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Abstract Despite FDA suspension of Elan’s AN-1792 am-
yloid beta (Aβ) vaccine in phase IIb clinical trials, the
implications of this study are the guiding principles for
contemporary anti-Aβ immunotherapy against Alzheimer’s
disease (AD). AN-1792 showed promising results with
regards to Aβ clearance and cognitive function improve-
ment, but also exhibited an increased risk of Th1 mediated
meningoencephalitis. As such, vaccine development has
continued with an emphasis on eliciting a notable anti-Aβ
antibody titer, while avoiding the unwanted Th1 pro-
inflammatory response. Previously, we published the first
report of an Aβ sensitized dendritic cell vaccine as a ther-
apeutic treatment for AD in BALB/c mice. Our vaccine
elicited an anti-Aβ titer, with indications that a Th1 re-
sponse was not present. This study is the first to investigate
the efficacy and safety of our dendritic cell vaccine for the
prevention of AD in transgenic mouse models (PDAPP) for
AD. We also used Immunohistochemistry to characterize

the involvement of LXR, ABCA1, and CD45 in order to
gain insight into the potential mechanisms through which
this vaccine may provide benefit. The results indicate that
(1) the use of mutant Aβ1-42 sensitized dendritic cell vac-
cine results in durable antibody production, (2) the vaccine
provides significant benefits with regards to cognitive func-
tion without the global (Th1) inflammation seen in prior Aβ
vaccines, (3) histological studies showed an overall decrease
in Aβ burden, with an increase in LXR, ABCA1, and
CD45, and (4) the beneficial results of our DC vaccine
may be due to the LXR/ABCA1 pathway. In the future,
mutant Aβ sensitized dendritic cell vaccines could be an
efficacious and safe method for the prevention or treatment
of AD that circumvents problems associated with traditional
anti-Aβ vaccines.
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Introduction

Alzheimer’s disease (AD) is a devastating neurodegener-
ative disease affecting more than 26 million people world-
wide. Contemporary treatments for AD simply modulate
its symptoms, but no cure or prevention has yet been
found (Van Norden et al. 2009; Götz et al. 2011; Saxena
2011). As aggregates of beta-amyloid (Aβ) are the major
constituents of the senile plaques found in AD patients,
Aβ has been considered a major etiological factor of the
neuronal loss and cognitive decline seen in AD patients
(Reitz et al. (2012); Octave 1995; Pillay et al. 2004).
Thus, many groups have considered Aβ immunotherapy
as a therapeutic treatment for AD. In 2000, an Aβ1-42
vaccine effectively removed amyloid plaques in the brains
of APP transgenic (Tg) mice; corresponding behavioral
improvements were also observed (Morgan et al. 2000).
Soon thereafter, an Aβ vaccine (Elan’s AN-1792) with
QS21 as an adjuvant entered clinical trials, but the study
was suspended in phase IIb clinical trials due to the
occurrence of brain encephalitis in 6 % of patients. How-
ever, long term follow-up studies did identify efficacy of
the vaccine, as vaccinated patients showed a slower rate
of cognitive decline and better disability assessment for
dementia scores in comparison to control patients 4 and
10 years later (Vellas et al. 2009; Bayer et al. 2005).

Since then, there has been increased focus on the role
of inflammation in AD (Akiyama et al. 2000; Tuppo and
Arias 2005). Some reports have linked the QS21 adjuvant
to initiation of a Th1 pro-inflammatory response, causing
the meningoencephalitis observed in the AN-1792 trial
(Mathews and Nixon 2003; Birmingham and Frantz
2002). Ever since, vaccine development has continued
with an emphasis on avoiding the unwanted Th1 pro-
inflammatory response while promoting the Th2 anti-
inflammatory response. The Aβ vaccines currently in
clinical trials use the B-cell epitope of the Aβ peptide as
opposed to the T-cell epitope to avoid Th1 inflammation
(Pfizer and JANSSEN Alzheimer Immunotherapy Re-
search & Development 2007 - [cited] 2011 Aug 30;
Merck 2007; Novartus 2011).

Recently, our lab has focused on the use of antigen-
sensitized dendritic cells (DCs) for AD vaccine develop-
ment. Antigen sensitized DCs have resulted in vaccines
with progression into clinical trials for many diseases, and
have circumvented vaccine related inflammation issues in
vaccine development for other diseases (Satthaporn and
Eremin 2001; Loveland et al. 2006; Cohen et al. 2005;
Gajewski et al. 2001; Mittendorf et al. 2006). Our previ-
ous studies on DC vaccines in BALB/c mice and unpub-
lished data on 2x-tg APP/PS1 mice show DCs sensitized
with mutated Aβ peptides produce an antigenic response,
with corresponding behavioral improvements (Cao et al.

2008). This study uses PDAPP transgenic mice, which over-
expresses human APP, to test the efficacy of this vaccine for
the prevention of AD (Games et al. 1995). Additionally, we
focus on nuclear hormone liver X receptor (LXR), ABCA1,
and CD45 in order to gain insights into the potential mecha-
nism of action through which this treatment works. The aims
of this study are to: (1) investigate the preventative usefulness
of this vaccine by observation of antibody titer and/or Aβ load
reduction, (2) determine cognitive benefit of vaccine, (3)
determine if a Th1 inflammatory response was present, (4)
determine pathways which may be activated through the use
of DC vaccine.

Materials and methods

Animals

60 male C57BL/6 (C57) mice and 60 male PDAPP mice
(4 months of age) were obtained from the Laboratory
Animal Center of the PLA Academy of Military Science
(Beijing, China) and equally divided into five groups
(Table 1). The adjuvant and PDFM groups are the active
vaccine groups, while the PWT, PBS, and DC group should
not elicit an antibody titer. The PDFM, PWT, and DC
groups all use vaccines that contain dendritic cells. All mice
were handled with care and in accordance to the National
Research Council’s guidelines for animals in research.

Vaccine preparation

DC preparation

DC preparation and sensitization followed the same proto-
col as previously described (Cao et al. 2008). In brief, bone
marrow was removed from 7–11 week old female C57BL/6
mice and the femurs cleanly excised, all excess tissues were
removed. Bones were merged in cold phosphate-buffered

Table 1 Vaccine treatment

C57 Mice PDAPP Mice

Treatment

Inoculated vaccine with adjuvant
(Adjuvant Group)

Inoculated vaccine with adjuvant
(Adjuvant Group)

DC vaccine sensitized by Dutch
and Flemish double mutant Aβ
(PDFM Group)

DC vaccine sensitized by Dutch
and Flemish double mutant Aβ
(PDFM Group)

DC vaccine sensitized by wild
type Aβ (PWT group)

DC vaccine sensitized by wild
type Aβ (PWT group)

DC vaccine without sensitization
(DC group)

DC Vaccine without sensitization
(DC group)

PBS (PBS Group) PBS (PBS Group)
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saline (PBS), washed with ethanol, and soaked in 1× PBS.
The ends of each femur were cut from both sides, and bone
marrow was flushed with 99 % RPMI+1 % Antibiotic
medium. Bone marrow was then gently re-suspended and
passed through 70 μm sieves into a centrifuge tube. Follow-
ing centrifugation for 10 min at 1100 rpm, the supernatant
was removed and the pellets briefly vortexed. Red blood
cells were lysed by incubation with 5 ml ACK (0.15 M
NH4Cl, 1 mM KHCO3, 0.1 mM EDTA, pH 7.3 at room
temperature) for 30 s while shaking, and lysis was stopped
by the addition of 45 ml HBSS. After centrifugation at
1,100 rpm (10°C for 10 min), cells were suspended at 1×
106 cells/ml in 99 % RPMI (+10 %-FBS) and 1 % Antibiotic.
10 ng/ml GM-CSF and 10 ng/ml IL-4 (BD-Pharmgen, San
Jose CA) were added to the media and cells were cultured in
6-well plates (3 ml/well).

Peptide preparation

Wild Type Aβ1-42 (PWT) and the Aβ with the Dutch and
Flemish mutations (PDFM) were synthesized by Biomer
Tech (CA, USA) and used to sensitize DCs as follows.
Peptide sequences are listed in Table 2.

Sensitized DC vaccine preparation

On the second day of DC culturing, the medium was com-
pletely aspirated and 3 ml of fresh DC culture medium was
added. The cells were allowed to grow in a CO2 incubator
(5 % CO2), and on day 4 of culturing, the cells were treated
as follows: 1 ml/well old medium was aspirated and
replaced by 1 ml/well fresh DC culture medium containing
60 μg/ml peptide (diluted to a final concentration 20 μg/ml).
On the 8th day, DCs were harvested, washed twice, and the
concentration adjusted to 5×106 cells/ml.

DC vaccine administration

For C57 mice: a single injection of 1×106 cells in 0.2 ml 1×
PBS was administered via intraperitoneal (IP) injection. For
PDAPP mice: 1×106 cells in 0.2 ml 1× PBS was adminis-
tered by IP injection every 2 weeks; five total injections
were administered (days 0, 14, 28, 42, and 56,). DC per-
centage of injected cells was <90 %.

Vaccine with adjuvant preparation and administration

Wild Type Aβ1-42 peptide was freshly prepared at 2 mg/
mL from lyophilized powder as follows. 2 mg of the peptide
was added to 0.9 mL deionized water and vortexed, 100 μl
10 x PBS (pH 7.5) was added. The resulting mixture was
vortexed and incubated at 37°C overnight. The peptide was
used (100 μg/injection) with a complete Freund adjuvant in
a 1:1 (v/v) mixture as a vaccine. The vaccine with adjuvant
was administered subcutaneously to the adjuvant group at
the same time the DC vaccine was administered to the DC
vaccine groups.

Sample collection and flow cytometry

For C57 mice: blood was collected in EDTA tubes by
submandibular phlebotomy pre-immunization, and then
weekly for 35 days (collection on days 0, 7, 14, 21, 28,
and 35). C57 mice were euthanized after day 35. For
PDAPP mice: blood samples were collected in EDTA tubes
by submandibular phlebotomy bleeding pre-immunization,
ten days after each vaccination, and post euthanasia (collec-
tion on days 0, 10, 24, 38, 52, 66, and 80). For each sample,
plasma was isolated by centrifugation at 1,000×g for 3 min,
and transferred into screw-capped tubes and stored at −80°C.
Flow cytometry was performed with fluorescent dye conju-
gated antibodies (i.e. CD11c, CD80, CD86, and MHC II, all
antibodies from eBioscience, CA USA) to determine immu-
nological effect of DC vaccine. All plasma samples were
analyzed for anti-Aβ antibody levels and cytokine expression
profiles.

Aβ antibody titer determination

An ELISA method was used to determine antibody levels
in plasma samples using Aβ1-42 peptide as the binding
antigen. 96-well plates were coated with 50 μl Aβ 1–42
in CBC buffer at 10 μg/ml, and a CBC plate was set up to
determine background binding. Then, both Aβ and CBC
plates were incubated at 4°C overnight. After 5 washes
with a wash buffer, plates were subject to a blocking step
with 180 μl blocking buffer (1×PBS containing 1.5 %
BSA) for 45 min, then washed an additional 5 times with
wash buffer. Samples diluted with blocking buffer were

Table 2 Aβ 1–42 peptide sequences with mutated T cell epitope.

Peptide Name Sequence

Aβ 1–42 (PWT) DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Aβ 1–42 (PFM) with Flemish mutation DAEFRHDSGYEVHHQKLVFFGEDVGSNKGAIIGLMVGGVVIA

Aβ 1–42 (PDM) with Dutch mutation DAEFRHDSGYEVHHQKLVFFAQDVGSNKGAIIGLMVGGVVIA

Aβ 1–42 (PDFM) with Dutch and Flemish Mutation DAEFRHDSGYEVHHQKLVFFGQDVGSNKGAIIGLMVGGVVIA
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added to both Aβ plates and CBC-plates, with two-fold
serial dilutions starting at 1:200, and incubated at 37°C
for 1 h., followed by 12 washes with wash buffer. HRP-
conjugated anti-mouse IgG was loaded into each well at
1:5000 dilution with dilution buffer, incubated for 1 h.
at 37°C, then washed 12 times. TMB substrate was
dissolved in PCB buffer and 100 μl was added into
each well. The colorimetric reaction was stopped with
25 μl 2 N H2SO4. Plates were read at 450 nm/620 nm
with a BioTek Synergy Reader. Samples having read-
ings three times higher than controls were considered
positive; the highest dilution was considered the end-
point titer.

Cytokine expression detection

A Luminex Liquidchip system (Panomics) following each
step of the Liquidchip protocol as previously described to
measure levels of G-CSF, IL-12, IL-17, IL-1α, IL-6, IFN-γ
and TNF-α in serum (Cao et al. 2008).

Behavioral testing

One day before behavioral testing, all mice were
allowed a swimming acclimatization session to reduce
stress during behavioral testing. All mice were handled
gently and with care to avoid unnecessary stress on the
mice. On day 69, (i.e., at 6.5 months of age), mice
began behavioral testing. MWM testing was preformed
to acquire the mouse’s learning and memory ability. The
MWM system was a small pool (diameter: 90 cm,
depth: 50 cm) divided into four quadrants. An escape
platform 10 cm in diameter was located in the 3rd
quadrant 1.5 cm below the surface of the water and
30 cm from the edge of the pool. The water was made
opaque and kept between 25-27°C.

First, the mice were trained twice daily according to
the following protocol: the mice were gently lowered into
the water (back first and facing the wall) in quadrant 1, 2,
or 4. The mice were placed in the water in the middle of
the chosen quadrant, which was randomly selected. Once
the mice in the water, a CCD camera connected to a
computer recorded each mouse’s swim path. Escape la-
tency was recorded as the time from being put into the
water to climbing the escape platform. If a mouse could
not find the platform in 120 s, the escape latency was
considered 120 s. The mouse must navigate to and stay on
the platform for 15 s to complete a trail. After local
navigation training for 11 days, space searching trials
began on day 80. The platform was removed from the
pool and the mouse put into the water (back first and
facing the wall) in the middle of the 2nd quadrant. Num-
ber of crossing, location of platform and time of stay in

the 3rd quadrant were recorded. The mice were euthan-
ized after behavioral testing.

Histological studies

Mice were anesthetized with chloral hydrate (0.01 ml/g by
i.p. injection) and perfused through the left ventricle with
0.9 % saline until the liver color changed from red to white.
They were then perfused with 4 % paraformaldehyde-PBS
solution for 2 min, and brain tissue was harvested as per
established protocol (Scholtzova et al. 2009). The hemi-
sphere was divided into three parts coronally, each approx-
imately one third of the total brain and immersion-fixed in
periodate-lysine-paraformaldehyde (PLP). After fixation,
the brains were embedded in paraffin and stored until sec-
tioning. Immunohistochemistry was performed on 4-μm
paraffin sections. After a mouse IgG blocking step, serial
coronal brain sections were stained with: (1) Beta-Amyloid
mouse monoclonal antibody 6 F/3D (1:50, Vector), (2)
mouse monoclonal [PPZ0412] to LXR alpha -ChIP Grade
ab41902(1:100, Abcam), (3) anti-rabbit ABCA1 antibody
(1:200, Novus), (4) Rat antimouse CD45 MCA 1031 G
.(1:50, AbD Serotec). Immunostaining procedure is previ-
ously described (Postupna et al. 2011).

Quantitative image analysis

The stained tissue sections were scanned using a light
microscope (Olympus BX41,Olymus Optical, Japan) at
400x magnification and images were captured with a
digital camera. The specific brain region in question
(hippocampus or cortex) was manually outlined and
the total pixel area occupied by the structure was deter-
mined. A monochromatic based threshold was used for
identification of immunofluorescencing areas. In the five
tissue sections analyzed per animal, the CA1, CA2,
CA3, DG, Rad of the hippocampus and the cortex on
coronal plane sections were measured. Pixel intensities
(gray level) ranged from 0 (densest-stained pattern; i.e.,
black) to 255 (lightest-stained pattern; i.e., white). An
individual blinded to the experimental condition of the
study performed all measurements.

Statistical analysis

All statistical analysis was performed using the SPSS
software (SPSS 10.0.1). Data are presented as mean±
SEM. Data were analyzed using analysis of variance
(ANOVA), as well as one-way ANOVA. Comparison of
gray levels between each parametric groups was done
using the unpaired two-tailed Students t test. P values of
0.05 or less were considered to be statistically significant.
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Results

Immune system is activated by DCs vaccine

Average counts of CD11c, CD56, MHCII, and CD80-
positive cells were significantly increased in the C57
PDFM group when compared to the DC only group.
Cell counts were also increased in the PDFM group
compared to the PWT group (P <0.005) (Figure 1).
Immune cell counts increased because activated dendrit-
ic cells (those sensitized with mutant peptide) initiated
an immune response, leading to activation of immune
pathways. The in vitro maturation of DC’s provides the
environment necessary for a successful interaction be-
tween APC cells and helper T cells.

PDFM vaccine can induce long lasting antibody response
in both tg and non-tg mice

In C57 mice of the PDFM group, anti-Aβ antibody titer
elevated significantly from day 14 onwards (Figure 2A).
The elevated antibody titer retained to the 35th day after
inoculation without reduction. The peak antibody titer level
was 2,425.17, which was lower than vaccine with adjuvant
(peak value 3,200). In C57 mice in the adjuvant group, the
antibody titer increased significantly from day 7 to 21 post
inoculation, at which point the titer of adjuvant group was
significantly higher than that of the PDFM group (Students
T-Test, P<.05). However, at 28 days there was no difference
between groups, and at 35 days after inoculation titer of
adjuvant group was lower than PDFM group significantly

Fig. 1 Flow cytometric analysis. Cell counts for CD11c, CD56, MHCII, and CD80 cells were determined via flow cytometry for the following
groups of C57 mice: a PWT b PDFM c DC Only d Comparative results
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(Students T-Test, P<.05) Antibody titer levels of the three
other group (DC, PBS and PWT stimulated DC) were not
elevated at all.

When PDAPP-tg mice were vaccinated with the PDFM
DC vaccine, anti-Aβ antibody titer increased significantly
24 days after inoculation. The elevated antibody titer
remained until 66 days after inoculation without reduction.
At the end of our experiment (80 days after inoculation),
endpoint titer of anti-Aβ antibody in this group was 200.
The peak of geographic mean antibody titer was 818.18,
which was lower than vaccine with adjuvant (the peak value
was 1,128.9). In PDAPP mice of the adjuvant group, anti-
body titer elevated significantly from day 10 after inocula-
tion and fell again 40 days after inoculation. At the end of
our experiment, titer of antibody in this group was 400.
From days 10 to 66 days after inoculation, titer of adjuvant
group was higher than PDFM group significantly (Students
T-Test, P<.05). Beyond that point, there was no difference
between these two groups. Titer of antibody of the other two
groups (DC, PBS) had no elevation at all. The results are
shown in Figure 2B.

Sensitized dendritic cells can process and present anti-
gens via the traditional antigen presentation pathways,
resulting in antibody production when a foreign antigen is
present. In this case, the PDFM group elicited an antibody

response because the Aβ peptide used contained two point-
mutations in the Aβ T-cell epitope. As the PWT (wild type
Aβ sensitized DC) group contained only a self-antigen, no
antibody titer was elicited. The wild-type Aβ peptide can
only elicit an antibody response when delivered with an
adjuvant through subcutaneous injection, because adjuvants
have the ability to prime the immune system and antigen
presentation in the subcutaneous region differs from that in
the blood.

DC vaccination correlates with cognitive benefits in PDAPP
mice

Escape latency of vaccine therapy groups was significantly
shorter statistically than the negative control PBS group and
DC only group (ANOVA, Fisher’s Exact Test, P<.05). Ob-
serving each curve of the four groups, escape latency shortened
quickly in the first 5 days, but shortened more slowly after day
5 or 6. When the escape latency was compared day-by-day, a
significant difference was found between vaccine therapy
groups (PDFM or adjuvant group) and control groups (DC or
PBS group). No significant difference was found between the
two vaccine groups or the two control groups (ANOVA, Fish-
er’s Exact Test, P<.05). Results are shown in Figure 3. Fur-
thermore, the number of platform location crossing and time in
target quadrant in vaccine therapy groups were significantly
more in the PDFM group than negative control PBS group and
DC group statistically (ANOVA, Fisher’s Exact Test, P<.05).
No significant difference was found between the two active

Fig. 3 Latency Time. The PDFM and adjuvant group had significant
decreases in latency time from the other groups tested

Fig. 2 C57 and PDAPP Antibody titer. PDFM and Adjuvant groups
showed significant antibody titer, while other groups did not. Data are
the mean±SEM
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vaccine therapy groups (PDFM and adjuvant). The results are
shown in Figure 4. The PDFM vaccine was able to slow down
PDAPP decline by lessening Aβ accumulation via antibody-
mediated removal.

Cytokine expression profile demonstrated no Th1
inflammation in DCs vaccine

Levels of G-CSF, IL-17 and IL-6 elevated significantly after
DC vaccine inoculation but IL-10, IL-12, IL-1-α, IFN-γ and
TNF-α did not (Student’sT-Test, P>.05). The cytokine profile
after DC vaccine inoculation was markedly different from that
of vaccine with adjuvant, which had significantly elevated
level of IL-6, IL-1α, IFN-γ and TNF-α. As the PDFM group
consists of IL-4 cultured DCs, injection of these cells tends to
enhance the anti-inflammatory (Th2) response and inhibit the
inflammatory (Th1) cascade (Banchereau and Steinman
1998). Mice of the adjuvant group showed a Th1 specific
response, in part initiated by presence of the adjuvant. The
results are shown in Figure 5.

DCs vaccine lower Aβ burden in the brain of PDAPP mice

Both active vaccine groups (PDFM and adjuvant) resulted
in less Aβ accumulation upon immunohistochemical stain-
ing. Mice in the PDFM group showed less accumulation in
comparison with the DC only group in the hippocampus
(Fig. 6K; ANOVA, p<0.0001; 85.05 % decrease) and the
cortex (Fig. 6L; ANOVA, p<0.0001; 90.59 % decrease).
PDAPP AD mice in the adjuvant group also showed a
dramatic reduction in Aβ load in the hippocampus
(Fig. 6E; ANOVA, p<0.0001; 77.63 % decrease) and the
cortex in comparison with the PBS control (Fig. 6F;
ANOVA, P<0.0001; 85.13 % decrease). There was a greater
reduction of total amyloid burden in the PDFM mice than in
the adjuvant group in the hippocampus (ANOVA, p00.002;
33.61 % decrease) and in the cortex (ANOVA, p00.043;
12.14 % decrease). There was no significant difference
between the DC control and PBS controls (ANOVA,

p00.66). The mechanisms through which antibodies less-
en Aβ accumulation are discussed in detail later in the
article. The results of CA3 of the hippocampus are
shown in Fig. 6A, B, G, H and in the cortex in
Fig. 6C, D, I, J.

LXR burden

As cholesterol is believed to be involved in the development
of AD, we examined expression of LXR following vaccine
treatment. LXR expression was highest in the PDFM group,
followed by the DC group, with the adjuvant and PBS
groups exhibiting the least expression (Fig. 7, A-D). The
expression in the PDFM group was 29.30 % higher than that
in the DC group (Fig. 7E, ANOVA, P00.0048). There was a
69.18 % and 61.46 % increase respectively when DC and
adjuvant groups were compared with the PBS group
(Fig. 7F, ANOVA, P<0.0001). Although there was a sharp
difference in the expression, a comparison between the
adjuvant and PBS groups did not yield statistically signifi-
cant results (ANOVA, P00.19).

ABCA1 burden

Expression of ABCA1 was highest in the PDFM and DC
groups, followed by the adjuvant group, with PBS showing
the least expression (Fig. 8A-D). The level in the PDFM
group was more than 2 times that of the DC group (Fig. 8E,
ANOVA, p<0.0001). There was a clear increase in ABCA1
when comparing the DC and adjuvant groups to the PBS
group (Fig. 8F, ANOVA, P<0.0001). There does not appear
to be a statistical difference between the adjuvant and PBS
groups (ANOVA, P00.86).

CD45 burden

CD45 expression was highest in PDFM, then adjuvant, and
finally the DC and PBS groups, with changes particularly
evident in the hippocampal regions of the brain (Fig. 9A-D).

Fig. 4 Results from Morris
water maze test. a The PDFM
group scored significantly
higher than the PBS and DC
groups in terms of mean
quantity of platform crossing b
The PDFM group showed
significant increase in time
spent in the third quadrant
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The expression level within the hippocampus in the PDFM
group was higher than that of the adjuvant group by
16.65 % (Fig. 9E, Student t test p00.034) while the DC
and PBS groups showed a decrease of 74.48 % and
75.23 %, respectively (Fig 9F, ANOVA, P<0.0001).
Similarly, CD45 expression in the PDFM group’s corti-
cal areas was 15.70 % higher than those of the adjuvant
group’s, (Fig. 9A. ANOVA p00.01), while the DC and
PBS groups had a decrease compared to the adjuvant
group of 78.46 % and 75.59 %, respectively (Fig. 9B.
ANOVA, P<0.0001). There was no significant differ-
ence between the two control groups in either the hip-
pocampus (ANOVA, p00.85) or the cortex (ANOVA,

p00.45). As CD45 is a marker for microglial activation,
this supports our belief that the PDFM vaccine activated
immune pathways in the CNS.

Discussion

PDAPP mice express many of the neuropathological fea-
tures of AD as early as 6 months of age, including synaptic
loss, reduction of hippocampus size, reduction of fornix
size, and reduction of corpus collosum size (Bryan et al.
2009). Additionally, in Morris Water Maze (MWM), open
field, radial arm maze, operant bar pressing, and visual

Fig. 5 Cytokine expression
profile. a G-CSF levels are in-
creased most in the PDFM
group. b IL-12 is increased in
the DC Group but not substan-
tially elsewhere. c IL-17
increases in the DC group and
PDFM group. d IL-1α
increases substantially in the
adjuvant group, but not PDFM.
e IL-6 increases in the adjuvant,
DC, and PDFM groups. f IFN-γ
increases substantially in the
adjuvant group. g TNF-α
increases significantly in the
adjuvant group
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object recognition testing, PDAPP mice 6 months or older
show significant memory impairments compared to age
matched controls. These mice also show early extracellular
Aβ deposition, and insoluble extracellular plaque forma-
tion shortly after 9 months of age (Schenk et al. 1999).
Nonetheless, it is important to note that cognitive function
deficits appear before the appearance of fully formed am-
yloid plaques (Dodart et al. 1999). Recent studies have
focused on the oligomeric (soluble) form of Aβ, as op-
posed to the insoluble fibrils, as the neurotoxic agent in

AD - implying that AD progression begins prior to plaque
formation (Shankar et al. 2008; Kayed et al. 2003). As our
study intended to investigate the preventative capability of
our vaccine, we began PDAPP mice injections at 4 months
of age, prior to the onset of significant cognitive decline.
AD progression is underway during this period, as signif-
icant cognitive decline is expected by 6 months of age
(Chen et al. 2000). At the time of behavioral testing
(6.5 months of age), PDAPP are expected to show signif-
icant cognitive decline when compared to age matched

Fig. 6 Aβ accumulation. a Adjuvant group hippocampus b PBS
group hippocampus c Adjuvant group cortex d PBS group cortex e
Hippocampal comparative results f Cortical comparative results g
PDFM group hippocampus h DC group hippocampus i PDFM group

cortex j DC group cortex k Hippocampal comparative results l Cortical
comparative results. Scale bar0100 um (I,J). Scale bar050 um (A-D,
G, H). Active vaccine groups showed a significant reduction in Aβ
accumulation
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Fig. 7 LXR quantification in
the mouse brain. a PDFM
group b DC group c Adjuvant
group d PBS group e
Comparative Results f
Comparative Results. Scale
bar0500 um and Scale bar0
50 um. LXR expression was
highest in the PDFM group,
followed by the DC group, with
adjuvant and PBS groups
exhibiting the least expression
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control, thus testing the efficacy of this vaccine in preven-
tion (or delay of onset) of AD.

A recent review by Tabira laid out conditions that must
be met as AD vaccine development moves forward. To
overcome the problems faced by past efforts, a new vaccine
must avoid autoimmune encephalitis, be useful for disease
prevention, modify disease course, and provide some sort of
cognitive benefit (2010). Our vaccine has certain advantages
over other AD vaccines in development, which are dis-
cussed below. Although both active and passive immuno-
therapy vaccines are in development, active immunization
requires fewer treatments and provides a longer lasting
antibody response at a lower cost. Moreover, studies have
shown passive immunization in AD can result in vasogenic
edema and brain microhemorrhaging in mouse models
(Panza et al. 2011). Although active immunization does
have drawbacks (ex. potential side effects: fever, swelling,
etc.), these drawbacks are less probable with DC vaccines as
antigen presentation is done ex vivo. This ex vivo antigen
presentation also circumvents the need for direct Aβ

injection, which can cross the blood brain barrier and act
as a “seed” for enhanced Aβ fibril formation (Sigurdsson et
al. 2002). Our vaccine avoids further aggression of Aβ
oligomerization via introduction of this Aβ “seed.” Addi-
tionally, As DCs may be donated from the AD patient and
cultured, the chances of graft-versus-host disease are elim-
inated (Smit et al. 1997).

Mosca et al., reported several DC vaccine cancer trials
that demonstrated varying degrees of efficacy, but avoided
unwanted inflammatory responses while being extremely
well tolerated by patients (Mosca et al. 2007). The data
shows that Th1 response was minimized in the PDFM group
compared to the adjuvant group. IFN-γ, the most typical
Th1 cytokine in sera, its was only observed in the adjuvant
group, and took 50 days to fall back to normal levels. TNF-
α, another typical Th1 cytokine, was only observed in the
adjuvant group and sustained without reduction. Similar
changes were found in IL-1α sera concentration curves.
The cytokine profile of the DC vaccine groups showed no
increase in Th1 activity. The obvious implication, that the

Fig. 8 Expression and
quantification of ABCA1
burden in mouse brains. a
Adjuvant group b PDFM group
c DC only group d PBS group e
Comparative results f
Comparative results.
Hippocampal quantitative
stereological analysis revealed a
2.12 times increase in PDFM
compared with the DC group
(E, ***p<0.0001). ABCA1
increased significantly between
the DC and adjuvant groups
compared to the PBS or adjuvant
group (F, ***P<0.0001). Scale
bar0500 um and Scale bar0
50 um
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adjuvant but not the production of anti-Aβ antibodies,
played a role in Th1 activation, is an encouraging indicator
that this vaccine may overcome the problems of the AN-
1792 trials. Additionally, the concentration of sera IL-17 in
the PDFM group elevated significantly in these studies and
sustained until the end of the experiment. Similar phenom-
enon was found in the DC group, but it fell to normal level
earlier. Elevation of IL-17 level is essential for breakthrough
in immune tolerance or implied generation of autoimmune

response, which needs to be characterized further. It is our
belief that DC’s increase Th2 (anti-inflammatory) response,
further opposing the immune response that caused adverse
conditions in the AN-1792 trial. Presumably, treatment of
the DC’s with IL-4 in culture prior to vaccine administration
augmented the release of Th2 cytokines by the DCs. Re-
grettably, Ig isotyping was unable to be completed on these
samples. However, past studies on this same vaccine in
BALB/c mice and unpublished data on PS1/APP mice show

Fig. 9 CD45 expression and
quantification in mouse
hippocampus. a Adjuvant
group b PDFM group c DC
group d PBS group e
Hippocampal comparative
results f Hippocampal
comparative results g Cortical
comparative results h Cortical
comparative results. CD45
expression was highest in
PDFM, then adjuvant, and
finally the DC and PBS groups.
Stereological CD45 burden
analysis showed a significant
reduction in adjuvant and
PDFM compared with age-
matched Tg control mice treated
with PBS (E, F, adjuvant group
vs. PDFM group, *p00.034).
Scale bar0500 um
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preferential IgG1 production, indicating IL-4 mediated Th2
activation (Cao et al. 2009; Cao et al. 2008). Moreover, the
literature shows that DC’s treated with IL-4 induce Th2 T-
cell differentiation (Banchereau and Steinman 1998).

Vaccine development in the past has used different
approaches to elicit a Th2 response, such as using mannan
or lysine cores, however, our method of achieving a Th2
response is the most straightforward one. Additionally, the
use of multiple copies of Aβ 1–6 (as some contemporary
vaccines use) requires use of an adjuvant to develop a
sufficient antibody titer. Use of an adjuvant can have ad-
verse effects, as seen in human AN-1792 trials. As DCs
themselves are able to act as a self adjuvant (Hart 1997), a
separate adjuvant is not necessary. Above all, peptide sen-
sitized DC vaccines have long lasting antigen-specific T-cell
response that are typically not seen in traditional vaccines
(Steinman 2001).

The PDFM sensitized vaccine in this study induces
PDAPP-tg mice to produce enough antibody titer to signify
a notable immune response, even 80 days after inoculation.
More importantly, treatment with the PDFM vaccine corre-
lated well to a decreased Aβ burden in immunohistochem-
ical studies. Although only intracellular amyloid beta was
observed, this result was expected as PDAPP mice develop
extracellular plaques only at 9 months of age. However, the
significant reduction of Aβ accumulation (85 % in cortex
and 90 % in hippocampus) in the PDFM group compared to
the control group provided enough protection to lead to
significant increases in cognitive ability. Although the peak
of antibody titer curve in the PDFM group was lower than
that of the adjuvant group, the reduction of Aβ deposition
was greater (85.05 % & 90.59 % clearance vs. 77.63 % &
95.13 %). Interestingly, though the PWT group does not
elicit an antibody response, we observed a significant re-
duction of Aβ accumulation, implicating sensitized dendrit-
ic cells themselves may play a role in the reduction of Aβ
accumulation through mechanisms separate from antibody
mediated clearance.

The mechanism through which dendritic cell vaccines
cause Aβ clearance is still not clear; however our study
examined multiple potential targets through which this
treatment may work. The most obvious mechanism is
through antibody production, and four potential path-
ways have been hypothesized to play a role in
antibody-mediated clearance of Aβ. A recent review
by Morgan has laid out these mechanisms (2011). The
first mechanism, based on conventional roles of anti-
bodies to opsonize targets, suggests macrophage activity
to explain Aβ clearance (Bard et al. 2000). However,
the fact that only a small percentage of circulating
antibodies make their way across the blood brain barri-
er, has led to proposal of a second proposed mechanism
that describes a peripheral sink (DeMattos et al. 2001).

This mechanism suggests that binding of antibodies to
Aβ in the blood causes efflux of Aβ from the brain.
The third mechanism suggests a conformational change
that prevents oligomerization as a result of Aβ peptide
and antibody interactions (Solomon et al. 1997). The
final mechanism theorizes that Fc receptor (FcRn) me-
diated efflux of Ab-Ag complexes across blood brain
barrier augment Aβ clearance (Deane et al. 2003).
Viewing our results through the scope of these mecha-
nisms, the lower antibody titer in the PDFM Vaccine
should not have an appreciable effect on Aβ clearance.
Studies have shown that a 1:1000 antibody to Aβ
peptide ratio still results in clearance (NA and JJ
2010). Furthermore, studies have shown that excess
antibody can reduce clearance, presumably due to the
FcRn mediated mechanism (Karlnoski et al. 2008).

One other important observation in the cytokine profile
of the PDFM that may provide mechanistic insight into the
effect of DC Vaccines was the concentration levels of G-
CSF. The concentration of G-CSF elevated significantly
compared to the other three groups and was sustained
through the duration of the experiment. G-CSF can mobilize
activation of neutrophilic granulocytes and stimulate prolif-
eration and differentiation of hematopoietic cells. Samchez-
ramos et al. (Tsai et al. 2007) have reported G-CSF could be
used as therapy for memory impairment in AD-tg mice. The
mechanism is believed to be mobilization of hematopoietic
stem cells followed by implantation in brain, facilitating
neural regeneration. Elevation of G-CSF concentration in
PDFM group is thought to enhance therapeutic effect.

To further understand the mechanisms through which
the vaccine may function, we performed immunostaining
to ascertain the expression levels of three possible targets:
LXR, ABCA1, and CD45. Many groups have confirmed a
correlation between cholesterol homeostasis and AD pa-
thology (Simons et al. 2001). The ABCA1 staining pat-
terns seen in our study are similar to those reported by
Koldamova et al. (Koldamova et al. 2003). LXR is a
regulatory nuclear receptor involved in the control of
genes participating in removal of excess cholesterol
through efflux, catabolism or decreased absorption. Tran-
scriptional activation of ABCA1, a member of the ATP-
binding cassette family of transporters that eliminates
excess cholesterol from the cell, is controlled by the
LXRα/β. Further support for this is shown by the marked
increase in ABCA1 expression in neurons and glial cells
after application of the Liver X Receptor agonist
T0901317, resulting in an amelioration of AD pathology
through brain inflammation and amyloid deposition (Left-
erov et al. 2007). The enhanced therapeutic effect of our
DC vaccine in Aβ clearance compared to the adjuvant
vaccine may be due to the LXR/ABCA1 pathway, as both
LXR and ABCA1 were significantly upregulated with the
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PDFM treatment but not with adjuvant treatment. Though
the connection between a shift in the cholesterol pathways
and DC vaccine immunization is not clear, the flow
cytometry results indicate a general increase in immune
cells in vaccinated mice. The activation of immune re-
sponse initiated by activated dendritic cell inoculation
may result in a shift in immune milieu in the CNS, thus
changing the expression of cholesterol pathways. The
specific mechanisms through which these changes occur
need to be further investigated.

The “inflammation hypothesis of AD” implicates micro-
glial activation and long-term inflammation in initiation of a
proinflammatory cascade. The release of inflammatory cyto-
kines is hypothesized to bring about degenerative changes in
neurons and further microglial activation (Akiyama et al.
2000). Recent studies have shown that a CD45 deficiency
brings about an increase in Aβ oligomers (Zhu et al. 2011),
as CD45 is an marker for microglial activation (Stein et al.
2007). The increase in CD45 due to the PDFM treatment
may play a role in immune mediated reduction of Aβ
accumulation.

The results of the behavioral test support our hypoth-
esis that the immune response generated by the DC
Vaccine provides a level of protection, seemingly equal
to the vaccine and adjuvant used in AN-1792 without
the inflammatory response. Vaccinated PDAPP mice
performed better on the cognitive function tests than
their untreated counterparts, indicating the vaccine
slowed AD pathology. This vaccine shows promising
results in Aβ therapy for AD. Most other problems
faced by this vaccine in treatment of AD are problems
that will be faced by all Aβ directed therapies. It has
been suggested that Aβ clearance may not correlate
well with cognitive benefits. If this is found to be the
case, Aβ therapy may be used in conjunction with
another type of therapy. Furthermore, combined with
an early biomarker and advanced diagnostic techniques,
this vaccine can provide protective value before the
onset of cognitive decline.

Conclusion

Our vaccine combines two desirable traits for an Alz-
heimer’s vaccine, the ability to produce a strong antibody
response using the T-cell epitope and avoidance of a Th1
inflammatory reaction. This study shows the protective ef-
fect of DC vaccines functions through multiple pathways,
including the LXR/ABCA1 pathway. Moreover, this vac-
cine may be used for both the prevention and treatment
method of AD. Coupled with biomarkers for early identifi-
cation of at risk individuals, this treatment may help lower
the incidence of AD in the future.
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