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Abstract
Immunotherapy holds great promise for Alzheimer's disease (AD) and other conformational
disorders but certain adverse reactions need to be overcome. Prior to the side effects in the first Elan/
Wyeth AD vaccine trial, we proposed using amyloid-β (Aβ) derivatives as a safer approach. The
route of administration may also affect vaccine safety. To assess the feasibility of oral immunization
that promotes mucosal immunity, Tg2576 AD model mice were treated prophylactically three times
over 6 weeks starting at 3−5 months of age with a Salmonella vaccine expressing K6Aβ1−30. At 22
−24 months of age, cortical Aβ plaque burden and total Aβ40/42 levels were reduced by 48−75% in
the immunized mice compared to controls, which received unmodified Salmonella. Plaque clearance
was not associated with increased microglial activation which may be explained by the long treatment
period. Furthermore, cerebral microhemorrhages were not increased in the treated mice in contrast
to several passive Aβ antibody studies. These results further support our findings with this
immunogen delivered subcutaneously, and demonstrate its efficacy when given orally which may
provide added benefits for human use.
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INTRODUCTION
Immune modulation to clear Aβ is a promising therapy for AD, and is based primarily on
studies showing that immunization with aggregated Aβ1−42 reduces Aβ plaque burden and
associated pathology in mouse brains [58]. Prior and subsequent studies indicated that this
effect was likely to be antibody-mediated [6,7,15,16,38,64,66,67], and resulted in cognitive
improvements [17,30,36,45]. Following and during these promising mouse studies, clinical
trials were initiated using aggregated Aβ1−42 along with QS-21 adjuvant that promotes
cytotoxic T-cell responses [31]. These trials were subsequently halted because of
meningoencephalitis observed in a small subset of patients [50,57]. The clinical symptoms,
when they occurred, and subsequent histopathological analysis in two patients indicated that
the encephalitis was T-cell mediated directly related to the vaccination, caused by the antigen
and/or adjuvant and probably not related to the Aβ antibodies per se [18,49,50]. However,
positive preliminary findings have emerged from this trial, and refinement of this approach is
currently underway. Four autopsies from the trial have shown plaque clearance but vascular
amyloid and tau pathology remained [18,43,48,49]. Two of the four autopsy subjects did not
develop encephalitis, indicating that reduced amyloid burden is not a consequence of brain
inflammation. Regarding cognitive improvements, in the Zurich cohort there was a positive
correlation between the presence of antibodies that recognized Aβ in tissue sections [26] and
a less pronounced cognitive decline [27]. Also, a report from the Phase I study of AN-1792
showed less decline in a cognitive test compared to untreated age-matched controls [8]. In the
larger Phase IIa trial, z-score analyses across the neuropsychological test battery indicated that
the antibody responders differed from the placebo subjects [22]. However, a recent report on
additional subjects from the Phase I trial indicated that substantial or complete removal of
plaques did not prevent progression to a severe end-stage dementia at the time of death [28].
Overall, these preliminary findings on cognitive effects and Aβ clearance in the human trials
suggest that targeting Aβ for clearance may have limited effect once cognitive impairments
are evident. However, prophylactic treatment to clear Aβ prior to irreversible neuronal damage
is likely to be more efficacious. Furthermore, as the other major hallmark of AD, pathological
tau protein, correlates better with the degree of dementia than Aβ deposition [3,74], targeting
it may provide more benefits at later stages of the disease [4,63].

Prior to the side effects in the AN-1792 trial, we raised concerns about administering full-
length Aβ1−42 in humans, and we advocated the use of adjuvants that favor a Th2 response
promoting antibody production instead of a Th1 response which mediates a cytotoxic T-cell
response [66]. The primary objective in designing our Aβ derivatives was to maintain antibody
epitopes while reducing their β-sheet content compared to Aβ to eliminate direct toxicity and
amyloid seeding potential. These modifications also altered or removed potential T-cell
epitopes. Interestingly, recent findings in the prion field indicate also that immune responses
to β-helical structures appear to involve more the Th2 pathway whereas β-sheet conformation
favors Th1 activation [32]. Our initial report was on K6Aβ1−30 which contains 6 lysines to
increase immunogenicity and reduce β-sheet propensity. This peptide elicited a similar
antibody response as Aβ1−42 in mice which resulted in a comparable therapeutic efficacy
[66]. Our subsequent findings with this and other Aβ derivatives that elicit a variable antibody
response indicate that a robust immune response towards Aβ is not needed to improve cognition
[5,59,64]. We have now observed that these Aβ homologs are safe in lemur primates
(Microcebus murinus), and we are currently evaluating the efficacy of K6Aβ1−30 in older
lemurs in preparation for future human trials [70,71].

The immune response also depends on the route of administration which may affect vaccine
safety. Salmonella-based vaccines contain various strains of attenuated Salmonella that are
well tolerated, can be administered orally to promote mucosal immunity [41,44,51], and are
being assessed in humans [20,40,47,68]. We have previously reported on the effectiveness of
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a Salmonella-PrP-based vaccine to prevent prion infection [23,24]. Here we report that oral
administration of a different strain of Salmonella vaccine, that expresses 4 copies of the non-
fibrillogenic Aβ derivative K6Aβ1−30, prevented cognitive decline and reduced brain amyloid
burden in Tg2576 AD model mice. These results confirm our previous findings with this and
related immunogens delivered subcutaneously [5,64,66], and demonstrate its efficacy when
given orally prophylactically which may be beneficial for human use.

MATERIALS AND METHODS
Peptide

K6Aβ1−30-NH2 and Aβ1−40 were synthesized at the Keck Foundation at Yale University, as
described previously [66]. This Aβ derivative maintains the two major immunogenic sites of
the Aβ peptide, which are residues 1−11 and 22−28 of Aβ1−42 [29]. The peptide is amidated
on the C-terminus to maintain the immunogenicity of that epitope. The 6 lysyl residues on the
N-terminus were added to enhance immunogenicity and further reduce β-sheet content. Both
peptides were used for coating ELISA plates to determine antibody response towards the
vaccine.

Salmonella Vaccine Construct
The construction of the SL3261 strain of the Salmonella typhimurium vaccine was performed
in a similar manner as has been previously described for Salmonella typhimurium aroC LVR01
by Chabalgoity et al. [12,13]. Plasmid pTECH2 was used as has been described [34]. It allows
the expression of multiple tandem copies of a foreign antigen as a C-terminal fusion to the non-
toxic fragment C of tetanus toxin (TetC). The construction of the K6Aβ1−30 expression vector
was as follows. The full length coding sequence of K6Aβ1−30 was custom synthesized (Sigma
Genosys, Woodlands, TX). Forward and reverse primers were tailored with BamHI and SpeI
respectively to allow directional cloning into pTECH2. The construction of TetC fusions
comprising two tandem copies of K6Aβ1−30 was done as previously described for a different
immunogen [11]. Briefly, aliquots of the recombinant fusion vector were simultaneously
digested with both XbaI and PstI, or with SpeI and PstI. Each digest generated two restriction
fragments from which the fragment containing the Aβ peptide sequence was purified. The
overhangs generated by XbaI and SpeI are compatible, but the recognition sites for both of
these enzymes are destroyed upon ligation. Thus, the XbaI and SpeI sites flanking the Aβ
peptide sequence remain unique and the procedure can be serially repeated, doubling the copy
number of the peptide with each cycle. The plasmid constructs encoding four copies of
K6Aβ1−30 was introduced into the SL3261 strain of Salmonella typhimurium by
electroporation. Increasing the copy number increases the immune response to the expressed
protein [11,33]. The expression of K6Aβ1−30 by the Salmonella strain was assessed by SDS-
PAGE and Western blotting using anti-Aβ monoclonal 6E10 (courtesy of Richard Ksacsak,
IBRDD, Staten Island) and standard procedures.

Mice and Vaccine Administration
Animal experimentation was performed in accord with institutional guidelines under an
IACUC approved protocol. Tg2576 AD model mice were vaccinated by oral gavage at the age
of 3−5 months with SL3261 Salmonella vaccine strain that contained the pTECH plasmid that
expressed 4 copies of K6Aβ1−30 (11 females and 10 males). Control mice received the
unmodified Salmonella strain (11 females and 10 males). Age-matched wild-type mice served
as additional controls (2 females and 12 males). A second and third inoculation was
administered 2 and 6 weeks after the first vaccination. During the course of the experiment,
12 treated Tg and 15 control Tg died and their brains could not be collected for analysis. In
contrast, all the wild-type mice survived until the end of the study. At 22−24 months of age,
the animals were perfused and their brains removed for analysis (Tg controls: 6 females; Tg
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vaccinated: 8 females and 1 male). Additional controls were wild-type littermates (n=14,
controls: 4 males; immunized: 8 males and 2 females).

Antibody Response
The mice were bled prior to vaccination (T0), one week after the third inoculation (T1) and at
the end of the study (Tfinal). IgG, IgM and IgA antibody levels were determined in plasma at
1:200 dilution by using ELISA as we have described previously [66], in which Aβ1−40 or its
derivative K6Aβ1−30 were coated overnight at 4°C onto microtiter wells (0.5 μg/100 μl/well
in TBS with 0.1% Tween-20 (TBS-T); Immulon 2HB, Thermo Electron Corp., Milford, MA).
Additionally, IgG and IgA antibody response against Salmonella typhimurium
lipopolysaccharides (LPS) was determined in plasma at 1:50 dilution (in 0.1% BSA in PBS-
T) as we have described previously [23], in which plates were coated with S. typhimurium LPS
(Sigma Aldrich, St. Louis, MO) in Reggiardo's buffer with 0.1% deoxycholate (0.5 μg/50 μl/
well overnight at 37°C in a moist chamber). The antibodies were detected by a goat anti-mouse
IgG (Amersham biosciences, Piscataway, NJ), goat anti-mouse IgM (u-chain specific, Sigma-
Aldrich), or goat anti-mouse IgA (α-chain specific, Sigma Aldrich) all linked to a horseradish
peroxidase, and tetramethyl benzidine (TMB; Pierce, Rockford, IL) was the substrate. Data is
presented for all the transgenic mice that survived until the end of the study (5 controls and 9
vaccinated). The mice that died during the study had a similar immune response (data not
shown) as those that lived.

Western blot
For assessment of constructs, aliquots of Salmonella containing the constructs – pTECH-
(K6Aβ1−30) ×2 or ×4 were loaded onto gel, electrophoresed and electroblotted onto a
nitrocellulose membrane. The membrane was then blocked with 5% nonfat dried milk in 50
mM phosphate/150 mM NaCl/0.1% Tween 20 pH 7.2 (PBS-T), and then incubated overnight
at 4°C with 1:1500 6E10 (mouse monoclonal IgG anti-Aβ) in PBS-T. Subsequently, the
membranes were incubated for 2 h with 1:3000 horseradish-peroxidase (HRP) conjugated
sheep anti-mouse antibody (Amersham) or 1:2000 HRP-goat anti-rabbit antibody
(Amersham), and developed (ECL, Amersham).

Histology
The mice were anesthetized with ketamine/xylazine (250 mg/50 mg per kg body weight, i.p.),
perfused transaortically with phosphate buffered saline, and the brains processed as described
previously [62,65]. The brain was immersion-fixed in 2% periodate-lysine-paraformaldehyde.
Serial coronal sections (40 μm) were cut, and every fifth section (30−40 sections in total) was
stained with 6E10, a monoclonal antibody that recognizes Aβ and stains both pre-amyloid and
Aβ plaques [35]. Staining was performed as described previously [56,62,64]. Every tenth
section (15−20 sections in total) was stained with tomato lectin (Vector Laboratories,
Burlingame, CA) or with Perl's iron stain. Tomato lectin binds to poly-N-acetyl lactosamine
residues and in neural tissue it has specific affinity for microglial cells [1]. Those cells are
associated with Aβ deposits. Perl's iron stain allows detection of cerebral bleeding.

Immunohistochemistry—Immunostaining was performed as described previously [62,
66]. Briefly, sections were incubated in 6E10 at a 1:1000 dilution for 3 h. A mouse-on-mouse
immunodetection kit (Vector Laboratories, Burlingame, CA) was used, with the biotinylated
anti-mouse IgG secondary antibody reacted for 1 h at a 1:2000 dilution. The avidin-peroxidase
complex was subsequently reacted for 30 min at the same dilution. The same procedure without
primary antibody was used to assess the presence of IgG in Aβ plaques. Tomato lectin staining
was performed as described [66] with a 2 h incubation (biotinylated tomato lectin: 10 μg/ml
PBS; Vector) followed by 1 h reaction in avidin-horseradish peroxidase (Vector). The sections
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were reacted in 3,3-diaminobenzidine tetrahydrochloride (Sigma) with nickel ammonium
sulfate (Ni; Mallinckrodt, Paris, KY) intensification.

Iron Staining—Perl's iron stain was performed to detect cerebral bleeding by placing defatted
and hydrated sections in a solution containing 5% potassium ferrocyanide and 10%
hydrochloric acid for 30 min as we have described previously [5]. The slides were then rinsed
in distilled water, and the sections were dehydrated, cleared in Hemo-De, and coverslipped.
This same method was used in three previous reports that showed that passive immunization
against Aβ increased the frequency of microhemorrhages in AD model mice [53,54,73].
Diamino benzidine intensification of the iron staining, which is useful for detecting low levels
of iron in Aβ plaques, did not appear to improve sensitivity for detecting the microhemorrhages
and was, therefore, not employed. To verify that our methodology would allow us to detect
increases in hemorrhages, positive controls were used. These mice had brain hemorrhages that
were caused by intracerebral cannula placement. These hemorrhages were more extensive than
the microhemorrhages observed in the Tg mice.

Image analysis—Immunohistochemistry of tissue sections was quantified with a Bioquant
image analysis system (BIOQUANT Image Analysis Corporation, Nashville, TN), and
unbiased sampling was used [72], as we have described [5,64,66]. All procedures were
performed by an individual blinded to the experimental condition of the study. The cortical
area analyzed was dorsomedial from the cingulate cortex and extended ventrolaterally to the
rhinal fissure within the right hemisphere. The area of the grid was 800 μm2 × 800 μm2, and
Aβ deposit load was measured in 20 cortical frames per mouse (640 × 480 μm2 each) chosen
randomly. The Aβ burden is defined as the percentage of area in the measurement field
occupied by reaction product. For determination of plaque sizes, the numbers in each category
(small: 0.1−50 μm2; medium: 50.01−1000 μm2; large >1000 μm2) are totals from the 20 frames
analyzed.

Rating of microgliosis—The assessment of the tomato lectin (microglia) stained sections
was based on a semi-quantitative analysis of the extent of microgliosis associated with the
Aβ deposits (0, a few resting microglia; 1+, a few ramified and/or phagocytic microglia; 2+,
moderate number of ramified/phagocytic microglia; 3+, numerous ramified/phagocytic
microglia; see [5] for representative images of this rating scale).

Aβ Levels
Extraction of Aβ from brain homogenate was performed as we have described previously in
detail [5]. The ELISA procedure was performed as described by the ELISA kit manufacturer
(Invitrogen; formerly Biosource International).

Statistical Analysis
The data was analyzed by Graph Pad Prism 4.03 (San Diego, CA). Aβ deposit burden and
Aβ levels were analyzed by Student's t-test or Mann-Whitney, its nonparametric equivalent.
Analysis of brain microhemorrhages was performed by Kruskal Wallis non-parametric test (as
the data failed Bartlett's test for equal variances). The tests were one-tailed except the analysis
of microhemorrhages that was two-tailed as it could be expected to be increased (treated Tg)
or decreased (wild-type). Correlation was determined by calculating the Pearson r correlation
coefficient.

RESULTS
Prior to vaccination, expression of 4 copies of K6Aβ1−30 in SL3261 attenuated Salmonella
typhimurium was confirmed on Western blots with 6E10 anti-Aβ antibody (data not shown).
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As commonly observed in this Tg2576 strain, numerous animals died over the course of the
study as indicated in the Method section in which group assignments are detailed. Of the
transgenic (Tg) animals, 3 treated females and 9 treated males as well as 6 control females and
9 control males died during the course of the study, and their brains could not be analyzed. In
contrast, all the 14 wild-type mice survived the study, 10 of which received the control
Salmonella. Importantly, the immunization or the attenuated Salmonella strain per se were not
associated with death as similar numbers of treated and control Tg mice perished during the
study, and all the wild-type mice survived the control inoculation.

Antibody Response
Low plasma levels of antibodies that recognized K6Aβ1−30 or Aβ1−40 were generated in
response to the vaccine (Figure 1). As expected, IgG levels were higher than IgM and IgA
levels and those antibodies preferentially recognized the immunogen K6Aβ1−30 but cross-
reacted with Aβ1−40 to some extent. As detailed in Methods, 4 copies of K6Aβ1−30 were
expressed in the Salmonella as a C-terminal fusion to the non-toxic fragment C of tetanus toxin
(TetC). Random sampling indicated that the mouse immune system was adequately exposed
to the vaccine construct as high levels of IgA antibodies against Salmonella typhimurium
lipopolysaccharides were observed in plasma [Abs. at 450 nm: 1.12 ± 0.10 (1:50 dilution,
arbitrary absorbance value: average ± SEM)]. Random sampling from wild-type mice gave
similar results with respect to Aβ and LPS (data not shown).

Histology and Aβ Levels
Aβ Plaque Burden—Quantitative analysis of cortical Aβ plaque burden at 22−24 months
of age, as assessed by the 6E10 antibody, revealed a 75% reduction in the immunized Tg mice
compared to Tg controls (Figure 2A-C; p<0.01). Plaques of different sizes were reduced to a
similar degree in the vaccinated mice (Figure 2D; 0.1−50 μm2: 54% reduction, p<0.05; 50.01
−1000 μm2: 61% reduction, p<0.01; >1000 μm2, p<0.01, 68% reduction). Amount of vascular
Aβ deposits appeared to be comparable between the groups.

Aβ Levels—Similar treatment effect was observed in total Aβ levels (Figure 3; Aβ40, 52%
reduction, p=0.03; Aβ42, 48% reduction, p<0.01), but soluble Aβ levels were not significantly
altered. Aβ deposit burden and Aβ levels correlated well (total Aβ40, p<0.01; total Aβ42,
p=0.01; soluble Aβ40, p=0.07; soluble Aβ42, p<0.01). Furthermore, total and soluble Aβ42
levels correlated very well (p<0.0001), whereas total and soluble Aβ40 levels did not correlate
significantly.

Microglial Activation—Semiquantitative analysis (rating scale of 0−3+) of microgliosis
associated with the Aβ deposits did not reveal any significant changes between the treated [2.7
± 0.2 (average ± SEM)] and control groups [2.8±0.1]. The plaques were strongly infiltrated by
tomatolectin-positive microglia as we routinely observe in this model (data not shown, [5]).
Also, IgG was not detected in the plaques in either group as assessed by staining with an anti-
IgG antibody.

Microhemorrhages—The immunization-induced clearance of Aβ plaques was not
associated with increase in brain microhemorrhages [iron positive profiles per section: Tg2576
controls = 0.48 ± 0.17 (average ± SEM); Tg2576 vaccinated = 0.39 ± 0.10; Wild-type = 0.09
± 0.03]. As we have previously observed [5], the Tg2576 mice had more iron-positive profiles
per brain section than wild-type animals (Kruskal Wallis, p=0.07), although in the current study
this difference was not quite significant because of variance in the Tg mice.
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DISCUSSION
Our present findings indicate that oral administration of K6Aβ1−30 expressed in attenuated
Salmonella vaccine construct reduces Aβ plaque burden and Aβ levels in Tg2576 mice.
Interestingly, the mice received only 3 inoculations of the vaccine over a 6 week period, starting
at 3−5 months of age and the effectiveness of the vaccine was observed when the animals were
at 2 years of age. As oral vaccines such as those based on attenuated Salmonella strains usually
require only a few inoculations, it was feasible to assess if early prophylactic therapy may
prevent or delay the accumulation of Aβ aggregates at an old age. This approach appears to
have been successful and future studies will determine the efficacy of this type of
immunotherapy when initiated at the cusp of or following the onset of pathology.

Importantly, the levels of antibodies in plasma were very low compared to other adjuvants and/
or different routes of administration (subcutaneous) with this same K6Aβ1−30 immunogen
[5,66]. This limited immune response appears to be sufficient to provide lasting therapeutic
benefit which may provide added benefit for human use as stronger immune response is likely
to be associated with more adverse reactions. This issue is of a particular concern when self-
antigens like Aβ are being targeted. In our initial study with this immunogen, the first report
on an Aβ derivative vaccine, K6Aβ1−30 in Freund's adjuvant reduced Aβ plaque burden in
Tg2576 mice by 81−89% and soluble Aβ1−42 by 57% when administered from 11−18 months
of age [66]. There we suggested that the weaker alum adjuvants should be employed in future
clinical trials as those promote primarily antibody response (Th2) rather than a cytotoxic T-
cell response (Th1). The latter type of immune activation is less appropriate when self antigens
are being targeted. In our subsequent study employing K6Aβ1−30 in alum adjuvant, we
observed 30−37% reduction in Aβ deposit burden and levels in Tg2576 mice treated from 11
−19 months of age [5]. Furthermore, those immunized animals were cognitively superior to
the Tg controls and performed at a similar level as their wild-type littermates. In the current
study, 48−75% reduction in plaque burden and Aβ levels was obtained in the orally inoculated
mice although antibody levels in plasma were very low. However, the prophylactic oral
immunotherapy was initiated at a young age (3−5 months), which is several months before
Aβ deposition occurs in the Tg2576 mice (9−12 months), the age at which therapy started in
the previous two studies with this immunogen [5,66]. A major benefit of the Tg2576 model is
its relatively slow rate of Aβ deposition that mirrors the presumed age of onset in AD, but it
is also its disadvantage. As we detail here and often goes unreported, a large percentage of the
animals, including controls, does not survive up to the 18 to 24 months of age that are needed
for robust plaque deposition, and subsequent analysis.

The degree of microgliosis associated with the Aβ deposits was comparable in the treated and
control Tg groups. This finding is as expected because of the long period between inoculation
(at 3−5 months) and tissue analysis (at 22−24 months), considering as well the modest immune
response against Aβ. Under these conditions, microglia-mediated removal of Aβ deposits
should be very gradual which is preferable. In support of this observation, IgG was not detected
in the plaques. The oral vaccination reduced the number of plaques of different sizes to a similar
degree as we have observed previously with a related but different immunogen, K6Aβ1−30
[E18E19] administered subcutaneously with Freund's adjuvant [64]. In line with gradual
removal of plaques, qualitative assessment indicated that the amount of vascular Aβ deposits
was comparable in the groups. This observation is in agreement with our previous findings
which indicated that active immunization with K6Aβ1−30 in alum adjuvant reduced plaque
burden but the amount of vascular Aβ deposits did not differ between treated and controls
[5]. Acute phagocytic removal of Aβ-antibody complexes and subsequent increase in deposited
vascular Aβ such as can be envisioned after passive immunization with high affinity
monoclonal anti-Aβ antibodies is more likely to be associated with adverse reactions, such as
microhemorrhages.
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The extent of brain microhemorrhages was not increased in the immunized Tg mice compared
to Tg controls, similar to our previous report with the same immunogen, K6Aβ1−30, not
expressed in Salmonella but administered instead with an alum adjuvant [5]. As we have
discussed previously [5], several studies on passive Aβ immunotherapy have reported
increased microhemorrhages that can colocalize with vascular amyloid. This bleeding may be
related to rapid removal of parenchymal Aβ via the vasculature and subsequent vascular Aβ
deposition, as well as caused by a direct immune response to Aβ laden vessels. As our studies
have been prophylactic in nature, and thereby prevented plaque deposition, those cannot be
directly compared to the passive studies that have attempted removal of Aβ deposits in
parenchyma and vasculature. The microhemorrhages in the old mice in the present study may
have been caused by the continuous accumulation of Aβ in the vessel wall as soluble Aβ was
being cleared from the parenchyma. It is also conceivable that vascular amyloid was not
affected by the antibodies although plaque burden was reduced. Initial autopsy data from the
clinical AN1792 trial suggested that Aβ deposited in the vasculature was not being cleared and
the degree of microhemorrhages may have been increased [18,43,49]. More recently, a larger
study focusing on this issue in 20 cases from the trial suggests that Aβ1−42 immunization
caused a transient increase in cerebral congophilic angiopathy and microhemorrhages [9]. It
is not surprising that gentler forms of immunization and prophylactic measures such as ours
that should result in a more gradual clearance of Aβ would not increase the likelihood of this
side effect.

We have previously demonstrated the effectiveness of oral Salmonella-based vaccines in prion
disease [23,24], and this approach is the most effective active vaccination paradigm described
to date to prevent the onset of that disease characterized by spongiform encephalopathy. In
those studies, we used the LVR01 vaccine strain which is confined to the gut mucosa whereas
SL3261 that we used in the current study spreads systemically. The latter strain is more
appropriate to use in AD models as those do not involve entry of infectious agent through the
intestines as in the prion models we employed. Salmonella vaccine strains have been
extensively used in mice to deliver foreign antigens and elicit a mucosal immune response
[40,41,44,51]. This approach has also been successfully used in humans [47,68].

As in our prion studies with the LVR01 strain expressing PrP, the SL3261 strain expressing
K6Aβ1−30 elicited a very low antibody response towards the immunogen. However, in all the
studies, high levels of antibodies were detected against the lipopolysaccharides in the
Salmonella vaccine. Together, these findings indicate that the attenuated Salmonella indicating
that the attenuated Salmonella gained entry through the gut mucosa and it and its expressed
construct were presented to the immune system. We have observed in our previous studies
with this and other Aβ derivatives that a modest antibody response towards Aβ is sufficient to
prevent cognitive decline in AD mouse models [5,64]. Similar findings have been observed
by other investigators. For example, mice have been vaccinated with a phage displaying amino
acids 3 to 6 of the Aβ peptide which resulted in a weak antibody response, promoted clearance
of amyloid deposits [19], and improved cognition [37]. Several additional promising studies
on unaltered Aβ fragments have been described that have the objective to promote antibody
production without cytotoxic T-cell response [2,14,19,21,25,37,39,42,60,61,77]. Phase I clinical
trials, recently initiated on one of these approaches, was halted temporarily because of skin
rashes observed in one individual [69]. It is unclear whether this reaction was related to the
immunogen and/or adjuvant or neither. Other forms of immunotherapies targeting Aβ that may
have less side effects, compared to full length Aβ, include infusions of anti-Aβ antibodies
[7], or the use of proteolytic antibodies that can cleave Aβ [52]. In addition, IVIg that contains
some anti-Aβ antibodies has shown promise in Phase I trials but its mechanism of action may
at least in part be due to its known anti-inflammatory effects [55]. Currently ongoing
immunization trials that target Aβ are three active Phase I trials and five passive trials ranging
from Phase I to III [10,75].
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The effectiveness of other types of oral vaccines expressing Aβ or its fragment has been
reported. One of these vaccines consists of recombinant adeno-associated virus (AAV)
expressing a fusion protein of cholera toxin B subunit and Aβ1−42 [76]. A single administration
of this vaccine induced a modest increase in anti-Aβ IgG in serum of Tg APP/V717I mice that
was reduced to low levels over 12 month period, and was associated with diminished cognitive
decline, clearance of Aβ plaques and reduced astrocytosis. A similar approach employed AVV
vector encoding cDNA for Aβ1−43 or Aβ1−21 which also resulted in elevated anti-Aβ
antibodies that diminished over time but remained slightly increased over control values 25
weeks later [25]. This vaccine resulted in reduced Aβ burden, and slower progression of
cognitive impairments [25,46]. Together, these and our findings indicate that a prophylactic
short-term therapy at a young age can substantially diminish Aβ pathology at an old age in AD
mouse models. The advantage of the Salmonella-based oral vaccination approach over the viral
vectors is that the former may be safer as it does not involve an irreversible incorporation of
foreign genetic material that may affect normal gene expression and has been shown to cause
cancer in certain individuals in clinical trials. Overall, our findings support the feasibility of
delivering orally a vaccine targeting Aβ that may prove useful as a prophylactic measure to
prevent or slow the progression of AD.
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Figure 1. Weak antibody response is generated towards K6Aβ1−30 expressed in the Salmonella
As expected, IgG levels were higher than IgM and IgA levels and those antibodies
preferentially recognized the immunogen K6Aβ1−30 (A) but cross-reacted with Aβ1−40 to
some extent except for IgA (B). Tg controls: n=5; Tg vaccinated: n=9.
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Figure 2. Prophylactic oral vaccination against Aβ leads to diminished Aβ plaque deposition
(A, B) Representative coronal sections stained with Aβ antibody 6E10 through the cortex of a
control Tg2576 mouse (A) compared to a vaccinated mouse (B). More amyloid deposits are
observed in the control mouse. Bar in A is 100 μm.
(C) Quantitative analysis of the cortical amyloid burden revealed a 75% reduction in the
immunized Tg mice (n=9) compared to Tg controls (n=6; p<0.01).
(D) Similar reduction was observed in plaques of different sizes in the treated mice (54% -
(small), 61% - (medium) and 68% reduction (large)).
* p<0.05; ** p<0.01
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Figure 3. Therapy-induced reduction in total Aβ levels
(A) Quantitative analysis of total Aβ levels revealed a 52% reduction in total Aβ40 (p=0.05),
and a 48% reduction in total Aβ42 (p<0.01) in the immunized Tg mice (n=9) compared to Tg
controls (n=5). One Tg control mouse brain could not be used for biochemistry. That mouse
died a few hours before scheduled euthanasia and its brain was fixed in the skull to preserve
the integrity of the tissue.
(B) Levels of soluble Aβ were not significantly reduced in the immunized mice.
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