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1 | INTRODUCTION

Xi

ang-meng Liu | Peng-xinXu | YueZhang | Rui-tian Liu

Background and Purpose: Immunotherapeutic intervention is one of the most
promising strategies for the prevention and treatment of Alzheimer's disease (AD).
Although they showed great success in AD mouse models, the clinical trials of many
immune approaches failed due to low efficacy and safety. Thus, an animal model
which can show the potential side effects of vaccines or antibodies is urgently
needed. In this study, we generated EAE/AD mice by crossing APP/PS1 mice with
experimental autoimmune encephalomyelitis (EAE) mice. We then investigated
the efficacy and safety of two vaccines: the immunogens of which were A31-42
aggregates (AB42 vaccine) and an oligomer-specific conformational epitope (AOE1
vaccine), respectively.

Experimental Approach: EAE/AD mice were immunized with the Ap42 vaccine or
AOE1 vaccine five times at biweekly intervals. After the final immunization, cognitive
function was evaluated by the Morris water maze, Y maze, and object recognition tests.
Neuropathological changes in the mouse brains were analysed by immunohistochemistry
and ELISA.

Key Results: In contrast to previous findings in conventional AD animal models,
Ap42 immunization promoted neuroinflammation, enhanced Ap levels and plaque
burden, and failed to restore cognitive deficits in EAE/AD mice. By contrast, AOE1
immunization dramatically attenuated neuroinflammation, reduced Ap levels, and
improved cognitive performance in EAE/AD mice.

Conclusion and Implications: These results suggest that the EAE/AD mouse model
can exhibit the potential side effects of AD immune approaches that conventional
AD animal models fail to display. Furthermore, strategies specifically targeting Ap

oligomers may be safe and show clinical benefit for AD treatment.

tau protein (Blennow, de Leon, & Zetterberg, 2006). The Ap
hypothesis proposes that Ap is the major cause of AD and that Ap

The pathological hallmarks of Alzheimer's disease (AD) include
extracellular senile plaques containing amyloid-p (Ap) peptide and

intracellular neurofibrillary tangles composed of hyperphosphorylated

oligomers, but not the monomers or fibrils, are the major inducers of
neuropathology (Selkoe & Hardy, 2016). However, decreasing AB

levels or neutralizing its toxicity failed to show clinical benefit in large

Abbreviations: AD, Alzheimer's disease; APP, amyloid precursor protein; ARIAs, amyloid-related imaging abnormalities; A, amyloid-p; CFA, complete Freund's adjuvant; EAE, experimental
autoimmune encephalomyelitis; GFAP, glial fibrillary acidic protein; Iba-1, ionized calcium-binding adapter molecule 1; IFA, incomplete Freund's adjuvant; MWM, Morris water maze.
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clinical trials. Similarly, trials of active and passive immunotherapies
targeting AB also failed to meet their primary endpoints (Panza,
Lozupone, Logroscino, & Imbimbo, 2019).

Immunotherapeutic agents significantly differ with regard to their
selective recognition to the domains and aggregated forms of Af
(Long & Holtzman, 2019). The first therapeutic vaccine to be devel-
oped was AN-1972, the immunogen of which was Ap aggregates, but
the Phase lla clinical trial of this vaccine was halted when 6% of
patients developed meningoencephalitis (Gilman et al,, 2005). To
avoid similar side effects, a number of second-generation vaccines
such as CAD106, ACC-001, and ADO2 were then developed. These
used the AB N-terminus as immunogen that only contain B-cell epi-
topes (Pasquier et al., 2016; Schneeberger et al., 2015; Winblad
et al., 2012). Nevertheless, these new generation vaccines still showed
serious adverse effects including amyloid-related imaging abnormali-
ties (ARIAs; Pasquier et al., 2016; Vandenberghe et al., 2017). Simi-
larly, with respect to passive anti-Ap immunotherapies, the clinical
trials of many monoclonal antibody candidates failed due to low ther-
apeutic efficacy or serious adverse events. A Phase lll clinical trial of
bapineuzumab (an anti-Ap1-5 antibody) was terminated because the
primary clinical endpoints were not met and it was shown to increase
the risk of vasogenic cerebral oedema (Salloway et al., 2014). A Phase
II/11l study of gantenerumab (recognizes the N-terminal and central
regions of AB) was prematurely discontinued due to lack of effect and
an increase in the risk of ARIAs (Ostrowitzki et al., 2017). Moreover,
ARIA-vasogenic oedema occurred in 3-31% of aducanumab (recog-
nizes soluble AB aggregates and insoluble fibrils) recipients in a dose-
dependent manner in a Phase |b study (Sevigny et al., 2016). It should
be noted that all of the vaccines and antibodies tested in clinical trials
had already shown marked benefit without apparent side effects in
preclinical studies on animal models (Bohrmann et al., 2012;
DeMattos et al,, 2001; Schenk et al., 1999; Sevigny et al., 2016;
Wiessner et al., 2011), demonstrating that the existing animal models
fail to show all of the potential adverse effects of immunotherapies.

Therefore, a more sensitive animal model which demonstrates the
complete side effect profiles of vaccines and antibody candidates dur-
ing preclinical tests is urgently needed. It is conceivable that using a
physiological molecule from the body as an immunogen would tend to
induce autoimmune responses. Thus, non-self-molecules such as path-
ogenic factors themselves or conformational epitopes abstracted from
self- or non-self-produced pathogenic factors may be less likely to
induce autoimmune responses while incurring a specific immune
response beneficial for disease treatment. Ap oligomers, the most
toxic form of AP aggregates, play a critical role in AD progression
(Kayed & Lasagna-Reeves, 2013; Viola & Klein, 2015). They contain
unique structures which do not exist in Ap monomers and can be rec-
ognized by Thioflavin T, Congo red, and oligomer-specific antibodies
(Kayed et al., 2003; Kayed & Glabe, 2006; Wang et al., 2009). How-
ever, the safety of vaccines containing spatial epitopes of Af oligo-
mers remains unknown.

Experimental autoimmune encephalomyelitis (EAE) is the most
commonly used animal model to study multiple sclerosis (Robinson,
Harp, Noronha, & Miller, 2014). During the course of EAE,
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What is already known

¢ Many AD immunotherapies failed in clinical trials although
they exhibited success in animal models.

e Animal models which show the potential side effects of

AD vaccines are urgently needed.

What this study adds
e The AP42 vaccine induced neuroinflammation and
enhanced Ap pathology in EAE/AD mice.

What is the clinical significance

e The EAE/AD mouse model can express the potential side
effects of AD immunotherapies.

o Immunotherapies targeting AB oligomers may be safe and

effective in the treatment of AD.

autoreactive T cells and monocytes in the blood and peripheral lym-
phoid organs penetrate the blood-brain barrier and target proteins
expressed by neurons and glia, inducing inflammatory lesions, axonal
damage, and chronic irreversible functional impairments within the
CNS (De Feo et al., 2017). To evaluate the safety and therapeutic ben-
efits of different vaccines for AD, we constructed a novel mouse
model by crossing mice overexpressing amyloid precursor protein
(APP) and presenilin-1 (PS1) with EAE mice. We then compared the
therapeutic effects of two distinct vaccines on the cognitive function
and neuropathology of these mice. The Ap42 vaccine consists of pre-
aggregated full length AB42 and was the first clinically relevant active
anti-Ap immunotherapy (AN1792) to be developed (Schenk
et al., 1999). This AB42 vaccine significantly reduced AB burden and
preserved cognitive function in APP transgenic mice, but a Phase lla
clinical trial was halted because 6% of the immunized patients devel-
oped meningoencephalitis (Gilman et al, 2005). Moreover, in
C57BL/6 mice, active immunization with AB caused memory impair-
ments and promoted immune cell infiltration into the CNS through
toll-like receptor 2/4-dependent activation of the innate immune sys-
tem (Vollmar et al., 2010). Similarly, in AD mice overproducing TGF-
f1, AP immunization increased T cell recruitment to the CNS
(Buckwalter et al., 2006). The AOE1 vaccine is a yeast cell-based vac-
cine developed by our group, in which Ap oligomer-specific
mimotopes are displayed on the yeast cell surface. This vaccine has
been shown to effectively attenuate cognitive deficits and neuropa-
thology in APP/PS1 mice (Wang et al., 2017).

2 | METHODS

21 | Vaccine preparation

To prepare the Ap42 vaccine, Ap42 peptide (human Ap1-42; Chi-
nese Peptide Company, Hangzhou, China) was dissolved in PBS to
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a concentration of 1 mg-ml~! and was incubated overnight at 37°C
to allow aggregation.

The AOE1 vaccine was prepared according to a previously
described method (Wang et al., 2017). Briefly, a DNA fragment
encoding the oligomer-specific mimotope peptide was inserted into
a modified vector of pCTCONZ2, transfected into EBY100
(Saccharomyces cerevisiae), and expressed on the yeast cell surface.
The surface display levels of the oligomer-specific mimotope were
measured by flow cytometry with Alexa Fluor 488-conjugated anti-
c-Myc antibody (1:100, Santa Cruz Biotechnology Cat# sc-40,
RRID:AB_627268) and imaged by confocal microscopy. Following
this, the yeast cells were heat-inactivated (56°C, 1 hr) and stored at
—80°C until use.

22 | Mice

All animal care and experimental procedures complied with and
were approved by the Institutional Animal Care and Use Committee
of Tsinghua University. Animal studies are reported in compliance
with the ARRIVE guidelines (Kilkenny, Browne, Cuthill, Emerson, &
Altman, 2010) and with the recommendations made by the British
Journal of Pharmacology. APP/PS1 mice (RRID:MGI:3665286)
and EAE mice (RRID:IMSR_JAX:000457) were obtained from the
Jackson Laboratory (Bar Harbor, ME, USA). APP/PS1 mice were
bred with EAE mice to generate EAE/AD mice. Their WT litter-
mates were used as controls. All mice were group-housed (five mice
per cage) in a colony room at 22 + 2°C and 45 + 10% humidity
under a reverse 12 hr light/dark cycle and had ad libitum access to

food and water.

2.3 | Immunization protocols

For AB42 immunization, 6-month-old male EAE/AD mice were first
injected subcutaneously in the scruff of the neck with 100 pg of
AB42 (100 pl) emulsified in an equal volume of complete Freund's
adjuvant (CFA) and then boosted with 100 pg of Ap42 (100 pl)
emulsified in an equal volume of incomplete Freund's adjuvant
(IFA), four times at biweekly intervals (n = 8). In parallel, 6-month-
old male EAE mice and APP/PS1 mice were immunized with Ap42
according to the same protocol (n = 8). EAE/AD, EAE, and APP/PS1
control mice were injected with CFA/IFA alone (n = 8). For AOE1
immunization, 6-month-old male EAE/AD mice were immunized
with 6 x 107 yeast cells of the AOE1 vaccine (n = 8) five times at
biweekly intervals as described previously (Wang et al., 2017).
Blood samples (300 pl ) were collected from the tail vein before
the immunization protocol was initiated (pre-bleed) and 10 days
after each immunization. Behavioural studies were performed
14 days after the final immunization. The mice were then deeply
anesthetized (avertin) and transcardially perfused with ice-cold PBS

containing heparin (10 U ml™), and killed by cervical dislocation.

The neuropathological changes in their brains were analysed

(see below).

24 | Morris water maze test

The Morris water maze (MWM) consisted of a pool (110 cm in
diameter) containing opaque water (22 + 1°C) and a platform
(10 cm in diameter) submerged 1 cm under the water (Zha
et al., 2016). Hidden platform training was conducted twice per day
for five consecutive days with an inter-trial interval of 3-4 hr. Mice
were allowed to swim for 60 s to locate the platform. Upon finding
the platform, they were allowed to stay on it for 10 s. The trial
ended when the mouse located the platform. Mice unable to locate
the platform were guided to it. Then, 24 hr after the final acquisi-
tion trial, a probe trial in which the hidden platform was absent
was conducted in order to assess the spatial memory of the mice.
The performance of each mouse was monitored using a video cam-
era (Sony, Tokyo, Japan) mounted over the maze and automatically

recorded via a video tracking system.

25 | Y maze test

The Y maze test was performed as described previously with minor
modifications (Liu et al., 2018). The Y maze consisted of three arms
(8 x 30 x 15 cm) separated by 120° angles. The Y maze test com-
prised two trials separated by an interval of 1 hr. In the first trial,
which was 10 min long, the mouse was allowed to explore only two
arms (the start and familiar arms) of the maze, and the third arm
(the novel arm) was blocked. In the second trial, the mouse was put
back in the same starting arm as in Trial 1 and had free access to all
three arms for 5 min. The time spent in the novel arm was recorded
by a video tracking system. The arms were cleaned with 70% etha-

nol between trials.

2.6 | Object recognition test

The object recognition test was performed as previously described
with some modifications (Lueptow, 2017; Zhang et al., 2018).
Briefly, mice were individually habituated to the behavioural arena
(50 cm x 50 cm x 25 cm white plastic box, empty) for 5 min 1 day
before the test was initiated. For the training session (Trial 1), two
identical objects were placed in the upper two corners of the box,
and the mice were allowed to explore the box for 5 min. For the
testing session (Trial 2), after a 24-hr retention period, the object in
the upper right corner was replaced with a novel object, and the
mice were reintroduced to the box and allowed to explore for
5 min. The time spent exploring and sniffing each object was
recorded. The discrimination index was then calculated by sub-
tracting the time spent exploring the familiar object from the time

spent exploring the novel object and dividing this by the total


info:x-wiley/rrid/RRID:AB_627268
info:x-wiley/rrid/RRID:MGI:3665286
info:x-wiley/rrid/RRID:IMSR_JAX:000457

YU ET AL

BRITISH
B PHARMACOLOGICAL 2863
SOCIETY

exploration time. To exclude olfactory cues, the box was cleaned
with 70% alcohol before each test.

2.7 | Immunohistochemistry and histology

The immuno-related procedures used comply with the recom-
mendations made by the British Journal of Pharmacology (Alexander
et al, 2018). Mice were deeply anaesthetized with avertin
(250 mg-kg™Y), transcardially perfused with ice-cold PBS containing
heparin (10 U-ml™%), and then killed by cervical dislocation. Their
brains were immediately removed and divided along the sagittal
plane. The left brain hemisphere was fixed in 4% paraformaldehyde
at 4°C overnight and processed into either frozen or paraffin-
embedded sections. For EAE/AD mice, coronal paraffin-embedded
serial sections of 5 pm thickness were cut using a Lecia CM1850
microtome (Leica Biosystems, Buffalo Grove, IL, USA). For EAE
mice, coronal frozen sections of 20 pm thickness were produced.
For immunostaining, floating sections were permeabilized and
blocked with a 10% normal goat serum in 0.3% Triton X-100 PBST
for 1 hr at room temperature. Thereafter, the sections were incu-
bated overnight with primary antibodies at 4°C. Following this, the
sections were incubated with the appropriate HRP-conjugated sec-
ondary antibodies for 1 hr at room temperature and visualized with
diaminobenzidine. The following primary antibodies were used: anti-
AB1-16 (clone 6E10, 1:100, BioLegend Cat# 803002, RRID:
AB_2564654), anti-ionized calcium-binding adapter molecule 1 (Iba-
1) (1:100, GeneTex Cat# GTX100042, RRID:AB_1240434), anti-glial
fibrillary acidic protein (1:100, Cell Signaling Technology Cat# 3670,
RRID:AB_561049), and anti-CDé8 (1:100, Abcam Cat# ab955,
RRID:AB_307338). Haemosiderin deposits were detected via Prus-
sian Blue staining. All images were acquired with an Olympus IX73
inverted microscope with a DP80 camera. Immunostained regions
were quantified using Image) software (RRID:SCR_003070). AB
deposits were presented as the number of plaques-mm™2 of each
brain region or the per cent area occupied by 6E10-immunoreactive
deposits. For the other immunostaining experiments, the values
obtained for the adjuvant-treated control mice were averaged, and
the values obtained for the other groups were calculated as a per-

centage of that mean.

2.8 | Brain lysate preparation

The right brain hemisphere was homogenized in RIPA buffer con-
taining a protease inhibitor cocktail (Sigma) consisting of 50-mM Tris
(pH 7.4), 150-mM NaCl, 1% Triton X-100, 1% sodium deoxycholate,
and 0.1% SDS. The tissues were then centrifuged at 14,000x g for
30 min at 4°C, and the supernatant (RIPA soluble fraction) containing
soluble AB was collected. The pellets were resuspended in guanidine
buffer (5.0-M guanidine-HCI/50-mM Tris-HCl, pH 8.0) and cen-
trifuged at 14,000x g for 1 hr at 4°C to obtain the supernatant con-
taining insoluble AB (guanidine soluble fraction).

2.9 | Measurement of Ap and proinflammatory
cytokine levels

The Ap levels in the RIPA soluble and RIPA insoluble (guanidine
soluble) fractions of the brain lysates of mice were quantified by
ELISA using AB40 and AB42 immunoassay kits (Immuno-Biological
Laboratories Co., Ltd.). The levels of soluble and insoluble A were
expressed as pg of AB per mg of brain tissue. With respect to
proinflammatory cytokines, the levels of TNF-a and IL-1f in the
using ELISA kits
(Neobioscience Technology, Beijing, China) according to the manu-

brain lysates of mice were determined

facturer's protocols.

210 | Data and statistical analysis

The data and statistical analysis comply with the recommendations
of the British Journal of Pharmacology on experimental design and
analysis in pharmacology (Curtis et al., 2018). All mice were ran-
domly assigned to different treatment groups, and the experi-
menters were blind to the treatment of the animals while
performing the behavioural, immunohistochemical, and biochemical
studies and analysing the data. Statistical analyses for group com-
parisons were undertaken only if group size n = 5. Data from
group sizes (n < 5) were not subjected to statistical analysis. The
studies were designed to generate mouse groups of equal size with
n 2 5. The group size was based on the expected difference from
our pilot studies using similar protocols in mice without carrying
out a formal power analysis. The group size was the number of
independent values, and statistical analysis was performed using
independent values corresponding to the data obtained from differ-
ent mice. To allow for comparison between individual data sets,
data from the immunohistochemistry experiments were normalized
to the mean value of adjuvant-treated control mice and expressed
as percentage means + SEM. Data were analysed with GraphPad
Prism v.5 (RRID:SCR_002798). Statistical significance was assessed
using the Student's t test or one- or two-way ANOVA, as appropri-
ate. The Bonferroni post hoc tests were used only if F was signifi-
cant, and there was no variance inhomogeneity. The results were
expressed as group means + SEM, and P < .05 was considered sta-
tistically significant. All data were included in the statistical analysis
as all fell within two SDs of the group mean.

211 | Materials

The EBY100 yeast was a kind gift from Dr. Xiang-mei Liu (State Key
Laboratory of Microbial Technology, Shandong University, China).
Sigma-Aldrich supplied the CFA (Cat# F5881) and IFA (Cat# F5506);
QS-21 (Cat# 20-2-177) was supplied by Desert King International
(San Diego, CA).
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212 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the IUPHAR/BPS Guide to PHARMA-
COLOGY (Harding et al., 2018), and are permanently archived in
the Concise Guide to PHARMACOLOGY 2019/20 (Alexander,
Fabbro et al., 2019a,b).

3 | RESULTS
3.1 | Immunization with AOE1, but not Ap42,
restored cognitive deficits in the EAE/AD mouse

In previous studies, Ap42 and AOE1 vaccination effectively induced
the production of anti-Af antibodies and improved cognitive perfor-
mance in AD transgenic mice (Schenk et al., 1999; Wang et al., 2017).
In this study, we compared the efficacy of AB42 and AOE1 vaccines in

EAE/AD mice in parallel. Ap42 vaccination induced robust humoral
immune responses, and the anti-Af antibody titre in vaccinated mice
peaked after four immunizations, while the antibody titre induced by
AOE1 immunization peaked after the fifth immunization (Figure 1a).
To investigate the effects of Ap42 and AOE1 vaccination on
cognitive function in EAE/AD mice, we performed the MWM, Y
maze, and object recognition tests. During the acquisition phase of
the MWM test, AOE1 immunization significantly improved learning
and memory retention in EAE/AD mice, and no difference in
swimming speed was noted between the groups. In contrast,
AB42-immunized EAE/AD mice did not show any improvement in
spatial memory, compared to the adjuvant-treated control mice
(Figure 1b). Similarly, in the probe trials, AOE1-, but not Ap42-,
immunized EAE/AD mice exhibited spatially oriented swimming
behaviour, shorter escape latencies (Figure 1c), and a greater num-
ber of platform crossings (Figure 1d) than adjuvant-treated EAE/AD
mice. Consistent with these findings, immunization with AOE1, but
not AB42, improved spatial working memory in the Y maze test.
AOE1-vaccinated EAE/AD mice spent more time in the novel arm,

A
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FIGURE 1 Immunization with AOE1, but not AB42, restored cognitive deficits in the EAE/AD mice. (a) Antibody titres in the serum of

EAE/AD mice immunized with AB42 or AOE1. (b-d) To assess spatial learning and memory retention, EAE/AD mice immunized with AB42 or
AOE1 were subjected to the Morris water maze test. The latency to find the hidden platform (b), the latency to find the position of the removed
platform (c), and the number of platform crossings (d) were determined. (e) The short-term working memory of EAE/AD mice immunized with
AB42 or AOE1 was evaluated by the Y maze test, and the length of time spent in the novel arm was measured. (f) EAE/AD mice immunized with
Ap42 or AOE1 were subjected to the object recognition test, and the discrimination index was calculated. Data shown are means * SEM, from

n = 8 mice per group. *P < .05, significantly different as indicated; ns, not significantly different as indicated
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whereas adjuvant-treated and Ap42-vaccinated EAE/AD mice
exhibited no preference for the novel arm, showing impaired mem-
ory retention (Figure 1e). In the object recognition test, adjuvant-
treated and Ap42-vaccinated EAE/AD mice showed no preference
for the novel object, while AOE1-vaccinated mice showed a signifi-
cant preference for the novel object (Figure 1f). These findings indi-
cated that immunization with AOE1 ameliorated memory deficits in
EAE/AD mice, whereas AB42 vaccination did not improve spatial
memory or cognition in the EAE/AD mice.

To compare the effects of AB42 immunization on EAE/AD and
conventional APP/PS1 mice, both mouse models were immunized
with Ap42, and the cognitive performance of the animals was
assessed after the final immunization. We observed that EAE/AD
and APP/PS1 mice exhibited comparable serum antibody titres
against Ap42. The serum antibody titres of both groups were
higher than 1:16,000. In contrast, adjuvant-treated control mice
had negligible antibody titres against AB42. In the Y maze test, the
adjuvant-treated EAE/AD and APP/PS1 mice demonstrated no
preference for the novel arm. EAE/AD mice vaccinated with AB42

showed spatial memory impairments (Figure S1). In contrast, Ap42

3.2 | Immunization with Ag42, but not AOE1,
enhanced Ap pathology in the EAE/AD mouse

To assess the effects of Ap42 and AOE1 immunization on Af
pathology EAE/AD mice,
6E10-immunostaining to detect AB plaques (Figure 2a). As expected,

in the brains of we performed
AOE1 vaccination significantly decreased the number of plaques and
the per cent area occupied by plaques in the brains of EAE/AD mice.
Surprisingly, Ap42 immunization significantly increased plaque burden
(Figure 2b,c). In clinical trials, QS-21 was used as the adjuvant for
AN1792 (Gilman et al., 2005). We found that when QS-21 was used
as the adjuvant for AB42 immunization in EAE/AD mice, this vaccine
also significantly enhanced Ap plaque burden (Figure S2A), which is
consistent with the results obtained when CFA/IFA was used as the
adjuvant.

We then determined the levels of AB40 and Ap42 in the brain
lysates of vaccinated EAE/AD mice. AOE1 immunization significantly
decreased the levels of soluble and insoluble AB40 and AB42 in
EAE/AD mouse brains compared to adjuvant treatment. In contrast,

AB42 immunization markedly increased Ap levels (Figure 2d-g). These

immunization resulted in significant memory improvement in results indicated that Ap42 vaccination did not attenuate A burden
APP/PS1 mice (Figure S1). but rather exacerbated Ap pathology in the EAE/AD mouse model.
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FIGURE 2 Immunization with Ap42, but not AOE1, enhanced Ap pathology in the EAE/AD mice. (a) 6E10 immunostaining for plaques in the

brains of EAE/AD mice immunized with Ap42 or AOE1. Scale bars: red, 500 pm; black, 100 um. (b, ¢) Quantification of plaque number (b) and area
(c) in the brain sections of EAE/AD mice immunized with Ap42 or AOE1. (d-g) The levels of soluble Ap42 (d), insoluble Ap42 (e), soluble Ap40 (f),
and insoluble AB40 (g) in the brain lysates of EAE/AD mice immunized with AB42 or AOE1 were detected by ELISA. Data shown are

means + SEM, from n = 8 mice per group. *P < .05, significantly different as indicated



YU ET AL

BRITISH
2866 PHARMACOLOGICAL
SOCIETY

3.3 | Immunization with Ap42, but not AOE1,
increased neuroinflammation in the EAE/AD mouse

Neuroinflammation is a critical pathological hallmark of AD. The
sustained activation of microglia and astrocytes and continued release
of proinflammatory cytokines exacerbate neuroinflammation and con-
tribute to neurodegeneration (Heneka et al., 2015). To compare
inflammation-related pathology in the brains of EAE/AD mice immu-
nized with Ap42 and AOE1, we evaluated microgliosis and
Iba-1 and GFAP
(Figure 4a) respectively. AOE1 immunization significantly decreased

astrocytosis by (Figure 3a) immunostaining
microgliosis (Figure 3b,c) and astrocytosis (Figure 4b,c) in the cortex
and hippocampus of EAE/AD mice, compared with adjuvant treat-
ment. In contrast, AB42 vaccination significantly increased the areas
of lba-1 (Figure 3b,c) and GFAP immunostaining (Figure 4b,c), and
thus exacerbated gliosis. Moreover, we evaluated microglial activation
by CD68 immunostaining (Figure 3d). Consistent with the above
results, AOE1 immunization significantly reduced microglial activation
in the cortex and hippocampus of EAE/AD mice. In contrast, AB42
immunization increased microglial activation in these brain areas
(Figure 3e,f).

To further compare the effects of AB42 and AOE1 immunization
on proinflammatory cytokine levels, the levels of TNF-a and IL-1p in
the brain lysates of vaccinated EAE/AD mice were determined by
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ELISA. Adjuvant-treated EAE/AD mice exhibited higher levels of TNF-
a and IL-1p compared to their WT littermates. AOE1 vaccination sig-
nificantly reduced the levels of TNF-a and IL-1B by 19.4% (Figure 4d)
and 15.3% (Figure 4e), respectively. However, immunization with
AB42 significantly increased the levels of these proinflammatory cyto-
kines compared to adjuvant treatment (Figure 4d,e). Correlating with
this, using QS-21 as the adjuvant for AB42 immunization in EAE/AD
mice also promoted neuroinflammation, as demonstrated by signifi-
(Figure S2A)

proinflammatory cytokines (Figure S2B, C).

cantly elevated gliosis and increased levels of

34 | Ap42immunization exacerbated cerebral
haemorrhage in the EAE/AD mouse

Ap immunotherapy increases the risk of cerebral haemorrhage
(Pfeifer et al., 2002; Wilcock et al., 2004), which may underlie the
neuroinflammatory complications of Ap immunization seen in clinical
trials (Schenk, 2002). In this study, we assessed the effect of Ap42
and AOE1 vaccination on microhaemorrhages in the brains of
EAE/AD mice (Figure 5a). A greater number of microhaemorrhages
were observed in the brains of EAE/AD mice than in the brains of
the WT mice, and AB42 immunization significantly increased the
number of cerebral haemorrhages in EAE/AD mice. Comparable
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Immunization with Ap42, but not AOE1, increased microgliosis in the EAE/AD mice. (a) Iba-1 immunostaining for microglia in the

brains of EAE/AD mice immunized with Ap42 or AOE1. Scale bars: black, 100 um; red, 20 pm. (b, c) Quantification of Iba-1-positive area in the
cortex (b) and hippocampus (c). (d) CD68 immunostaining for microglia in the brains of EAE/AD mice immunized with A42 or AOE1. Scale bar:
50 pm. (e, f) Quantification of CD68-positive area in the cortex (e) and hippocampus (f). Data shown are means + SEM, from n = 8 mice per

group. *P < .05, significantly different as indicated
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FIGURE 4 Immunization with AB42 increased astrocytosis and the levels of proinflammatory factors in the EAE/AD mice but did not

exacerbate neuroinflammation in the EAE mice. (a) GFAP immunostaining for astrocytes in the brains of EAE/AD mice immunized with Ap42 or
AOEZ1. Scale bars: black, 100 pm; red, 20 pm. (b, c) Quantification of GFAP-positive area in the cortex (b) and hippocampus (c). (d, €) The levels of
TNF-a (d) and IL-18 (e) in the brain lysates of EAE/AD mice immunized with Ap42 or AOE1 were detected by ELISA. (f) Iba-1, GFAP, and CD68
immunostaining for gliosis in the brains of EAE mice immunized with Ap42 or adjuvant. Scale bars: white, 200 um; black, 100 pm. (g, h) The levels
of TNF-« (g) and IL-1p (h) in the brain lysates of EAE mice immunized with AB42 or adjuvant were detected by ELISA. Data shown are

means + SEM, from n = 8 mice per group. *P < .05, significantly different as indicated; ns, not significantly different as indicated

results were obtained when QS-21 was used as the adjuvant
(Figure S2A). However, AOE1 immunization did not induce more

haemorrhages than adjuvant treatment (Figure 5b,c).

3.5 | Immunization with Ap42 did not induce
neuroinflammation in the EAE mouse

To investigate the effect of AB42 immunization on neuroinflammation
in the EAE mouse, we immunized EAE mice with AB42 and assessed
neuroinflammation in their brains by immunohistochemistry using
anti-lba-1, anti-GFAP, and anti-CD68 antibodies. Compared to adju-
vant treatment, Ap42 vaccination did not induce significant changes in

microgliosis or astrocytosis in the brains of EAE mice (Figure 4f).
Moreover, no difference in the levels of TNF-« (Figure 4g) and IL-18
(Figure 4h) was observed in the brain lysates of adjuvant-treated and
Ap42-vaccinated EAE mice. These findings suggest that EAE/AD mice,
but not EAE mice, exhibit Ap42 immunization-induced

neuropathology.

4 | DISCUSSION

Ap and tau are both physiological proteins which undergo aggregation
to form neurotoxic oligomers, protofibrils, and fibrils at the disease
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FIGURE 5 Ap42 immunization exacerbated cerebral haemorrhage in the EAE/AD mouse model. (a) Hemosiderin staining for
microhaemorrhages in the brains of EAE/AD mice immunized with AB42 or AOE1. Scale bars: white, 200 pm; black, 100 pm. (b, c) Quantification
of hemosiderin-positive area in the cortex (b) and hippocampus (c). Data shown are means + SEM, from n = 8 mice per group. *P < .05,

significantly different as indicated

state and promote the pathological progression of AD (Polanco
et al., 2018; Selkoe & Hardy, 2016; Shafiei, Guerrero-Munoz, &
Castillo-Carranza, 2017). Immunotherapeutic approaches aimed at
directly targeting Ap or tau with vaccines or antibodies are among the
(Congdon &
Sigurdsson, 2018; Panza et al., 2019). In the past decade, a tremen-

most promising strategies for AD treatment
dous amount of effort has been put into translating immunotherapies
into cognitive benefits in human clinical trials (Graham, Bonito-Oliva, &
Sakmar, 2017; Long & Holtzman, 2019). However, a number of clinical
trials failed because of serious side effects or inadequate therapeutic
efficacy (Gilman et al, 2005; Landen et al, 2017; Pasquier
et al, 2016; Salloway et al., 2014; Schneeberger et al., 2015;
Vandenberghe et al., 2017).

Elan Pharmaceuticals conducted the first clinical trial of active
anti-AB immunotherapy in 2001 by administering pre-aggregated
AB42 (AN-1792) with a Th1 cell-activating QS-21 adjuvant (Gilman
et al., 2005). However, this Phase lla trial was halted after 6% of the
patients developed severe meningoencephalitis, a side effect that was
not seen in the preclinical mouse studies. The most likely cause of this
adverse effect is that AN-1792 elicited a T cell-mediated immunologi-
cal response by promoting T lymphocyte infiltration into the brain and
exacerbating neuroinflammation. Vaccines containing safer Ap anti-
gens targeting smaller epitopes in the N-terminus of Af were later
developed but still induced side effects and did not produce clinical
benefits.

Consequently, passive immunization with monoclonal antibodies
directed at Ap was developed as an alternative therapeutic strategy.
However, these antibodies,
et al, 2014), gantenerumab (Ostrowitzki et al., 2017), and
aducanumab (Sevigny et al., 2016), still failed to demonstrate cogni-

namely, bapineuzumab (Salloway

tive or clinical benefit in patients and caused adverse effects such as
symptomatic ARIAs and cerebral microhaemorrhages. In preclinical
studies in transgenic animals, some immunization strategies exhibited
encouraging results and decreased neuropathology and improved cog-

nition function with few side effects. However, in subsequent clinical

trials, ARIAs and other side effects frequently occurred in AD patients
treated with these same strategies (Graham et al., 2017; Panza
et al., 2019). Thus, the development of an animal model which repli-
cates the mechanism of treatment and demonstrates the detrimental
effects that would be seen in patients would advance the selection
and assessment of anti-AD drugs.

In the present study, we generated a novel mouse model,
EAE/AD, by crossing APP/PS1 mice with EAE mice. EAE mice, also
named B10.RIIl mice, develop chronic and relapsing EAE after immu-
nization with myelin basic protein. Notably, our EAE/AD model
exhibited considerable neuroinflammation following Ap immunization,
even without myelin basic protein induction. This suggests that Ap,
acting as a self-protein, can induce autoimmune reactions in EAE/AD
mice, which is consistent with previous reports (Marchese
et al., 2014; Sardi et al., 2011; Wang et al., 2014). In contrast, AOE1
immunization did not promote neuroinflammation or detrimental
immune responses. These results demonstrated that a specific confor-
mational epitope of Ap oligomers is much safer than A itself when
used as an immunogen and that the EAE/AD mouse model can distin-
guish the safety of these two types of vaccines.

In previous studies, vaccines containing Ap42 significantly
decreased soluble and insoluble A levels and plaque burden, inhibited
the production of proinflammatory factors, restored cognitive deficits,
and did not show any noticeable side effects in conventional AD ani-
mal models (Schenk et al., 1999). However, when administered to
EAE/AD mice, this vaccine induced neuroinflammation and enhanced
AB levels and plaque burden. Autoimmune responses would occur
when active vaccines or passive antibodies targeted Ap on the surface
of neurons or APP, a membrane protein with an extracellular Ap
domain. The binding of Ap-targeted antibodies to A or APP on neu-
rons would induce complement activation, thus damaging neurons
and promoting microglia to release more inflammatory factors. The
existing APP transgenic mouse is not sensitive enough to show these
immune responses, but the EAE/AD mice generated in this study

clearly exhibited these processes. In comparison, the vaccine



YU ET AL

containing a conformational epitope of Af exhibited beneficial effects
in APP and EAE/AD mice without inducing side effects.

Microglia are the resident innate immune cells of the CNS and
have an essential function in maintaining homeostasis by constantly
surveying the environment and clearing apoptotic debris and patho-
gens (Salter & Stevens, 2017). During AD pathogenesis, Ap aggregates
induce a switch in microglial phenotype from a resting ramified state
to an activated state. These cells then release inflammatory mediators
such as cytokines, chemokines, and ROS (Hansen, Hanson, &
Sheng, 2018; Sarlus & Heneka, 2017). Moreover, over-activated
microglia exhibit a reduced ability to phagocytose and clear A,
resulting in the formation of more Ap aggregates and further inflam-
mation (Heneka et al., 2013). Excessive inflammation impairs the func-
tion of neurons and microglia, which obstructs the clearance of AB
and creates a vicious cycle (Kinney et al., 2018). Numerous reports
have indicated that the antibodies induced by Ap vaccines contribute
to AP clearance by promoting microglial activation (Heneka
et al., 2015; Xiang et al., 2016). Indeed, our previous reports also dem-
onstrated that the AOE1 vaccine significantly decreased the levels of
soluble and fibrillar A and attenuated neuroinflammation in APP/PS1
mice (Wang et al., 2017). However, immunization with Ap42 pro-
moted inflammation and enhanced AP burden in the brains of
EAE/AD mice, suggesting that the immune responses triggered by the
vaccine induced further microglial activation, promoted neu-
roinflammation, and suppressed Af clearance. Over-activated
microglia lose their ability to phagocytose AP and release
proinflammatory cytokines such as IL-1B, which can aggravate plaque
formation by modulating APP expression and proteolysis (Heneka
et al, 2015). Additionally, even systemic inflammation can impair
microglial AB clearance and increase amyloid burden in transgenic
murine models of amyloidosis through activation of NLRP3 inflamma-
somes (Lee et al., 2008; Tejera et al., 2019; Wendeln et al., 2018). This
damaged brain environment then propagates neuronal damage, lead-
ing to further cognitive deficits, which is consistent with previous
reports showing that neuroinflammation directly contributes to AD
(Ransohoff, 2016).

Substantial evidence has demonstrated that AB oligomers, not
monomers or fibrils, play a critical role in the progression of AD
(Ferreira, Lourenco, Oliveira, & De Felice, 2015; Selkoe &
Hardy, 2016; Viola & Klein, 2015). Theoretically, antibodies targeting
Ap would preferentially bind to monomers and insoluble fibrils as they
are more abundant in the brain, so fewer antibodies would be avail-
able to neutralize the more neurotoxic oligomeric and protofibrillar
forms of AB. This may underlie the failure of previous clinical trials of
immunotherapies. Compared to Af vaccines, anti-Af monoclonal anti-
bodies target only a single epitope of the multi-epitopic AB molecule,
so toxic Ap oligomers in which the specific epitope was hidden would
evade antibody neutralization (Rosenblum, 2014). This suggests that
active immunization may be more effective than passive immunization
when the antibody titre induced by a vaccine is sufficiently high. Dur-
ing aggregation, AB forms oligomers which contain unique structures
not present in A3 monomers. Therefore, oligomer-specific epitopes

have become promising targets of immunotherapeutic interventions
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in AD (Guerrero-Munoz, Castillo-Carranza, & Kayed, 2014). Indeed,
our previous reports and the results of the present study demon-
strated that oligomer-specific vaccines and antibodies significantly
reduced brain pathology and prevented cognitive deficits in models of
AD in mice (Wang et al., 2017; Zha et al., 2016; Zhao et al., 2014).

In summary, the EAE/AD mouse model displayed distinct out-
comes when immunized with vaccines containing Ap42 and oligomer-
specific epitopes. Therefore, this mouse model is suitable for the
selection and evaluation of anti-AD immunotherapeutic strategies.
Our results further confirmed that neuroinflammation markedly exac-
erbates AD progression and demonstrated that interventions specifi-
cally targeting AP oligomers may be safe and effective in the
treatment of AD.
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