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Papillomavirus-Like Particles Are an Effective Platform for
Amyloid-� Immunization in Rabbits and Transgenic Mice1

Eduardo Zamora,2* Alessandra Handisurya,2† Saeed Shafti-Keramat,† David Borchelt,‡

Gay Rudow,* Katherine Conant,* Christopher Cox,§ Juan C. Troncoso,3* and
Reinhard Kirnbauer†

Immunization with amyloid-� (A�) prevents the deposition of A� in the brain and memory deficits in transgenic mouse models
of Alzheimer’s disease (AD), opening the possibility for immunotherapy of AD in humans. Unfortunately, the first human trial of
A� vaccination was complicated, in a small number of vaccinees, by cell-mediated meningoencephalitis. To develop an A� vaccine
that lacks the potential to induce autoimmune encephalitis, we have generated papillomavirus-like particles (VLP) that display 1–9
aa of A� protein repetitively on the viral capsid surface (A�-VLP). This A� peptide was chosen because it contains a functional
B cell epitope, but lacks known T cell epitopes. Rabbit and mouse vaccinations with A�-VLP were well tolerated and induced
high-titer autoAb against A�, that inhibited effectively assembly of A�1–42 peptides into neurotoxic fibrils in vitro. Following
A�-VLP immunizations of APP/presenilin 1 transgenic mice, a model for human AD, we observed trends for reduced A� deposits
in the brain and increased numbers of activated microglia. Furthermore, A�-VLP vaccinated mice also showed increased levels
of A� in plasma, suggesting efflux from the brain into the vascular compartment. These results indicate that the A�-VLP vaccine
induces an effective humoral immune response to A� and may thus form a basis to develop a safe and efficient immunotherapy
for human AD. The Journal of Immunology, 2006, 177: 2662–2670.

I mmunization with amyloid-� (A�)4 (4) peptide decreases the
deposition of A� in the brain of transgenic (tg) mouse models
of human Alzheimer’s disease (AD). This effect, first re-

ported by Schenk et al. (1), has been confirmed by several labo-
ratories, including ours (2–6). Passive transfer of Ab directed
against A� also has resulted in reduced A� load in brain and im-
proved behavioral performance of tg mice (7). Based on these
observations, A� immunotherapy has become a leading mecha-
nism-based approach for the therapy of AD. The only trial of A�
immunotherapy conducted in humans using A�1–42, was compli-
cated by meningoencephalitis in some patients (8) and conse-
quently the study was halted. Autopsies in two patients who suf-
fered from encephalitis showed infiltration of the brain with T
lymphocytes, but also extensive areas of the neocortex that were

largely devoid of A� plaques (9, 10). These observations suggest
that the immune response generated against the peptide vaccine
elicited the clearance of A� plaques, but also T cell-mediated tox-
icity. Moreover, a follow-up study of 30 vaccinees suggests that
A�-autoAb can slow down cognitive decline in AD patients (11).

Our aim is to develop an improved A� vaccine that effectively
induces a B cell response capable of abrogating A� deposition
without inducing a T cell-mediated encephalitis. A potential prob-
lem is that A� is a self-Ag to which the immune system is nor-
mally tolerant and thus might not respond or do so inefficiently.
However, potentially self-reactive B-cells may become activated
by molecular mimicry of microbial Ags in the pathogenesis of
autoimmune diseases (12, 13). Several attempts have been made to
provide vaccines that are able to overcome B cell tolerance, e.g.,
by linkage of self-Ags to foreign Th epitopes (14), or by coappli-
cation of strong adjuvants. Recently, antigenic peptides have been
fused or cross-linked to the major capsid protein L1 of papilloma-
viruses (PV), providing self-assembling empty viral capsids or vi-
rus-like particles (VLP), that express the foreign peptide on the
particle surface in a repetitive and ordered array (15–17). Immu-
nizations with VLP have induced high-titer and high-avidity (au-
to)-reactive IgG Ab even without coadministration of adjuvants.
The induced autoAb were functionally active in vitro, long-lasting,
and could be successfully boosted. Importantly, no adverse effects
or induction of autoimmune disease have been observed. In phase
III vaccine trials in young women, a human PV type 16 (HPV16)
L1 VLP vaccine has proven safe and effective in preventing genital
HPV16 infection and associated neoplasias (18), indicating the
usefulness of PV capsids as a vaccine platform in humans.

In the present study, we have generated a chimeric fusion pro-
tein by incorporating the N terminus of A� (1–9 aa) into a hyper-
variable region of the L1 major capsid protein of bovine PV type
1 (BPV1). Following expression and self-assembly in insect cells,
the A�-epitope is exposed at high density (360 times) on the surface
of an assembled A�-VLP (19). The N-terminal peptide comprising
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1–9 aa of A� was chosen as Ag because it contains a B cell epitope,
but it does not include known T cell epitopes (20). Aggregation of
A�-peptide is a key event in the pathogenesis of AD.

Immunization of a New Zealand White (NZW) rabbit with A�-
VLP generated A�-specific antisera, that prevented the aggrega-
tion of A� in an in vitro assay of fibrillogenesis. Furthermore, we
have examined the effect of immunization on A� deposition in
vivo, using the amyloid precursor protein (APP)/presenilin 1 (PS1)
tg mouse model of AD. Importantly, high-titer autoAb were in-
duced, that cross-reacted with A� plaques when tested on human
AD brain sections. Trends for reduced amyloid burden in brain
were observed, that were associated with increased microglial ac-
tivation around A� plaques.

Materials and Methods
Generation of recombinant baculovirus expressing the A�
epitope DAEFRHDSG-BPV1 L1 fusion protein and purification
of chimeric A�-VLP

To generate recombinant baculoviruses expressing the A� epitope DAE
FRHDSG (corresponding to 1–9 aa of the human A� protein) on a pre-
dicted surface loop of L1 VLP as a fusion protein, oligonucleotides en-
coding the epitope were inserted by inverse-touchdown PCR into an
immunogenic region (between 133/134 aa) of the BPV1 L1 major capsid
protein using pEVmod transfer vector as previously described (17). The
forward and reverse primer sequences, respectively, were as follows: 5�-
GACATGACTCAGGAACCCAAACAACAGATGAC-3�and 5�- GGAA
TTCTGCATCGGTGACTTTTCTATTCAC-3�. Final clones were verified
by restriction enzyme digest and by nucleotide sequencing of the inserted
sequence and the junctional L1 region. By cotransfection of Sf9 insect cells
with transfer vector and linearized baculovirus DNA (BaculoGold; BD
Pharmingen), recombinant baculoviruses were generated by standard meth-
ods (21). Sf9 insect cells were infected with baculovirus stocks and lysed,
and high-molecular-mass structures were separated by density gradient ul-
tracentrifugation. VLP-containing bands were collected and dialyzed
against PBS/0.5M NaCl/0.05% NaN3 (17, 22). BPV1 L1/L2-VLP consist-
ing of wild type (wt) L1 major plus L2 minor capsid proteins were gen-
erated in a similar manner (21). Purified chimeric A�-VLP were negatively
stained and analyzed by transmission electron microscopy (TEM) for self-
assembly of L1 and integrity of the VLP (23).

Western blot analysis

Purified A�-VLP, wt BPV1 L1-VLP, or lysates of Sf9 cells infected with
baculoviruses were analyzed for the presence of A� or BPV1 L1 epitopes.
Briefly, samples were denatured in sample buffer containing 2% 2-ME,
electrophoresed on 10% SDS-PAGE, immunoblotted, and probed with
mAb 7B6 (1/100) raised against A� 1–12 aa, or mAb AU-1 (1/5000)
(BabCo) recognizing a linear BPV1 L1 epitope. Finally, blots were incu-
bated with peroxidase-labeled goat-anti-mouse Ab (Jackson ImmunoRe-
search Laboratories) and developed using the ECL system.

VLP-ELISA

Purified A�-VLP or wt BPV1 L1-VLP were used as Ag in ELISA as
described (24). Briefly, native VLP were coated overnight at 4°C onto
96-well microtiter plates (100 ng per well). mAb 6, 9, and 5B6 are BPV1-
neutralizing mouse mAb directed against conformation-dependent and
type-specific L1 epitopes (25), mAb AU-1 recognizes an internal, linear
BPV1 L1 epitope (DTYRYI). Serial dilutions of mAb were added to trip-
licate wells, developed by peroxidase-labeled goat-anti-mouse Ab, and the
peroxidase substrate ABTS, and ODs were determined at 405 nm. Repli-
cation variation in the assays was �5%.

Vaccination of animals with A�-VLP

A NZW rabbit was inoculated with 100 �g of A�-VLP each four times, at
2- to 4-wk intervals, using complete Freund’s adjuvant for the prime, and
IFA for the boost inoculations. Serum samples were collected before, and
10–14 days after the third and the final immunization. A control rabbit had
received wt BPV1 L1-VLP in a similar manner.

APP/PS1 tg mice were derived from bigenic mice line 85, created by
coinjecting separate APP and PS1 transgenes. The two constructs encode
chimeric mouse/human APP harboring the Swedish mutation K670/
M671L (APPswe), and human PS1 encoding exon 9 deletion mutation
(PS1E9), each driven by its own mouse prion protein promoter element.

These mice develop A� plaques in cerebral cortex and hippocampus at 6
mo that increase in size and number with age. All tg mice were heterozy-
gous and had a C57BL/6 background (26). The animal experiments de-
scribed in this study were reviewed and approved by Johns Hopkins Uni-
versity School of Medicine Animal Care Committee.

APP/PS1 mice were divided into experimental and control groups. Con-
trols were divided into immunized and nonimmunized animals. Mice in the
experimental group (n � 6; three males and three females) received 10 �g
of A�-VLP i.m. in the absence of adjuvant. Mice in the immunized control
group received either 10 �g of wt BPV1 L1/L2-VLP (n � 6; three males
and three females) or PBS (n � 1). The nonimmunized control group
consisted of age-matched APP/PS1 (two males and two females). All im-
munized mice (experimental and controls) received the first injection at 3
months of age, before they developed A� plaques, followed by a booster
2 wk later, and nine additional monthly injections.

ELISA measurement of autoAb to A� peptide in rabbit sera

Rabbit sera were tested by ELISA for reactivity to synthetic A� peptide
1–9 aa (DAEFRHDSG), full-length A� peptide 1–42 aa, or irrelevant pep-
tide (AVLPPVP) as a specificity control. Streptavidin-coated 96-well
plates (Nunc) were coated with 1 �g of peptide, linked at the N terminus
via two alanin residues to biotin (JPT Peptide) in 100 mM Tris-HCl (pH
7.5)/150 mM Nacl/0.1% Tween 20 coating buffer overnight at 4°C and
blocked with PBS/1% nonfat dry milk. Serial dilutions of rabbit sera were
added in triplicates, and after incubation, plates were developed as de-
scribed above using goat-anti-rabbit peroxidase-labeled Ab (Kjerkegaard
& Perry KPL). Replication variation in these assays was �5%. Immune
serum dilutions with mean OD405 values greater than twice the mean OD
value (� SD) of preimmune sera were considered positively
immunoreactive.

To further examine specificity, serum of A�-VLP immunized rabbit was
preabsorbed with either A�1–9 (DAEFRHDSG) or irrelevant control pep-
tide (AVLPPVP) by incubation in streptavidin-coated plates coated with 5
�g of the respective biotinylated peptide. Subsequently, absorbed sera
were analyzed for remaining immunoreactivity to A� peptide by ELISA.

FIGURE 1. A, Self-assembly of Aß-BPV1-L1 protein into VLP. Chi-
meric A�-BPV1-L1 protein was expressed in Sf9 insect cells and high-
molecular weight complexes were isolated by density gradients. Aliquots
of A�-VLP were absorbed onto glow-discharged carbon-coated copper
grids, negatively stained with 1% uranylacetate and visualized by TEM
(magnification �30,000). B, A�-VLP express the inserted A� epitope
DAEFRHDSG. Aliquots of purified A�-VLP or wt BPV1 L1-VLP were
separated by SDS-PAGE and analyzed by Western blot using mAb 7B6
raised against the N-terminal 12 aa of Aß (left panel), or mAb AU-1 di-
rected against BPV1 L1 (right panel). C, Self-assembled A�-VLP display
neutralization epitopes of wt BPV1 L1-VLP and the A�-epitope on the
particle surface. Wt BPV1 L1-VLP (f) and A�-VLP (�) were examined
by ELISA using conformation-dependent, BPV1-neutralizing mAb 6, 9,
and 5B6. MAb 6 and 5B6 bind to pentamers as well as completely assem-
bled VLP, whereas mAb 9 recognizes only complete VLP. MAb 7B6 is
directed to the N terminus of A�. Dilution of all Ab was 1/100. Bars
represent mean OD values of triplicate wells (� SD).
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Inhibition of A� fibrillogenesis by A� autoAb

Synthetic human A� peptide (1–42 aa) was obtained from Biosource, and
an aqueous stock solution prepared at 1 mg/ml. Formation of fibrillar A�
was induced by incubation at 37°C for 1 wk as previously described (27).
To examine the effects of sera raised against A�-VLP on fibril formation,
rabbit serum was added in various amounts to the dissolved peptide and
incubated at 37°C. After 1 wk, samples were applied to carbon-coated
grids, negatively stained with uranylacetate, and analyzed by TEM. Fibril
formation was quantified using the AxioVision LE software program
(Zeiss).

Histology and immunohistochemistry

Mice were euthanized at 12 mo of age by transcardiac perfusion with PBS.
Brains were removed and bisected sagittally. One hemibrain was frozen;
the other half was fixed in 4% paraformaldehyde for 24 h, cryoprotected in
sucrose 30%, frozen, and coronally sectioned at 40-�m intervals. Every
eighth section was treated with 88% formic acid for 5 min, followed by a
30 min incubation in 3% H2O2 (1 ml of 30% H2O2, 8 ml of TBS, 1 ml of
methanol), washed in TBS, and blocked for 1 h with 3% normal goat serum
in 0.1% Triton X-100 in TBS. Sections were incubated overnight with
primary Ab at 4°C, incubated for 1 h with secondary Ab at RT (Vectastain

ABC; Vector Laboratories), developed in diaminobenzidine, and counter-
stained with cresyl violet, following standard histological procedures.

The following primary Ab were used: 6E10 for human A� (1/5,000;
Signet Laboratories), F4/80 (1/500; Serotec), mac-1 (1/1,000; Serotec) for
microglial, IA/IE for MHC class II (MHC-II) of activated microglia (1/
1,000; BD Pharmingen), glial fibrillary acidic protein for astroglia (1/500;
Dako), CD45R for B lymphocytes (B220, 1/50; BD Pharmingen), and CD3
for T lymphocytes: (1/100; Oncogene Research Products).

We also examined A� Ab in the serum of vaccinated mice for binding
to A� plaques in autopsy brain tissue sections from cases of AD. Four
percent of paraformaldehyde fixed-frozen 10-�m sections were blocked in
3% normal goat serum in TBS, incubated overnight with mice sera at 4°C
diluted in PBS (1/500 dilution), washed in TBS, incubated for 1 h with
secondary Ab, and developed by a DAB kit (Vectastain) as described by
manufacturer.

ELISA measurement of autoAb to A� 1–42 in mouse plasma

Blood was collected in tubes containing 5 �l of 0.5 M EDTA and imme-
diately centrifuged. Plasma was stored at �80°C until assayed by ELISA.
The 96-well plates (U96 Maxisorp; Nalgene) were coated with 100 �l of
A�1–42 peptide (2.5 �g/ml in 50 mM carbonate buffer, pH 9.6), and incu-
bated overnight at 4°C with gentle agitation. Plates were washed four times
in PBS/Tween (PBST) and blocked in 5% BSA in PBST for 2 h at room
temperature (RT), and 100 �l of the diluted samples were added to each
well (at 1/1,000, 1/5,000, and 1/10,000) overnight at 4°C. Plates were
washed in PBST and 100 �l of secondary Ab (biotinylated affinipure goat
anti-mouse; Jackson Immunoresearch Laboratories) was added (1:20,000)
for 2 h at RT. Finally, 1/10,000 neutravidin-HRP (Pierce) was added and
the plates developed by SureBlue reagent (KPL). The reaction was stopped
by addition of phosphoric acid (J. T. Baker), and plates were read at OD450

nm. The anti-A�1–42 Ab titer was defined as the dilution of antiserum
yielding 50% of the maximum signal (1). Qualitative isotyping of Ab was
performed using a commercial mouse mAb isotyping kit (IsoStrip; Roche)
as described by the manufacturer.

FIGURE 2. Immunization with A�-VLP induces specific autoAb
against the A� epitope. A and B, Immune serum of an A�-VLP immunized
NZW rabbit (‚) was tested by ELISA using synthetic peptide DAE
FRHDSG (A) or full-length A� 1–42 peptide (B) as the capture antigen.
Serum of a rabbit immunized with wt BPV1 L1-VLP (�) or rabbit pre-
immune serum (E) served as controls. C, A�-VLP-immunized rabbit se-
rum was absorbed by overnight incubation with either A� peptide DAE
FRHDSG (�), control peptide AVLPPVP (�), or mock-absorbed (‚)
prior to analysis by ELISA using the A� 1–9 peptide as antigen. Each data
point represents the mean OD (� SD) of triplicate wells. Shown is a rep-
resentative of three experiments.

FIGURE 3. A�-VLP immune serum inhibits A� fibril formation. In
aqueous solution, synthetic human A� peptide 1–42 aa forms fibrillar ag-
gregates when kept at 37°C for 1 week (A). A�-VLP-immunized rabbit
serum (B) or control rabbit serum (C) was added to the A� peptide in a
volume ratio of 1/6 and coincubated at 37°C for 1 week. Samples were
absorbed onto carbon-coated copper grids, stained with uranylacetate, and
visualized by TEM (magnification �30,000).
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ELISA measurements of A� in brain homogenates and plasma

The frozen hemibrain was weighed and homogenized by sonication in 1 ml
of PBS, 10 mM EDTA, and 10 �l of 1� protease inhibitor (Sigma-Al-
drich). A 200-�l aliquot of each PBS brain homogenate was removed.
Protein aggregates were denatured with 300 �l of 8.2 M guanidine-HCl/50
mM, pH was adjusted to 8.0, and 5 �l of protease inhibitor was added to each
tube. The samples were mixed for 4 h at RT. 50 �l of sample were then diluted
in 950 �l of reaction buffer (1� DPBS plus 5% BSA plus 0.03% Tween 20)
and centrifuged at 14,000 rpm at 4°C for 20 min. The supernatant was col-
lected and kept at �80°C until use. A�1–40 and A�1–42 in brain and plasma
samples were detected by ELISA using a BioSource kit (28).

Measurement of A� load in mouse brain by stereology

To assess the A� load, the fixed-frozen left cerebral hemisphere was se-
rially sectioned in the coronal plane at 40 �m and all sections were col-
lected. For each brain, a systematic random sample of sections was selected
at eight-section intervals. This sampling scheme yielded 10–14 sections
that spanned the entire cortex and hippocampus of each hemibrain. Using
a light microscope interfaced with the Microbrightfield Stereology System
(MBF Bioscience), we compared the area fraction (29) of immunoreactiv-
ity for A� (sections immunostained with 6E10) in the cortex and hip-
pocampus as described previously (2).

Results
Chimeric A�-BPV1-L1 protein self-assembles into VLP that
express the A�-DAEFRHDSG epitope on the particle surface

Multimeric Ags, particularly on particle surfaces such as viruses or
VLP, can often directly stimulate B cell proliferation and differ-
entiation into Ab-secreting plasma cells by efficient cross-linking
of the B cell receptor, responses which can be T cell independent.
To generate chimeric proteins that display an A�-B cell epitope on
the surface of a self-assembled viral particle, the N-terminal (1–9
aa) peptide DAEFRHDSG of A� was genetically engineered into
an immunogenic region of L1 major capsid protein of BPV1 (17).

Particles were purified from A�-L1 recombinant baculovirus-in-
fected cells by density gradients (17). Analysis by TEM revealed
circular structures of �50- to 55-nm diameter (Fig. 1A), indicating
that chimeric A�-BPV1-L1 protein self-assembed into full-size VLP
that are structurally similar to wt BPV1 L1-VLP (30). In addition,
smaller particles and capsomers (the pentamer subunits of VLP, each
consisting of five L1 molecules) were observed (15, 21).

To verify antigenicity of the fusion protein, in particular expres-
sion of the predicted A� epitope DAEFRHDSG, purified A�-VLP
were analyzed by immunoblotting. The mAb 7B6, directed against
the N terminus of A�, recognized a band of �55 kD, correspond-
ing to the expected MW of the A�-L1 fusion protein (Fig. 1B, left
panel). Specific immunoreactivity was absent with parental wt
BPV1 L1-VLP. In contrast, mAb AU-1 (Fig. 1B, right panel),
which is directed against a linear epitope of BPV1 L1, reacted with
both A�-L1 and wt BPV1 L1. As expected, A�-L1 migrated
slower than wt BPV1 L1 at �60 kD, consistent with the higher
MW of the A�-L1 fusion protein.

To determine whether A�-VLP retain antigenic surface struc-
tures of wt L1-VLP, immunoreactivity was examined by ELISA
under nondenaturing conditions, using conformation-dependent
and neutralizing mAb directed against the BPV1 L1 capsid protein.
mAb 6 and 5B6 bind to both intact VLP as well as pentamer
subunits, whereas mAb 9 requires assembly into the higher-or-
dered structure of VLP for binding (17, 25, 31). In contrast, the
nonneutralizing mAb AU-1 recognizes an internal, linear epitope
of L1. As shown in Fig. 1C, reactivity patterns of mAb 6, 9, and
5B6 with chimeric A�-VLP (�) were comparable to wt VLP (f),
indicating correct assembly of chimeric A�-BPV1 L1 protein into
capsomers subunits that form complete VLP similar to wt L1. mAb
AU-1 reacted with both protein preparations, demonstrating the
presence of small amounts of nonassembled L1 protein as ob-
served regularly in purified VLP preparations. In addition, expres-
sion of the inserted A� peptide by native A�-VLP was analyzed
by ELISA using mAb 7B6. As shown in Fig. 1C, mAb 7B6 reacted
specifically with A�-VLP, but not with parental BPV1 L1-VLP,
indicating display of the A� epitope on the VLP surface.

Immunization with A�-VLP induces a high-titer autoAb response
to the A� peptide

We next sought to determine whether immunizations with A�-
VLP are capable of inducing an autoAb response against A� pep-
tide and thus breaking B cell tolerance to this self-Ag. NZW rab-
bits were chosen for vaccinations, because the A�1–9 peptide
DAEFRHDSG, displayed by the A�-VLP vaccine, has 100%
amino acid sequence identity between rabbit and human, thus rep-
resenting a useful model to test for autoAb induction. Rabbits were
inoculated four times s.c. with 100 �g of A�-VLP, or parental
L1-VLP as a control, prepared in complete Freund’s (prime) or
IFA (boosts), and sera were obtained before and after the final
immunization. No signs of toxicity or adverse effects have been
observed during a 3-mo period.

To determine the humoral autoimmune response, rabbit sera
were tested by ELISA using A�1–9 peptide DAEFRHDSG as the
capture Ag. The synthetic A� peptide was linked via a 2-alanin
spacer to biotin, to ensure accessibility following attachment to
streptavidin-coated microtiter plates. Immunization of a NZW rab-
bit with A�-VLP induced A�-autoAb with a titer of 1600 (Fig.
2A). In contrast, no specific reactivity was observed testing pre-
immune serum or serum of a wt L1-VLP immunized rabbit. In
addition, reactivity of the A�-VLP immunized rabbit sera was ab-
sent when an irrelevant control peptide of similar length (AVLP
PVP) was used as ELISA Ag (data not shown). Rabbit sera were

FIGURE 4. A, ELISA measurement of autoAb to A� following the last
immunization. Mice immunized with A� -VLP (n �5) developed a specific
A�1–42 autoAb response, that was absent in control animals injected with
wt L1-VLP or PBS (n � 6; p � 0.05). Columns represent mean Ab titer of
triplicate measurements for each animal � SE. B, Time course of Ab titers
in mice immunized with A�-VLP (n � 5). Each point represents the mean
Ab titer of the five immunized animals.
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also tested for immunoreactivity to full-length A�1–42, demon-
strating similar results as compared with those obtained with
A�1–9 peptide (Fig. 2B).

To further confirm specificity of these results, the rabbit A�-
VLP immune serum was absorbed with A�1–9 peptide (DAE
FRHDSG) or control peptide (AVLPPVP) (Fig. 2C). In compari-
son to untreated serum, absorption with A� peptide reduced
immunoreactivity to A� to a large extent (�80% at the lowest
serum dilution), whereas preabsorption with the control peptide
had no effect. As expected, A�-VLP immunization of rabbit in-
duced high titer Ab (�600,000) directed against the wt VLP car-
rier (data not shown).

Antisera to A�-VLP inhibit A� fibrillogenesis in vitro

Prolonged incubation of soluble full-length A�1–42 peptide in-
duces spontaneous aggregation into amyloid fibrils with neuro-
toxic activity (27). To assess the protective potential of A�-VLP-
induced autoAb, we determined the effect of immune sera on the
formation of amyloid fibrils in vitro. Antisera of either A�-VLP
immunized, or wt L1-VLP immunized control rabbits, were added
to an aqueous solution of A�1–42 peptide (1 mg/ml) and incubated
at 37°C for 1 wk. In the absence of added serum, numerous fibrillar
aggregates were visualized by TEM of negatively stained samples
(Fig. 3A). Addition of A�-VLP immune serum at a 1:6 v/v ratio of
A� peptide resulted in complete inhibition of A� fibril formation
(Fig. 3B). Specific inhibition was observed with decreasing vol-
ume ratios up to 1:60 (data not shown). Unspecific inhibition was
observed, when serum raised against wt L1-VLP was added. The
number of fibrils was reduced as compared with untreated A�

peptides, although to a much lesser extent, compared with anti-
A�-VLP serum-treated preparations (Fig. 3C).

To quantify the specific effect of A�-VLP antisera, fibril
number and length were measured using micrographs taken
from different independent grids. In the absence of added serum
the mean number of fibrils was 212.5 with a mean length of
50304.6 nm. Addition of A�-VLP immunized rabbit serum de-
creased the fibril number by 98.6% (mean, three fibrils) and
length by 92.8% (mean, 3622.9 nm). The addition of control
serum at the same dilution resulted in a mean fibril number of
64.3 and mean fibril length of 22,828 nm (reduction by 69.7 and
54.6%, respectively).

Induction of autoAb to A� in a tg mouse model of AD

APP/PS1 tg mice derived from bigenic mice line 85 were used in
this experiment. These mice develop A� plaques in the cerebral
cortex and hippocampus at 6 mo that increase in size and number
with age. APP/PS1 tg animals vaccinated with A�-VLP tolerated
the immunization well and developed specific autoAb to A�1–42 as
determined by ELISA, with titers in the range of 1,000 to 10,000,
compared with control animals immunized with wt L1-VLP (or
PBS) (Fig. 4A) ( p � 0.05; mean, 3600). Ab titers were low
following the initial immunizations, rose significantly after the
third injection, and remained detectable throughout the whole
period of vaccination (Fig. 4B). Isotyping of the A�1– 42 specific
Ab detected the presence of IgG1, IgG2a, IgG2b, and IgG3
(data not shown).

FIGURE 5. Cerebral cortex from an AD case immunostained
with mice sera. A, A�-VLP preimmune sera; B, postimmune sera
(after third dose). Arrows show areas of plaques. C, Higher mag-
nification of an amyloid plaque (arrow) immunostained with A�-
VLP postimmune sera (after third dose). D, wt L1-VLP postim-
mune sera control (after third dose).

FIGURE 6. ELISA measurement of A� peptide in
plasma. Immunization of tg mice with A�-VLP resulted
in a trend for increased levels of A�1–40 (n � 4; p �
0.115) and A�1–42 (n � 5; p � 0.115) in plasma, com-
pared with wt L1-VLP vaccinated controls (n � 5 and 6,
respectively). Columns indicate mean A� levels (pg/ml;
� SE).
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We also examined A� Ab in the serum of vaccinated mice for
their capacity to bind to A� plaques in autopsy brain tissue sec-
tions from cases of AD. Sera from A�-VLP-vaccinated mice rec-
ognized amyloid plaques in brain tissue sections from an AD case.
In contrast, preimmune sera from the same mice as well as sera
from wt VLP-immunized mice did not show any immunoreactivity
(Fig. 5).

Levels of A� in plasma of APP/PS1 tg mice

We next examined whether circulating autoAb were associated
with increased A� plasma levels, which would indicate efflux of
A� from the brain into the plasma, as proposed by the peripheral
sink hypothesis (32, 33). When measured by ELISA, we observed
a trend for elevated plasma levels of A�1–40 (71.02%, p � 0.115),
and A�1–42 (68.71%, p � 0.115) in animals immunized with A�-
VLP, compared with control mice injected with wt VLP or PBS
(data not shown) (Fig. 6).

Levels of total A� in brain homogenates

To examine whether A�-VLP immunizations decrease the levels
of A� in the brain, we measured total A� in brain homogenates.
Trends for lower levels of total A� in brain tissues from A�-VLP
immunized tg mice as compared with wt VLP immunized controls
were detected (Fig. 7), for A�1–40 between 5.72 and 54% ( p �
0.565), and for A�1–42 between 2.68 and 24.86% ( p � 0.997).

To assess a possible effect of A� immunization on A� plaque
burden in the brain, the fractional area of A� was measured by
stereology. A�-VLP-immunized animals showed trends for re-
duced A� fractional area both in cerebral cortex (23.07%; p �
0.154) and hippocampus (28.83%; p � 0.343) (Fig. 8). Interest-
ingly, we observed the greatest reduction of A� burden in the
animal with the highest Ab titer, i.e., 48.07% in the cortex and
97.8% in the hippocampus.

Activation of microglia in the brain of control and A�-VLP-
immunized APP/PS1 mice

Microglia cells have been shown to become activated following
active or passive A� immunization, both in humans and mice (9,
34, 35). For this reason, we examined microglia in control and
A�-VLP-immunized mice by immunostaining for MHC-II, a
marker of cell activation. By measuring the fractional area of
MHC-II positivity, we observed a trend for increase in MHC-II

immunoreactivity in A�-VLP-vaccinated mice compared with
controls, both in cortex ( p � 0.061) and hippocampus ( p �
0.085), (Fig. 9). Both groups of animals showed reactive micro-
glia, however, a larger number of MHC-II-positive microglial cells
were observed in “clusters” at the periphery of amyloid plaques in
A�-VLP immunized mice, compared with control animals immu-
nized with wt VLP (or PBS; data not shown) (Fig. 10). Morpho-
logically, MHC-II-positive microglial cells demonstrated enlarge-
ment of the soma, and thickening and shortening of their
processes. These changes appeared more often in A�-VLP vacci-
nated mice, compared with wt BPV1 L1-VLP controls (Fig. 10).
Most importantly, immunostains of brain sections with Ab for T
(CD3) and B (CD45) lymphocytes were negative in both groups of
vaccinated animals (data not shown), indicating the lack of a brain-
infiltrating cellular autoimmune response.

Discussion
The aim of this study is to develop a safe and effective vaccine for
human AD, that generates a strong Ab response against the A�
self-Ag, but avoids induction of a T cell response, to minimize the
risk of cell-mediated autoimmune encephalitis (8). In this study,
we have generated a new type of VLP-based vaccine directed
against the N terminus of A�. The A�-VLP vaccine is comprised
of an A� B cell epitope inserted into a PV major capsid protein L1.
This chimeric A�-L1 protein has the intrinsic capacity to self-
assemble into a VLP that directs expression of the A� epitope at
high density, and in a repetitive and regularly spaced manner, to
the particle surface. This vaccination elicits high-titer of A�-spe-
cific autoAb in two animal species. Importantly, immune sera in-
hibited the formation of neurotoxic A� aggregates in vitro, indi-
cating that autoAb targeting A�1–9 peptide are functionally active
to prevent fibrillogenesis. Because the A� epitope is 100% con-
served between rabbit and human, this approach has therapeutic
potential for the prevention or therapy of AD.

The degree of Ag organization is an important discriminator by
B-cells for self/nonself. Highly organized Ags such as VLP can
induce T cell-independent, extremely efficient B cell responses and
may eventually break B cell unresponsiveness to self-Ags (16, 17,
36). In addition, immunization with PV-VLP-like particles have
been shown to mediate T cell proliferative (CD4 and CD8) and
cytokine responses (37), and thus may provide additional help for
induction of efficient Ab responses. These data indicate that VLP

FIGURE 7. ELISA measurements of A� in brain ho-
mogenates. APP/PS1 mice immunized with A�-VLP
showed a trend for decrease in total brain A�1–40 (n � 5;
p � 0.565) and A�1–42 (n � 5; p � 0.997) in comparison
to wt L1-VLP-immunized controls (n � 6 and 6, respec-
tively), as assessed by ELISA. Columns indicate mean A�
levels (pg/g of protein; � SE).

FIGURE 8. Brain measurement of A� load by stereology.
Immunoreactivity was measured in the cortex (n � 5; p �
0.061) and hippocampus (n � 5; p � 0.085) of mice vacci-
nated with A�-VLP, compared with wt VLP-immunized
control mice (n � 4 and 5, respectively). Bars indicate SE.
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vaccination induces both the innate and adaptive arms of the im-
mune system, consistent with the activation of APCs, such as
monocytes and dendritic cells, or granulocytes. Each A�-VLP as
described in this study carries 360 copies of the A� B cell epitope
in a closely spaced and highly ordered (para-cristalline) array on
immunodominant capsid surface loops. Vaccination efficiently in-
duced potentially protective autoAb directed against the A� target
peptide, which is a major regulatory site involved in formation of
A� plaques (38). A�-VLP that incorporate A� peptide1–9 are a
significant technological advance over previous full-length A�
vaccine formulations, as they appear to carry a low risk of inducing
cell-mediated encephalitis due to the avoidance of predicted A� T
cell epitopes. In addition, A�-VLP have the flexibility to incorpo-
rate larger peptides of A�, which might increase immunogenicity
even further. Recently, a VLP-based vaccine has been generated,
in which A�1–40 has been chemically linked to BPV1 L1-VLP.
Immunizations with this type of vaccine demonstrated the ability
to induce autoAb against A� in APP tg mice, and VLP vaccination
was superior to peptide vaccination (39). However, unfavorable
results from the ELAN study preclude further use of full-length
A� as a vaccine candidate in humans.

As shown previously, Ab that effectively reduce pathology in
AD brain (40) recognize the N-terminal 16 aa of the A� protein,
presumably because it contains a dominant B cell epitope that is

accessible to Ab either in solution and/or on the surface of the
plaques (20). Similar to our results shown in this study, “effective”
Ab also recognized amyloid plaques in brain sections of AD
patients.

Several potential mechanisms may underlie the efficacy of A�-
autoAb to enhance the clearance of A� from the brain of APP/PS1
mice. These include the prevention of neurotoxic fibril formation
(27), efflux of soluble A� from the brain to the plasma, also known
as the peripheral sink mechanism (32), and microglia-mediated
removal of A� (1, 7, 34, 35, 41). Results from our study indicate
that all three mechanisms may be at work. First, A�-VLP vacci-
nation induced immune sera that inhibit A�-fibrillogenesis in vitro.
Importantly, relatively small amounts of antiserum (volume ratios
of 1/60 vs peptide solution) were sufficient for efficient inhibition.
Although only about one percent of Ab generated after immuni-
zation will cross the blood-brain barrier (BBB), this may suffice to
prevent APP aggregation, and favor removal from the brain pa-
renchyma (7). Second, we observed a decrease of A� levels in
brain and a concomitant elevation of A� in the plasma of A�-VLP
vaccinated animals compared with controls, suggesting an efflux of
soluble A� species from the brain parenchyma across the BBB
into the vascular compartment, where it is bound by circulating Ab
(32). Third, a stronger activation of microglia associated with
plaques in A�-VLP immunized mice was detected as compared
with controls. This is in agreement with a hypothesis of brain A�
removal by microglial FcR-mediated phagocytosis, following Ab
binding to A� plaques (7, 34, 35). The above mechanisms are not
mutually exclusive and may act synergistically to reduce A� bur-
den in the brains of APP/PS1 mice. Although previous studies
have demonstrated the independent existence of these mecha-
nisms, ours is the first to present evidence in support of the three
mechanisms acting simultaneously.

Stereological assessment of cerebral cortex and hippocampus
revealed a trend for reduced A� deposits. Analysis of brain ho-
mogenates by ELISA showed lower levels of total A�1–40 and
A�1–42 in A�-VLP-vaccinated, compared with control animals.
The lack of a stronger and statistically significant effect of A�-
VLP immunization on A� load may be attributed to several fac-
tors, including the affinity of the generated autoAb for A�, the
strain and transgenes of the mice, and also the very small number
of animals examined. However, measurement of A� load is based
on the detection of deposited A�, and it is not a reliable indicator
of the presence and concentration of soluble A� species. In the
future, we plan to study larger groups of mice to examine efficacy
of VLP vaccines that incorporate longer A� peptides.

Our neuropathological observations revealed a strong effect of
A� immunization on microglial cells. In the brains of APP/PS1
mice immunized with A�-VLP, microglial cells appeared plump
with short and thick processes, and a large number of these cells
were localized predominantly in “clusters” at the periphery of the
plaques, compared with controls. Measurements of fractional areas
of MHC-II, a marker of microglial activation, showed a trend for

FIGURE 9. Fractional area of MHC-II (marker of acti-
vated microglia). A trend for an increase in the fractional
area (AF %) of A� immunoreactivity was measured in the
cortex (n � 5; p � 0.154) (A) and hippocampus (n � 5; p �
0.343) (B) of mice vaccinated with A�-VLP (n � 5), com-
pared with wt L1-VLP-immunized control mice (n � 5).
Bars indicate SE.

FIGURE 10. Coronal brain sections and wt L1-VLP-vaccinated mice
(control) (A) and of A�-VLP-vaccinated mice (B). Double immunostaining
was performed with Ab against the microglial activation marker MHC-II
(IA/IE) (brown immunoreactivity) and against A� (6E10) (blue immuno-
reactivity). A�-VLP-vaccinated mice showed an increased number of
MHC-II immunoreactive cells, compared with control mice. C, Shows
F4/80 immunostaining of a “resting” microglial cell in the brain of a
C57BL/6 control mouse. D and E, Demonstrate activated microglial cells
immunostained with IA/IE (marker for MHC-II) in an A�-VLP vaccinated
mouse. Note the increased size of the soma and the thickening and retrac-
tion of the cell processes.
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increase in MCH-II positive microglial cells in A�-VLP vacci-
nated mice compared with controls. These changes suggest that
immunizations with A�-VLP of this specific strain of mice (APP/
PS1, Line 85) activate microglia and recruit it to the periphery of
plaques to remove A�. One possible mechanism of microglial ac-
tivation could be the passage of specific anti-A� Ab across the
BBB and into the brain parenchyma. Subsequently, specific anti-
A� Ab would opsonize A�, bind to microglial FcR, and thereby
promote microglia activation and A� phagocytosis (35). It should
be noted that among mice vaccinated with A�-VLP, marked mi-
croglial activation was observed in three of the five animals
examined.

Although vaccines using the whole A� 1–42 sequence (2) are
more efficient than the A�-VLP vaccine used in this study in terms
of reducing the A� load in the brain of tg mice, administration of
the whole peptide has two problems. It requires the administration
of an adjuvant, which may produce toxicity, and entails the injec-
tion of T cell epitopes, presumable responsible for cell-mediated
encephalomyelitis that occurred in the human vaccination trial.

The general safety of autoAb induction as an approach to im-
munotherapy of AD must obviously be considered seriously. No-
tably, the immunized rabbit producing autoAb to A� appeared
healthy over 5 mo. Importantly, we also did not observe systemic
or cerebral toxicity in immunized mice. In particular, there was no
evidence for infiltration of brains with B- or T cells, and there were
no detectable mononuclear cells in perivascular cuffs or in the
subarachnoid space. This suggested that the A�1–9 Ag exposed on
VLP did not elicit a T cell response directed against brain paren-
chyma, probably because most of the T cell epitopes of A� are
located beyond A� 15-aa residue (20). As additional safety fea-
ture, vaccination with HPV L1-VLP has already been conducted in
thousands of young adults in late phase trials and proven safe and
effective (18, 42).

The use of VLP-based vaccines that induce autoAb specific to
disease targets could be an effective alternative to passive admin-
istration of Ab or peptide vaccinations. Possible advantages are
more constant Ab levels over time, the need for less frequent ad-
ministration, and the absence of an inactivating Ab response to
therapeutic Ab. In addition, peptide vaccinations frequently suffer
from low immunogenicity resulting in low-titer and short-lived Ab
levels, even when potent adjuvants are used. Thus, our observa-
tions of A� autoAb production suggest that A�-VLP could be
considered as a possible formulation in future trials of A� immu-
nization in humans.
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