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Abstract
As a neurodegenerative disorder, Alzheimer disease (AD) is the most common form of dementia
found in the aging population. Immunotherapy with passive or active immunizations targeting
amyloid beta (Aβ) build-up in the brain may provide a possible treatment option and may help
prevent AD from progressing. A number of passive immunizations with anti-Aβ42 antibodies are
in different phases of clinical trials. One active immunization approach, AN-1792, was stopped
after the development of autoimmune encephalitis in 6% of patients and a second one, CAD106,
in which a small Aβ epitope is used, is currently in safety and tolerability studies. Besides active
immunizations with proteins or peptides, active immunizations using DNA which codes for the
protein against which the immune response will be directed, so called genetic immunizations,
provide additional safety as the immune response in DNA immunizations differs quantitatively
and qualitatively from the response elicited by peptide immunizations. In this review, we
summarize our data using DNA Aβ42 immunizations in mouse models and discuss the results
together with the results presented by other groups working on a DNA vaccine as treatment option
for AD.
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The concept of immunotherapy as a treatment option for AD
Alzheimer disease (AD) is the most common form of age related dementia and it is
estimated that worldwide nearly 36 million people have AD. Within the United States, AD
is the 6th leading cause of death. Currently, no cure has been found for this disease and only
symptomatic treatment options are available.

The pathologic features of extracellular amyloid plaques and intraneuronal neurofibrillary
tangles are considered hallmarks for a definitive identification of this disease, which is only
possible post-mortem. AD pathogenesis has been strongly associated with the accumulation
and aggregation of amyloid beta (Aβ) peptides in the brain. It has been documented in a
triple transgenic mouse model of AD that Aβ accumulation precedes the development of
neurofibrillary tangles [1, 2]. Twenty years ago the amyloid cascade hypothesis was
formulated, which postulated that Aβ deposition is the initial event in the multifactoral
pathogenesis of AD [3–5]. There is significant evidence that Aβ peptides play a major role
in the onset and progression of AD [6, 7]. Important findings showing that Aβ42 may not
only serve as a marker, but may contribute to the development of AD came from a genetic
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study in Iceland. In this study, a single mutation (A673T) within the AMYLOID
PRECURSOR PROTEIN (APP) gene resulted in a 40% reduction of the β-secretase
cleavage product of APP: Aβ1–42; and carriers of this rare mutations were protected against
developing AD [8].

Outcomes from a recently approved clinical trial to prevent AD will provide important
information whether the amyloid hypothesis is valid in this regard. In this study, cognitively
healthy patients who carry a Presenilin 1 genetic mutation and are highly likely to develop
AD at around 45 years of age will be passively vaccinated with a humanized monoclonal
antibody (Crenezumab). The antibody will binds to Aβ42 and likely interfere with formation
of amyloid plaques and thus disease progression (New York Times, May 15, 2012, and [9]).
This particular antibody is a non-inflammatory Th2 type antibody of the IgG4 isotype [10],
very similar to the IgG1 antibody isotype we find after DNA Aβ1–42 immunizations in
mice in our model.

Two other large clinical trials using passive immunization with monoclonal antibodies
recognizing Aβ42, Bapineuzumab (Elan, Pfizer, Johnson&Johnson ) and Solanezumab (Eli
Lilly and Company) have failed to achieve the projected results. Main outcomes from the
Bapineuzumab study were slight differences for CSF Tau but not for CSF Aβ between
treatment and placebo groups [11]. Solanezumab showed no clinical benefit of therapy at
twelve weeks (12). However, a later report in the media indicated clinical benefit and mild
effects in patients with early AD[New York Times, July 24, 2012]. At present, clinical trials
using Bapineuzumab have ended (New York Times, July 24, 2012), whereas trials using
Solanezumab are still ongoing. The concept in using anti-Aβ antibodies has also been the
basis for another small clinical trial in which patients received the injection of intravenous
immunoglobulins (IVIG). This study was based on the hypothesis that IVIG contains
naturally occurring auto-antibodies (nAbs-Aβ) that specifically recognize and block the
toxic effects of Aβ and showed positive results [13, 14].

Alzheimer therapy must begin before symptoms become apparent. In a recently published
longitudinal study it was found that the Aβ42 concentrations in CSF decline 25 years before
the onset of clinical symptoms indicating that Aβ deposition in brain has had begun; and
using positron-emission tomography with fibrillar Aβ specific Pittsburgh compound B, Aβ
deposition becomes visible as early as 15 years before the onset of symptoms [15]. To
establish a better time frame as to how early treatment must be started for effective
prevention of Alzheimer disease, three new trials will investigate this question. Participants
in the DIAN (Dominantly Inherited Alzheimer Network) study, which is currently enrolling
subjects, are carriers of genetic mutations predisposing them to develop AD at early age, as
are the participants of the Alzheimer Prevention Initiative (API) members of an extended
FAD family in Columbia. A third study, Treatment of Asymptomatic Alzheimer (A4), will
focus on patients who are not carriers of gene mutations but whose brains already display
signs of Aβ accumulation [16].

Besides passive vaccination, where patients receive injections of the antibody itself; active
immunization, in which antibodies are produced by the individual upon contact with the
antigen have great potential for preventive AD therapy. The benefits of immunizations
targeting Aβ peptide and the production of Aβ antibodies respectively were first shown in
animal models, in which mice transgenic for human APP were immunized with Aβ1–42
peptide [17, 18]. This mouse model resembles the human disease with the formation of
amyloid plaques in cortex and hippocampus and immunization with Aβ1–42 peptide did
indeed reduce senile plaque counts and improved cognitive behavior in the treated animals
[18–20]. Based on these findings a clinical trial was started in which AD patients received
Aβ1–42 peptide immunizations. However, this trial came to an abrupt end when 6% of
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participants developed meningoencephalitis, apparently due to an inflammatory Th1 auto
immune response targeting the self antigen Aβ in brain [21, 22]. A clinical follow-up
showed that the immunization with Aβ42 peptide led to a reduction in plaque load in
patients who had been treated with Aβ42 peptide compared to the placebo control patients,
thus providing proof for the possibility of amyloid removal by immunotherapy [23].
Furthermore, other positive functions of Aβ immunotherapy have been directly associated
with anti-Aβ42 antibodies in additional studies. In the AD mouse model it was shown that
removal of Aβ42 depositions in brain with antibody therapy preserves synaptic structures
and improves neuron morphology, and these positive effects were attributed to the
antibodies only [24, 25].

A new study using active Aβ immunization in Swedish AD patients has recently been
published [26]. This vaccine, CAD106, consists of a B cell epitope peptide, Aβ1–6, which is
coupled to a carrier protein displaying a second protein, 180 copies of a bacteriophage coat
protein, to provide T cell help for the anticipated immune response. This study was
performed to provide safety, tolerability, and antibody responses to this particular vaccine,
and the outcome showed a positive antibody response in most patients and no signs for
adverse autoimmune inflammation were noted. Data from this study are limited and longer
lasting studies with more patients are needed but due to the lack of negative side effects this
study will progress into a phase 2 study and is ongoing [26].

Mechanisms of how Aβ42 specific antibodies lower the amyloid burden in
brain

The answer to this very important topic can be addressed only hypothetically as it has not
been shown which mechanism is predominantly used, and there will likely be more than one
which is used. In general, it is believed that there are three major pathways of antibody
action to remove excess amyloid peptides from the brain: First, the antibody can bind
directly to the Aβ peptides and thereby lead to dissociation of the amyloid fibrils and
neutralization of neurotoxic Aβ oligomers. Second, the antibody can bind the amyloid
plaque leading to Fc-receptor mediated phagocytosis by brain microglia; the Aβ specific
antibody opsonizes the Aβ fibrils for removal via cellular immune mechanisms. Lastly, the
antibody does not enter the brain but binds to Aβ in the plasma and is thus leading to a
concentration gradient producing a net efflux of amyloid from the brain. This mechanism is
called the peripheral sink mechanism. It is highly likely that all of these mechanisms play a
role in the beneficial action of Aβ specific antibodies. A recent study showed sustained
binding of Aβ42 specific antibodies to brain areas with high amyloid levels in an AD mouse
model (27) and preliminary findings from our laboratory are also in support of the direct
antibody binding to plaques in brain of Aβ42 immunized mice (unpublished).

The role of Aβ42 specific T cells in immunotherapy
Much less is known about the action of Aβ specific T cells in Alzheimer disease or their
influence in immunotherapy. It has been shown that increased levels of Aβ42 specific T
cells can be found in elderly patients with AD as well as in patients without any symptoms
for AD and still these T cells were present without any previous immunization [28]. There is
also strong evidence that the meningoencephalitis found in patients which had received the
active Aβ42 peptide immunizations was caused by a Th1 inflammatory T cell response
targeting the self antigen Aβ in brain [29]. It is clear that this auto-inflammatory T cell
response has to be avoided in order to increase the safety for an active immunization
protocol. Conversely, T cell help is needed to mount an effective antibody immune
response. Without T cell help, there is no antibody isotype switching and no somatic
hypermutation to create high affinity antibodies which are needed to optimize an effective
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Aβ clearance. Furthermore, regulatory T cells have an enormous effect on the down
regulation and contraction of an expanding T cell response and these cells are also clearly
needed. Thus far, Aβ42 specific T cells have not yet been studied in detail, and their
contribution to the progression and/or regulatory effects on the prevention of an autoimmune
inflammation directed to Aβ42 in brain are unknown. It is possible that polymorphisms in
TCR V gene usage in AD patients might contribute to differences in the clearance and
turnover processes of amyloid beta from brain, substantiating the clinical relevance of this
topic.

DNA Aβ42 vaccination as a safe and effective alternative
Anti-amyloid immunotherapy for AD harbors the danger of an inflammatory autoimmune
response targeting the self-antigen Aβ42 in brain, and this has happened in a clinical trial
with Aβ42 peptide immunization (AN1792). To find a safer preventive therapy, many of us
are studying the immune response following a DNA based immunization approach, in which
the immunizing agent is DNA encoding Aβ1–42 [29–36]. DNA immunization via gene gun
injections into the skin results in a strongly polarized immune response which greatly differs
from a peptide generated immune response. Previously, it has been shown that Aβ42 DNA
vaccination via gene gun generates a Th2 cellular immune response [ 30, 33, 36, 37]. We
have also demonstrated that in-vitro T cell proliferation in response to Aβ1–42 peptide re-
stimulation was absent in full-length DNA Aβ42 trimer immunized mice when compared to
Aβ1–42 peptide immunized mice, thereby supporting the safety of this approach [38, 39].

Our report on gene gun mediated DNA Aβ42 immunization with a constitutive promoter
which induced a good antibody response against Aβ42 peptide in BALB/cJ mice [30] was
the first to show that it is possible to use this methodology as an alternative to Aβ42 peptide
immunization. In these studies, we have used one copy of the Aβ1–42 sequence in a plasmid
vector in which the transcription and translation was driven by a CMV promoter. With the
same plasmid system we further demonstrated that prophylactic DNA Aβ42 immunization
in APPswe/PS1ΔE9 transgenic mice reduced the brain Aβ42 plaque load by 42% and that
DNA immunization with this human Aβ42 sequence also lead to good antibody production
in one monkey we have tested [31, 32]. The humoral response to DNA Aβ1–42
immunization was substantially improved when we started to use a binary Gal4/UAS system
in combination with a novel Aβ1–42 trimer construct [33]. This binary system is comprised
of a two plasmid system, which were injected into the skin via particle bombardment with
the gene gun simultaneously. One plasmid codes for the DNA Aβ1–42 trimer (responder
plasmid) and the other plasmid codes for the transcription factor Gal4 (activator plasmid),
which drives the transcription of DNA Aβ1–42 trimer due to binding of Gal4 to an upstream
UAS/Gal4 response element (Figure 1, from JAMA 2009 [38], with permission). Trimeric
Aβ42 highly improved immunogenicity when compared to its monomeric forms [33]. Using
this second generation DNA Aβ42 vaccine we compared the immune responses to DNA and
Aβ1–42 peptide immunization side by side in a wild-type mouse model which clearly
showed the characteristic features of genetic immunizations [38]. While we found a mixed
Th1/Th2 (IgG1/IgG2a) antibody immune response in the Aβ42 peptide immunized mice
with production of IFNγ and IL-17 indicative of a Th1 cellular immune reaction, the Aβ42
trimer DNA vaccination of wild-type mice resulted in sufficient antibody levels with a
strongly polarized Th2 bias (IgG1 antibodies only) and no accompanying inflammatory T
cell response (Figure 2, adapted from Cell. Mol. Neurobiol., Lambracht-Washington et al.
2011 [39]). Different from other Aβ42 DNA vaccine approaches in which only parts of the
Aβ peptide were included in the respective plasmid sequences to avoid a possible harmful
Th1 T cell response [35, 37, 40–42], the Aβ1–42 trimer we used is full-length and contains
both, B- and T-cell epitopes. T cell help is needed at the early stages of the immune response
to maintain and further the humoral immune response. From our findings, we speculate that
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T cells were reduced to levels below detection at the time of the cellular recall experiments,
but T cells were clearly present in the DNA Aβ42 trimer immunized mice at earlier
immunization time points as shown with the antibody isotype switch to IgG1 at two and
three immunization time points [39]. It is possible that DNA Aβ42 immunization induces a
regulatory T cell response which is the reason for the low level of Aβ42 specific T cell
reactivity in our mouse models [43, manuscript in preparation].

The antibody production in response to DNA immunizations is much lower compared to
antibody levels which can be obtained following peptide or protein immunizations with the
respective antigen. To overcome this significantly lower antibody production, so called
prime-boost regimens have been shown to be highly effective [34, 37, 44]. The antigen is
applied via different routes and immunization sites: The first immunization initiates the
immune response and subsequent heterologous immunizations (via different routes) lead to
further expansion of antigen specific cells with a selection of cells with high antigen avidity
to boost the specific responses [45]. For further studies on the effectiveness of the DNA
Aβ1–42 trimer immunization protocol, we analyzed two different boost regimens: The
peptide boost of a DNA primed immune response and the DNA boost of a peptide primed
immune response. We believe this to be the first time that a DNA boost has shown such a
strong effect on the immune response. While both appear to be effective to increase the
antibody responses; we found about 350 μg of Aβ42 specific antibody per ml plasma in the
DNA prime/peptide boost groups and 250 μg/ml of plasma in the peptide prime/DNA boost
groups, marked differences were observed in regard to the antigen specific cellular immune
response. Consistent with previous results we did not find Aβ42 specific T cell proliferation
or the production of inflammatory cytokines in mice which have received the peptide prime/
DNA boost regimen. The latter immunization regimen, the DNA boost, influenced strongly
the cellular immune reaction. Thus, a benefit from this vaccination approach (peptide prime/
DNA boost) may lay in the down regulation of a T cell response which could otherwise lead
to the complication of an inflammatory auto immune response in any immunotherapy
approach using a self antigen [46].

Plans to test the DNA Aβ42 Vaccine in Human Subjects
In 2009, the United States Patent and Trademark Office (USPTO) issued a patent for
“Amyloid β Gene Vaccines” to the University of Texas Southwestern Medical Center at
Dallas for our development of this vaccine and listed one of this paper’s authors (R. N.
Rosenberg) as an inventor of the vaccine. The patent indicated that our vaccine was a new
concept and provided new technology that could be developed into a clinically beneficial
method of immunotherapy for Alzheimer disease. In 2011, the University licensed the
vaccine’s technology to a Dallas company to raise funds to complete pre-clinical studies
required by the Food and Drug Administration (FDA), as outlined to us by the FDA in 2010,
and also to obtain an Investigational New Drug License from the FDA to conduct a Phase 1
clinical trial for safety, toxicity and tolerability.

The phase 1 clinical trial would test the vaccine for safety, toxicity and tolerability in
asymptomatic 70 year old subjects who were accumulating amyloid as measured by non-
invasive positron emission tomographic (PET) brain scans utilizing F-18 florbetapir [47].
Subsequently, a clinical benefit of the DNA Aβ42 vaccine would be tested in a phase 2
clinical trial in asymptomatic 70 year old subjects and the surrogate endpoint would be
evidenced by a rate and amount of amyloid accumulation being reduced in treated versus
control subjects using PET scanning. A phase 3 clinical trial would measure clinical benefit
in asymptomatic 70 year old subjects by showing a slowing of deficits or improvement on
neuropsychological test scores and also slowing or reduction in amyloid accumulation in
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brain using PET scanning with F-18 florbetapir. These are our current plans to test the
vaccine for safety and efficacy in human subjects.

The DNA Aβ42 vaccine has the potential to safely delay the onset, slow the rate of
progression or even possibly prevent AD. In contrast from Aβ42 peptide immunization, our
recent results indicate the DNA Aβ42 vaccine produces high levels of non-inflammatory
Th2 anti-Aβ42 antibodies, down regulates T cell proliferation after providing initial T cell
help for IgG antibody production by B cells which is leading to the prevention of potential
inflammatory T cells from transiting through brain. Furthermore, it shows no cytotoxic CD8
T cell proliferation and no production of the inflammatory cytokines IL-17 and INFγ. Our
recent finding that Aβ42 peptide prime-DNA Aβ42 boost resulted in significant increases in
anti-Aβ42 antibody and still down regulated later T cell proliferation offers a vaccination
approach that may be even more effective than DNA Aβ42 vaccination alone [46].

It is our view that the DNA Aβ42 vaccine represents an immunotherapeutic approach that
needs to be tested following passive anti-Aβ42 vaccination, assuming that passive
immunotherapy which is currently tested in several clinical trials can be shown to be
effective and safe in delaying the progression or preventing AD from developing by at least
5 years. Active DNA Aβ42 vaccination compared to passive antibody infusion is less
expensive and easier to administer to large populations at risk for AD, which will be
identified by serum bio-markers, including PET brain scanning.

We are entering a new phase of treating AD by identifying at risk persons for AD utilizing
bio-markers and the surrogate endpoint of amyloid accumulation with amyloid scanning.
Identifying persons at risk for AD years before the onset of symptoms offers the best
opportunity to prevent AD from occurring and active vaccination with the DNA Aβ42
vaccine may be an important method to provide clinical benefit.
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Figure 1.
(with permission from JAMA, Lambracht-Washington et al., 2009, (38)) Constitutive
expression of the GAL4 transcription factor is driven by a cytomegalovirus (CMV)
promoter on the activator plasmid. The GAL4 protein binds as a homodimer to the
responder plasmid at sites in the upstream activator sequence (UAS), as part of a minimal
promoter. GAL4 binding drives transcription of the β-amyloid1–42 (Aβ42) trimer sequence
that has been cloned into a DNA fragment between an adenovirus E3 (early region 3) leader
sequence and an endosomal targeting sequence derived from the mouse major
histocompatibility complex class II gene H2-DM. The endosomal targeting sequence is in
directing the messenger RNA (mRNA) transcript to the endoplasmic reticulum for protein
synthesis and secretion. The simian virus 40 (SV40) polyadenylation (PolyA) sequence on
both the activation and responder plasmids stabilizes the respective mRNA transcripts.
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Figure 2.
(adapted and with permission from Cell. Mol. Neurobiol., Lambracht-Washington et al.,
2011 (39))
A) Anti-Aβ42 antibody production in response to Aβ42 peptide and DNA Aβ42 trimer
immunization: Shown were OD readings for six immunization time points from three mice
immunized with peptide (black circles) or DNA Aβ42 trimer (open circles). Antibody
isotypes (IgG1, IgG2a, IgG, IgM) were indicated on the x axis. DNA Aβ42 immunization
resulted in a strong polarized immune response with the production of IgG1 antibodies only.
Aβ42 peptide immunized mice had a mixed immune response with similar levels of IgG1
and IgG2a antibodies. B) Proliferation of CD4 and CD8 T cells from six times immunized
mice (Aβ42 peptide and DNA Aβ42 trimer) as assessed by CFSE dilution. Percentage of
cell proliferation was analyzed in the life cell gate, followed by further gating on CD4 and
CD8 positive cells and compared for the medium control and the Aβ42 peptide re-stimulated
cell cultures. The left hand side of the graphs shows CD4 (black diamonds) and CD8 (open
diamonds) T cell proliferation from Aβ42 peptide immunized mice, the right hand side of
the graphs shows CD4 and CD8 T cell proliferation from DNA Aβ42 trimer immunized
mice. Pooled splenocytes from three mice each were analyzed in triplicates for proliferative
responses after in-vitro re-stimulation with Aβ1–42 and Aβ10–26 peptides and compared to
medium controls. DNA Aβ42 immunized mice showed no Aβ42 specific CD4 or CD8 T
cell proliferation after six immunization time points, whereas splenocytes from Aβ42
peptide immunized mice showed both, increased CD4 and CD8 T cell proliferation.
C and D) ELISPOT analysis for the pro-inflammatory cytokines IFNγ and IL-17: Pooled
splenocytes from three Aβ42 peptide immunized mice and three DNA Aβ42 trimer
immunized mice (1, 3 and 6 immunization time points, 1 x, 3 x, and 6 x as indicated below
the y axis) were analyzed in triplicates for cytokine secretion after in-vitro re-stimulation
with Aβ1–42 and Aβ10–26 peptides and compared to medium controls. Black bars indicate
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Aβ42 peptide immunized mice; white bars indicate DNA Aβ42 trimer immunized mice.
DNA Aβ42 immunized mice produced very little IFN and no IL-17 after in-vitro re-
stimulation with Aβ peptides, while Aβ42 peptide immunized mice showed with the
immunization time points increasing numbers of IFNγ producing cells and a very high
number of IL-17 producing cells (indicative of a Th17 T cell immune response) after six
immunizations.
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