G–I) cells 12 h after single
intraperitoneal CpG ODN injection. Cortical comparisons showed similar effects (data not
shown). J–L, Quantitative assessment of Iba1 marker did not reveal group differences in the
degree of hippocampal (J–L) and cortical (data not shown) Iba1 immunoreactivity. Double
immunofluorescence labeling indicated dense gathering of activated CD45-immunoreactive
and CD206-immunoreactive cells, likely to be infiltrating peripherally derived macrophages,
around amyloid deposits in CpG ODN-injected mice. M, N, Confocal microscopy confirmed par-
tial colocalization between 6E10/4G8-positive A� deposits (red) and CD45 and CD206 favorable
macrophage/microglia markers (green). Arrows indicate colocalization. Further series of double
staining were performed to determine distribution of distinct activated macrophage/microglia
cell types in Tg-SwDI mice acutely injected with CpG ODN. O, Clusters of colocalized CD45-
activated (red) and Iba1-activated (green) cells were detected around A� deposits. P–R, His-
tological evaluation of CD206 (red) and CD45 (green; P), CD206 (red) and CD11b (green; Q), and
CD206(red) and Iba1(green; R) confocal images did not reveal colocalization. M–R, Represen-
tative hippocampal confocal images from 18-month-old Tg-SwDI mice. Scale bars: (in B, E, H, K)
A, B, D, E, G, H, J, K, 200 �m; M, N, 100 �m; O–R, 200 �m.
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also elucidated by documenting the upregulation and increased
density of CD45-positive and CD206-positive cells (typically ex-
pressed on peripheral BMDMs) around amyloid plaques (Guil-
lemin and Brew, 2004; Feng et al., 2011; Durafourt et al., 2012; Lai
and McLaurin, 2012). Confocal double-fluorescence microscopy
analyses confirmed partial colocalization of CD45 and CD206
markers and A� deposits. CD206-expressing perivascular mac-
rophages continuously undergo turnover in the CNS and may
contribute to removal of CAA pathology as they are located near
vascular amyloid and are capable of more efficient phagocytosis
(Galea et al., 2005; Hawkes and McLaurin, 2009). CpG ODN does
not cross an intact blood– brain barrier (BBB); however, we can-
not exclude the possibility that activated resident microglia was
involved at later stages of AD, when some BBB breakdown may
occur. We postulate that TLR9 stimulation primarily potentiates
recruitment of peripherally derived macrophages. BMDMs, as a
more accessible therapeutic target compared with resident mi-
croglia, have been found to enter the brain in AD mouse models
and are known to be more effective in eliminating amyloid de-
posits (Jucker and Heppner, 2008; Lai and McLaurin, 2012; Lam-
pron et al., 2013b). Hence, we suggest that BMDMs activated
with CpG ODN can play a critical role in restricting AD pathol-
ogy. The dependence of this amyloid-clearance capacity on
appropriate stimulation is consistent with observations that un-
stimulated peripheral myeloid cells are unable to reduce A�-
related pathology in APP/PS1 AD mice (Prokop et al., 2015).

Since excessive and dysregulated release of proinflammatory
markers can contribute to neuronal degeneration, subsequent
cytokine/chemokine analyses were performed. Measurements in
plasma collected 4 h following injections demonstrated eleva-
tions in both Th1/Th2 cytokines and chemokines, but the abso-
lute levels were lower than plasma levels observed in previous
studies after exposure to LPS challenge (Jaeger et al., 2009; Mi-
chaud et al., 2013). The levels of IL1�, a potent inflammatory
cytokine, which has been proposed to play a role in AD patho-
genesis, were low and no differences were observed between
groups. Significant increases were observed in the anti-inf-
lammatory cytokine IL10 in our CpG ODN groups; however,
elevations were modest and comparable to circulating levels of
proinflammatory cytokines (i.e., IFN� and TNF�). Recent evi-
dence suggests that abnormally elevated anti-inflammatory cyto-
kines, such as IL10, could prevent a proper A� clearance by
inhibiting microglial phagocytosis (Guillot-Sestier et al., 2015a;
Michaud and Rivest, 2015). At the same time, to benefit from
macrophage/microglia ability to clear A� pathology, phagocyto-
sis must be stimulated without prolonged and excessive activa-
tion of inflammatory processes (Michaud and Rivest, 2015; Rego

et al., 2016). Importantly, our results indicate that peripheral
administration of CpG ODN is not associated with induction
of sustained inflammatory responses, which was confirmed by
reduced cytokine/chemokine levels analyzed 4 weeks after the
last CpG ODN injection. Moreover, we confirmed the effec-
tiveness of CpG ODN to elicit efficient immunostimulatory
responses in aged Tg-SwDI mice, where the immune system
might be compromised.

Overall, peripheral administration of TLR9 agonist class B
CpG ODN successfully triggered a targeted immune response
polarizing macrophages/microglia toward beneficial states of ac-
tivation with improved phagocytic function, resulting in restric-
tion of AD pathology in the absence of apparent toxicity. TLR9
ligands are being developed for use in humans for a variety of
clinical indications and have shown favorable safety profiles in
humans (Vollmer and Krieg, 2009; Krieg, 2012). Hence, the pres-
ent findings together with our earlier experimental evidence val-
idate this novel concept of immunomodulation as a safe method
to successfully prevent and ameliorate AD-related pathologies
and support the potential future testing of CpG ODN in AD
patient clinical trials.

Notes
Supplemental material for this article is available at https://nyumc.box.
com/v/ScholtzovaSupplementaryFig1: Selected object pair used for the
novel object recognition test. This material has not been peer reviewed.
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Goñi F, Herline K, Peyser D, Wong K, Ji Y, Sun Y, Mehta P, Wisniewski T
(2013) Immunomodulation targeting of both Abeta and tau pathological
conformers ameliorates Alzheimer’s disease pathology in TgSwDI and
3xTg mouse models. J Neuroinflammation 10:150. CrossRef Medline

Gordon S (2003) Alternative activation of macrophages. Nat Rev Immunol
3:23–35. Medline

Guerrero AR, Uchida K, Nakajima H, Watanabe S, Nakamura M, Johnson
WE, Baba H (2012) Blockade of interleukin-6 signaling inhibits the clas-
sic pathway and promotes an alternative pathway of macrophage activa-
tion after spinal cord injury in mice. J Neuroinflammation 9:40. CrossRef
Medline

Guillemin GJ, Brew BJ (2004) Microglia, macrophages, perivascular macro-
phages, and pericytes: a review of function and identification. J Leukoc
Biol 75:388 –397. Medline

Guillot-Sestier MV, Doty KR, Gate D, Rodriguez J Jr, Leung BP, Rezai-Zadeh
K, Town T (2015a) Il10 deficiency rebalances innate immunity to miti-
gate Alzheimer-like pathology. Neuron 85:534 –548. CrossRef Medline

Guillot-Sestier MV, Doty KR, Town T (2015b) Innate immunity fights Alz-
heimer’s disease. Trends Neurosci 38:674 – 681. CrossRef Medline

Hanke ML, Kielian T (2011) Toll-like receptors in health and disease in the
brain: mechanisms and therapeutic potential. Clin Sci (Lond) 121:367–
387. CrossRef Medline

Hawkes CA, McLaurin J (2009) Selective targeting of perivascular macro-
phages for clearance of beta-amyloid in cerebral amyloid angiopathy.
Proc Natl Acad Sci U S A 106:1261–1266. CrossRef Medline

He H, Xu J, Warren CM, Duan D, Li X, Wu L, Iruela-Arispe ML (2012)
Endothelial cells provide an instructive niche for the differentiation and
functional polarization of M2-like macrophages. Blood 120:3152–3162.
CrossRef Medline

Heikenwalder M, Polymenidou M, Junt T, Sigurdson C, Wagner H, Akira S,
Zinkernagel R, Aguzzi A (2004) Lymphoid follicle destruction and im-
munosuppression after repeated CpG oligodeoxynucleotide administra-
tion. Nat Med 10:187–192. CrossRef Medline

Heneka M, Andreasson KI, Bachstetter AD, Colonna M, Ginhoux F, Holmes
C, Lamb B, Landreth G, Lee DC, Low D, Lynch MA, Monsonego A,
O’Banion MK, Pekny M, Puschmann T, Russek-Blum N, Sandusky LA,
Selenica ML, Takata K, Teeling J, Town T, Van Eldik LJ. and Schulz JB
(2016) Targeting innate immunity for neurodegenerative disorders of
the central nervous system. J Neurochem 138:653– 693. CrossRef Medline

Iliev AI, Stringaris AK, Nau R, Neumann H (2004) Neuronal injury medi-
ated via stimulation of microglial toll-like receptor-9 (TLR9). FASEB J
18:412– 414. Medline

Iribarren P, Chen K, Hu J, Gong W, Cho EH, Lockett S, Uranchimeg B, Wang
JM (2005) CpG-containing oligodeoxynucleotide promotes microglial

cell uptake of amyloid beta 1– 42 peptide by up-regulating the expression
of the G-protein-coupled receptor mFPR2. FASEB J 19:2032–2034.
Medline

Jaeger LB, Dohgu S, Sultana R, Lynch JL, Owen JB, Erickson MA, Shah GN,
Price TO, Fleegal-Demotta MA, Butterfield DA, Banks WA (2009) Li-
popolysaccharide alters the blood-brain barrier transport of amyloid beta
protein: a mechanism for inflammation in the progression of Alzheimer’s
disease. Brain, Behav Immun 23:507–517. CrossRef Medline

Jucker M, Heppner FL (2008) Cerebral and peripheral amyloid phago-
cytes—an old liaison with a new twist. Neuron 59:8 –10. CrossRef
Medline

Karch CM, Cruchaga C, Goate AM (2014) Alzheimer’s disease genetics:
from the bench to the clinic. Neuron 83:11–26. CrossRef Medline

Kitazawa M, Cheng D, Tsukamoto MR, Koike MA, Wes PD, Vasilevko V,
Cribbs DH, LaFerla FM (2011) Blocking IL-1 signaling rescues cogni-
tion, attenuates tau pathology, and restores neuronal beta-catenin
pathway function in an Alzheimer’s disease model. J Immunol 187:6539 –
6549. CrossRef Medline

Krieg AM (2002) From A to Z on CpG. Trends Immunol 23:64 – 65.
Medline

Krieg AM (2012) CpG still rocks! Update on an accidental drug. Nucleic
Acid Ther 22:77– 89. CrossRef Medline

Lai AY, McLaurin J (2012) Clearance of amyloid-beta peptides by microglia
and macrophages: the issue of what, when and where. Future Neurol
7:165–176. CrossRef Medline

Lampron A, Elali A, Rivest S (2013a) Innate immunity in the CNS: redefin-
ing the relationship between the CNS and its environment. Neuron 78:
214 –232. CrossRef Medline

Lampron A, Pimentel-Coelho PM, Rivest S (2013b) Migration of bone
marrow-derived cells into the central nervous system in models of neu-
rodegeneration. J Comp Neurol 521:3863–3876. CrossRef Medline

Latta CH, Brothers HM, Wilcock DM (2015) Neuroinflammation in Alz-
heimer’s disease; a source of heterogeneity and target for personalized
therapy. Neuroscience 302:103–111. CrossRef Medline

Lee DC, Rizer J, Hunt JB, Selenica ML, Gordon MN, Morgan D (2013)
Review: experimental manipulations of microglia in mouse models of
Alzheimer’s pathology: activation reduces amyloid but hastens tau pa-
thology. Neuropathol Appl Neurobiol 39:69 – 85. CrossRef Medline

Lee JW, Lee YK, Yuk DY, Choi DY, Ban SB, Oh KW, Hong JT (2008)
Neuro-inflammation induced by lipopolysaccharide causes cognitive
impairment through enhancement of beta-amyloid generation. J Neu-
roinflammation 5:37. CrossRef Medline
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Tribout-Jover P, Lanteigne AM, Jodoin R, Cluff C, Brichard V, Palman-
tier R, Pilorget A, Larocque D, Rivest S (2013) Toll-like receptor 4 stim-
ulation with the detoxified ligand monophosphoryl lipid A improves
Alzheimer’s disease-related pathology. Proc Natl Acad Sci U S A 110:
1941–1946. CrossRef Medline

Minett T, Classey J, Matthews FE, Fahrenhold M, Taga M, Brayne C, Ince PG,
Nicoll JA, Boche D, Boche D (2016) Microglial immunophenotype in
dementia with Alzheimer’s pathology. J Neuroinflammation 13:135.
CrossRef Medline

Morgan D, Gordon MN, Tan J, Wilcock D, Rojiani AM (2005) Dynamic
complexity of the microglial activation response in transgenic models of
amyloid deposition: implications for Alzheimer therapeutics. J Neuro-
pathol Exp Neurol 64:743–753. CrossRef Medline

958 • J. Neurosci., January 25, 2017 • 37(4):936 –959 Scholtzova et al. • Innate Immunity and Vascular Amyloid

http://www.ncbi.nlm.nih.gov/pubmed/14985348
http://www.ncbi.nlm.nih.gov/pubmed/11941374
http://dx.doi.org/10.2353/ajpath.2009.090418
http://www.ncbi.nlm.nih.gov/pubmed/19834064
http://dx.doi.org/10.1002/glia.22298
http://www.ncbi.nlm.nih.gov/pubmed/22290798
http://dx.doi.org/10.1016/j.bbi.2015.07.021
http://www.ncbi.nlm.nih.gov/pubmed/26254232
http://dx.doi.org/10.1007/s12264-011-1205-3
http://www.ncbi.nlm.nih.gov/pubmed/21441973
http://dx.doi.org/10.1073/pnas.1604032113
http://www.ncbi.nlm.nih.gov/pubmed/27091974
http://dx.doi.org/10.1002/glia.20124
http://www.ncbi.nlm.nih.gov/pubmed/15538754
http://dx.doi.org/10.1186/1742-2094-10-150
http://www.ncbi.nlm.nih.gov/pubmed/24330773
http://www.ncbi.nlm.nih.gov/pubmed/12511873
http://dx.doi.org/10.1186/1742-2094-9-40
http://www.ncbi.nlm.nih.gov/pubmed/22369693
http://www.ncbi.nlm.nih.gov/pubmed/14612429
http://dx.doi.org/10.1016/j.neuron.2014.12.068
http://www.ncbi.nlm.nih.gov/pubmed/25619654
http://dx.doi.org/10.1016/j.tins.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26549882
http://dx.doi.org/10.1042/CS20110164
http://www.ncbi.nlm.nih.gov/pubmed/21745188
http://dx.doi.org/10.1073/pnas.0805453106
http://www.ncbi.nlm.nih.gov/pubmed/19164591
http://dx.doi.org/10.1182/blood-2012-04-422758
http://www.ncbi.nlm.nih.gov/pubmed/22919031
http://dx.doi.org/10.1038/nm987
http://www.ncbi.nlm.nih.gov/pubmed/14745443
http://dx.doi.org/10.1111/jnc.13667
http://www.ncbi.nlm.nih.gov/pubmed/27248001
http://www.ncbi.nlm.nih.gov/pubmed/14688201
http://www.ncbi.nlm.nih.gov/pubmed/16219804
http://dx.doi.org/10.1016/j.bbi.2009.01.017
http://www.ncbi.nlm.nih.gov/pubmed/19486646
http://dx.doi.org/10.1016/j.neuron.2008.06.014
http://www.ncbi.nlm.nih.gov/pubmed/18614025
http://dx.doi.org/10.1016/j.neuron.2014.05.041
http://www.ncbi.nlm.nih.gov/pubmed/24991952
http://dx.doi.org/10.4049/jimmunol.1100620
http://www.ncbi.nlm.nih.gov/pubmed/22095718
http://www.ncbi.nlm.nih.gov/pubmed/11929127
http://dx.doi.org/10.1089/nat.2012.0340
http://www.ncbi.nlm.nih.gov/pubmed/22352814
http://dx.doi.org/10.2217/fnl.12.6
http://www.ncbi.nlm.nih.gov/pubmed/22737039
http://dx.doi.org/10.1016/j.neuron.2013.04.005
http://www.ncbi.nlm.nih.gov/pubmed/23622060
http://dx.doi.org/10.1002/cne.23363
http://www.ncbi.nlm.nih.gov/pubmed/23682015
http://dx.doi.org/10.1016/j.neuroscience.2014.09.061
http://www.ncbi.nlm.nih.gov/pubmed/25286385
http://dx.doi.org/10.1111/nan.12002
http://www.ncbi.nlm.nih.gov/pubmed/23171029
http://dx.doi.org/10.1186/1742-2094-5-37
http://www.ncbi.nlm.nih.gov/pubmed/18759972
http://dx.doi.org/10.1093/brain/awt062
http://www.ncbi.nlm.nih.gov/pubmed/23576130
http://dx.doi.org/10.1111/jnc.12484
http://www.ncbi.nlm.nih.gov/pubmed/24117759
http://dx.doi.org/10.1016/S0002-9440(10)62993-8
http://www.ncbi.nlm.nih.gov/pubmed/16049335
http://dx.doi.org/10.1016/j.neuron.2015.01.021
http://www.ncbi.nlm.nih.gov/pubmed/25654250
http://dx.doi.org/10.1073/pnas.1215165110
http://www.ncbi.nlm.nih.gov/pubmed/23322736
http://dx.doi.org/10.1186/s12974-016-0601-z
http://www.ncbi.nlm.nih.gov/pubmed/27256292
http://dx.doi.org/10.1097/01.jnen.0000178444.33972.e0
http://www.ncbi.nlm.nih.gov/pubmed/16141783


Mrak RE, Griffin WS (2001) Interleukin-1, neuroinflammation, and Alz-
heimer’s disease. Neurobiol Aging 22:903–908. Medline

Piazza F, Winblad B (2016) Amyloid-related imaging abnormalities (ARIA)
in immunotherapy trials for Alzheimer’s disease: need for prognostic bio-
markers? J Alzheimers Dis 52:417– 420. CrossRef Medline

Prokop S, Miller KR, Drost N, Handrick S, Mathur V, Luo J, Wegner A,
Wyss-Coray T, Heppner FL (2015) Impact of peripheral myeloid cells
on amyloid-beta pathology in Alzheimer’s disease-like mice. J Exp Med
212:1811–1818. CrossRef Medline
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