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Abstract

The development of active immunotherapy for Alzheimer’s disease (AD) requires the identification of immunogens that can
ensure a high titer antibody response toward Ab, while minimizing the risks of adverse reactions. Multimeric protein (1–
11)E2 induces a robust and persistent antibody response to Ab in mice, when formulated in Freund’s adjuvant. The goal of
this translational study was to evaluate the immunogenicity of (1–11)E2 formulated in alum (Alhydrogel 2%), or in a
squalene oil-in-water emulsion (AddaVax), or without adjuvant. A IgG1-skewed isotype distribution was observed for the
anti-Ab antibodies generated in mice immunized with either the non-adjuvanted or the adjuvanted vaccine, indicating that
(1–11)E2 induces a Th2-like response in all tested conditions. Both Alhydrogel 2% and AddaVax enhanced the titer and
avidity of the anti-Ab response elicited by (1–11)E2. We conclude that (1–11)E2 is a promising candidate for anti-Ab
immunization protocols that include alum or squalene-oil-in-water emulsion, or no adjuvant.
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Introduction

Active and passive immunization studies performed in trans-

genic mouse models of Alzheimer’s disease have demonstrated

that antibodies against Ab are able to reduce plaques and improve

cognition (reviewed in [1–3]). In mouse models of AD and in

clinical trials, induction of high titer anti-Ab antibodies correlated

with the reduction in brain Ab [4–7]. Individuals with the highest

titers of anti-Ab antibodies displayed the most pronounced

depletion of plaques [4]. The development of a Th1-type response

was found to correlate with an adverse inflammatory reaction [8].

The development of a vaccine for the prevention or therapy of

Alzheimer’s Disease faces two challenges, namely, overcoming the

low immunogenicity of the Ab peptide and avoiding detrimental

inflammatory reactions in the brain [1]. We have previously

described a multimeric protein antigen for the induction of an

antibody response to Ab that consists of a domain of the bacterial

protein E2 able to self-assemble into a particle consisting of 60

monomers [9]. Peptides encompassing the 1–11 and 2–6 amino

acid positions of Ab were displayed as N-terminal fusions on the

surface of the E2 particles [9]. E2-based vaccines induced a fast-

rising, robust and persistent antibody response to Ab in all

vaccinated mice, with a higher titer of anti-Ab antibodies in the

case of the vaccine harboring the 1–11 Ab peptide, i.e. vaccine (1–

11)E2. Balb/c mice receiving (1–11)E2 formulated in Complete

Freund’s Adjuvant (CFA) developed immune memory to Ab after

a single dose, as demonstrated by the fact that a booster dose,

administered 6 months after the first dose, induced a very high

serum concentration of anti-Ab antibodies (above 1 mg/ml) [9–

11]. Vaccination with (1–11)E2 in Complete Freund’s Adjuvant -

Incomplete Freund’s Adjuvant (CFA-IFA) polarizes the immune

response toward the production of the anti-inflammatory cytokine

Interleukin-4 and does not induce a T cell response to Ab [9].

As CFA-IFA is a very strong and reactogenic adjuvant not

suitable for human use, in this study we analyze the magnitude,

kinetics, isotype, avidity and specificity towards distinct Ab species

of the anti- Ab response elicited by vaccine (1–11)E2 formulated in

alum (Alhydrogel 2%), in a squalene-based oil-in-water emulsion

(AddaVax), or without adjuvant; human vaccines containing

Alhydrogel or oil-in-water adjuvants have been licensed. Com-

pared to our previous study [9] a detoxified (1–11)E2 preparation

was employed in this work in order to eliminate potential

confounding effects caused by lipopolysaccharide (LPS), a typical
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contaminant of proteins produced in E. coli and a strong activator

of innate immunity.

Materials and Methods

Ethics statement
Protocols involving mice have been approved by the Ethics

Committee of the Ministero della Salute, Dipartimento della

Sanità Pubblica Veterinaria, della Sicurezza Alimentare e degli

organi collegiali per la Tutela della Salute Direzione Generale

della Sanità Animale e dei Farmaci Veterinari, and conform to the

provisions of the Declaration of Helsinky and Italian National

guidelines for animal use in research.

Animals
Female (C57BL/6 x C3H)F1 mice (henceforth named B6C3/

F1 mice), were obtained from Charles River Laboratory, Italy, and

immunized at 8 weeks of age.

Hemizygous female B6C3-Tg(APPswe, PSEN1dE9)85Dbo/

Mmjax (004462) mice (henceforth named APP PSEN1 mice),

were obtained from the Mutant Mouse Regional Resource

Centers and immunized at 8 weeks of age.

Antigen preparation
(1–11)E2 was produced and characterized as previously

described [9] and stored at 280uC. To obtain LPS-free (1–

11)E2, protein samples were purified from lipopolysaccharide

(LPS) by phase separation with TritonX-114 (Sigma) [12],

followed by detergent removal with Thermo Scientific Pierce

Detergent Removal Resin (Thermo Scientific). Samples were

tested for LPS using the Limulus Amebocyte Lysate (LAL) Assay

(Lonza) according to the manufacturer’ s instructions. Alhydrogel

2% (alum) and AddaVax (squalene-oil-in-water) were purchased

from InvivoGen, California, USA. AddaVax is based on nano-

emulsification of two components: Sorbitan trioleate (0.5% w/v) in

squalene oil (5% v/v); Tween 80 (0.5% w/v) in sodium citrate

buffer (10 mM, pH 6.5). The nano-emulsion is produced using a

microfluidizer and filtered through a 0.22-mm filter to remove

large droplets and sterilize the final product, the particle size is

,160 nm, as described in the product information provided by

InvivoGen, Version # 11K09-MM.

On the day of immunization, (1–11)E2 was mixed with adjuvant

or PBS following manufacturer’s protocols. In particular, (1–11)E2

particles were mixed 1:1 with AddaVax by inversion just prior to

use, whereas in the case of Alhydrogel 2%, (1–11)E2 particles were

mixed 1:1 with Alhydrogel 2%, and incubated at room

temperature for 1 hour on a rotator to allow antigen adsorption.

In order to verify adsorption, at the end of the incubation period

the antigen-Alhydrogel 2% was centrifuged at 5000 g for 4

minutes at room temperature, and the amount of unbound protein

in the supernatant was determined by measuring the protein

concentration using the Coomassie dye binding method (Bradford

assay). No unbound protein was detected in the supernatant; the

absorbance of the antigen-Alhydrogel 2% supernatant was

identical to the absorbance of the supernatant of a negative

control consisting of PBS-Alhydrogel 2%.

Immunizations
Mice were immunized subcutaneously with 130 mg of (1–11)E2

particles, mixed 1:1 with adjuvant or PBS, in a final volume of

200 ml per dose. The amount of Alhydrogel 2% adjuvant per dose

utilized corresponds to the higher value of the range recom-

mended by the manufacturer for mouse experimentation. In

experiment 1, B6C3/F1 mice received 3 doses of LPS-free

vaccine, at day 0, 21 and 210. In experiment 2, B6C3/F1 mice

received 3 doses of vaccine, at day 0, 15 and 238. In experiment 3,

APP PSEN1 mice received 3 doses of vaccine at day 0, 15 and 30;

each dose consisted of 130 mg of (1–11)E2 particles, mixed 1:1 with

Alhydrogel 2%.

Enzyme-linked immunosorbent assay (ELISA)
ELISA assays were performed as previously described [9,10,13].

Wells of a 96-well Nunc Immunoplate were coated with 100 ml of

5 mg/ml streptavidin at 37uC over night until complete evapora-

tion. Wells were blocked with 0.5% bovine serum albumin in

20 mM TrisHCl pH 7.3, and 120 mM NaCl, incubated with

50 ng biotinylated peptide, incubated with mouse sera diluted in

0.25% bovine serum albumin, 20 mM TrisHCl pH 7.3, 0.5 M

NaCl, 0.05% Tween 20, and detected with anti-mouse IgG

peroxidase conjugate (SIGMA A-2554), anti-mouse IgG1 perox-

idase conjugate (BD Pharmingen 559626) and anti-mouse IgG2a

peroxidase conjugate (BD Pharmingen 553391). All incubations

were carried out for 1 h at 37uC, and after each step wells were

washed twice with Elisa wash buffer (EWB) (20 mM TrisHCl

pH 7.3, 130 mM NaCl, 0.05% Tween 20) and once with Tris

buffered saline (TBS) (20 mM TrisHCl pH 7.3, 0.5 M NaCl).

Wells were incubated for 45 min at room temperature with

0.4 mgml21 O-phenylenediamine dihydrochloride dissolved in

30 mM citric acid, 70 mM Na2HPO4, 0.8 mM H2O2. Absor-

bance was read at 492 nm, after blocking color development with

0.8 M sulfuric acid.

Each serum was tested against synthetic peptide 1–11 of Ab.

Synthetic peptide 23–29 of Ab was used as a negative control.

Peptides were biotinylated on a lysine residue added to the C-

terminus; biotin was attached to the e-amino group of the lysine

side chain. Titer of a serum was defined as the dilution yielding an

absorbance value equal to twofold the background value obtained

against the negative control.

When indicated, sera samples were also tested against aggre-

gated synthetic Ab42. To obtain aggregated Ab42, 1 mg of Ab42

(Innovagen SP-BA42-5) was dissolved in 830 ml of water and

vortexed to generate a uniform suspension; an aliquot of 100 ml of

10 x PBS was added, and the suspension was vortexed again; 50 ml

of NaHPO4 1 M pH 7.5 and 20 ml of NaCl 5M were added, and

the solution was vortexed and incubated at 37uC over night. Wells

of ELISA plates were coated with 1 mg per well of aggregated

Ab42 in phosphate-buffered saline at 4 C for 16 h.

Titration of IgG1 and IgG2a isotype antibodies
IgG1 and IgG2a isotype antibodies were detected respectively

with secondary anti-mouse IgG1 peroxidase conjugate BD

Pharmingen 559626 and secondary anti-mouse IgG2a peroxidase

conjugate BD Pharmingen 553391. In order to demostrate that

the secondary antibodies give comparable signals at the same

concentration of primary antibody, titration curves with IgG1

isotype antibody Bam-10 (Sigma-Aldrich A3981) and IgG2a

isotype antibody NAB-228 (Sigma-Aldrich A8354) were per-

formed. The concentration of the purified Bam-10 and NAB-228

antibodies was determinated with the Coomassie dye binding

method based on the Bradford assay, utilizing the Bio-Rad Protein

Assay. Wells of a 96-well Nunc Immunoplate were incubated at

4uC over night with 50 ml of a serial dilution of either Bam-10 or

NAB-228, starting from the concentration of 5.76 ng/ml. Wells

were blocked with 0.5% bovine serum albumin in 20 mM

TrisHCl pH 7.3, and 120 mM NaCl, and detected with anti-

mouse IgG1 peroxidase conjugate (BD Pharmingen 559626) and

anti-mouse IgG2a peroxidase conjugate (BD Pharmingen 553391).

The titration curves that demonstrate that the secondary

Adjuvant Effect on Anti-Beta-Amyloid Immunization
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antibodies give the same signal at the same concentration of

primary antibody are shown in (figure S1).

Anti-Ab avidity determination
The avidity index of sera for synthetic peptide 1–11 of Ab and

for pre-aggregated Ab42, expressed as the percentage avidity,

was obtained from the ratio of ELISA absorbance values in the

presence or absence of Urea 6 M as described in [14]. Sera were

plated in quadruplicate. After washes in EWB and TBS as

described above, half of the wells were incubated for 10 minutes

at 37uC with 100 ml of Urea 6 M, while the other wells were

incubated with PBS. The avidity was calculated as the ratio of

absorbance measured at 490 nm in urea-treated and PBS-

treated wells (AUREA/APBS)x 100. The serum dilutions were

chosen to yield, in the PBS-treated wells, a value of absorbance

equal to 0.5+/20.1, in the linear phase of the titration curve

[14].

Immuno-dot blot analysis of (1–11)E2 antisera reactivity
against different Ab species

Distinct Ab species were generated from the water-soluble

depsipeptide derivative of Ab42 (Ab42-depsi; RP10017-1, Gen-

Script) as described previously [15,16].

Unaggregated, predominantly monomeric Ab42 was pre-

pared by dissolving Ab42-depsi in PBS (pH 7.4) at a 450 mg/ml

concentration, followed by centrifugation at 4uC for 40 min. at

180006g, quantitation with the Qubit Protein Assay Kit

(Molecular Probes) on a Qubit 2.0 Fluorometer, and dilution

to the final working concentration (7.5 or 30 mg/ml) with PBS.

The linear dynamic range of the Qubit Protein Assay was

checked on serial dilutions of monomeric Ab42 peptide, and the

lack of effect of the Ab conformation on the Qubit Protein

Assay quantification was verified on Ab monomers, oligomers

and protofibrils obtained from the same Ab42 aliquot, and that

had not undergone a centrifugation step (A. S., unpublished

data).

Ab oligomers were generated by incubating the dissolved

Ab42-depsipeptide at 4uC for 12–16 hours, followed by centri-

fugation and quantitation as above, and dilution of the

supernatant to the final working concentration with PBS. For

Ab42 protofibril production, the Ab42-depsipeptide was dis-

solved at a 1350 mg/ml concentration in 2 mM NaOH, diluted

to 675 mg/ml with 100 mM HCl and incubated for 24–48 hours

at 37uC. After centrifugation and quantitation as above, the

supernatant was diluted with PBS to the same working

concentrations utilized for Ab monomers and oligomers. For

Ab42 fibril production, the Ab42-depsipeptide was dissolved and

diluted as described above for the protofibrils and incubated for 9

days at 37uC. Fibril samples were not centrifuged and after

quantitation they were directly diluted to the final working

concentration with PBS. Ab oligomer and (proto)fibril formation,

as well as the absence of fibrillar aggregates in monomeric and

oligomeric Ab preparations, were verified by atomic force

microscopy with a Nanoscope III microscope (Digital Instru-

ments) as described [17]. For dot blot analysis, 15 ng or 60 ng of

the various Ab42 species, in a volume of 2 ml, were hand-spotted

onto 0.2 mm nitrocellulose membranes (BioRad) pre-wetted with

TBS (20 mM Tris-HCl, pH 7.5, 0.8% NaCl). After blocking for

2 hours at room temperature with Odyssey Blocking Buffer (LI-

COR), membranes were washed three times for 10 min with

TBST (20 mM Tris-HCl, pH 7.5, 0.8% NaCl, 0.2% Tween20),

followed by incubation for 1 h at room temperature with

individual (1–11)E2 antisera in Odyssey Blocking Buffer. Mem-

branes were then washed three times with TBST and incubated

for 1 h at RT with a labeled anti-mouse immunoglobulin

antibody (IRDye 680, LI-COR; diluted 1:5000). After an

additional three washes with TBST, blots were dried and

analyzed with an Odyssey infrared fluorescence imager (LI-

COR) at different laser intensities.

Individual pools of (1–11)E2 antisera obtained with the use of

different adjuvant or without adjuvant, were tested at different

dilutions, including the anti-Ab (1–11) end-point titers derived

from ELISA.

Statistical analysis
The two-tailed Student’s t test was performed to determine

statistical significance of observed differences. Data on samples

taken from the same mouse at different time-points were analyzed

with the paired test, different treatment groups were analyzed with

the unpaired test with unequal variances. The p-value was

calculated with Microsoft Excel:Mac 2004.

Results

Non-adjuvanted, LPS-free (1–11)E2 is immunogenic and
induces immunological memory along with an
IgG1-skewed immune response

We have previously reported that (1–11)E2, formulated in

CFA-IFA, is highly immunogenic [9]. As CFA-IFA is a very

strong and reactogenic adjuvant that is not suitable for human

use, we set out to profile the immunogenicity of (1–11)E2 in the

absence of adjuvants. (1–11)E2 is produced in E. coli, and

chromatography-purified preparations are invariably contami-

nated by traces of LPS, an activator of innate immunity that can

have an adjuvant effect. In this experiment we have utilized LPS-

free (1–11)E2, obtained from a further round of purification, as

described in ‘Materials and methods’. A group of five B6C3/F1

mice were immunized subcutaneously with LPS-free (1–11)E2,

diluted in PBS, at day 0, 21 and 210. Sera were collected at

different time-points over a 10 months period. In all sera, we

observed a peak of anti-Ab antibodies at day 30 (figure 1 a). The

recall dose, administered at day 210, elicited a recognizable

memory response, characterized by a quicker increase in anti-Ab
antibody titers and a more persistent response (figure 1 a). As

shown in figure 1 a, all immunized mice started to produce

measurable concentrations of anti-Ab antibodies 14 days after the

first injection and all of them developed immune memory, as

revealed by the high anti-Ab titer observed at day 224, i.e. 14

days after the recall dose (figure 1 b).

Within an antibody response, the IgG1/IgG2a ratio is

considered a correlate of the polarization of the T cell response,

with Th1 T-cell responses favoring the production of IgG2a and

Th2 T-cell responses favoring the production of IgG1 [18]. We

analyzed the titer of IgG1 and IgG2a isotype anti-Ab antibodies

obtained after immunization of B6C3/F1 mice with non-

adjuvanted LPS-free (1–11)E2 (figure 1 c). On the pooled sera

from 5 immunized mice we found that the IgG response to Ab
induced by non-adjuvanted LPS-free (1–11)E2 is characterized by

a marked prevalence of the IgG1 isotype over the IgG2a isotype

(figure 1 c), suggesting that the ability to induce a Th2 T cell

response, previously observed for CFA-IFA adjuvanted (1–11)E2

[9], is an intrinsic quality of LPS-free (1–11)E2. In order to rule

out the effect of outliers on the values determined in pooled sera,

we also analyzed individual sera, confirming the prevalence of

IgG1 (figure S2 a).

Adjuvant Effect on Anti-Beta-Amyloid Immunization
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Figure 1. Titer and isotype of anti-Ab antibodies produced in mice immunized with LPS-free (1–11)E2 without adjuvant. panel a The
graph shows the anti-Ab antibody IgG titer measured on the sera of five B6C3/F1 mice immunized with LPS-free (1–11)E2, without adjuvant, at the
indicated time-points. The antibody response elicited by the dose administered at day 210 is higher than the primary response, indicating the
development of immunological memory. All immunized mice produced anti-Ab antibodies after the first dose, and exhibited a recall response. panel
b The graph reports the anti-Ab IgG titer in the sera of individual B6C3/F1 mice, 14 days after the first dose of vaccine, and 14 days after the recall
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Alhydrogel and AddaVax enhance the titer and avidity of
the anti-Ab response induced by LPS-free (1–11)E2,
preserving the IgG1-skewed isotype distribution

We then set out to evaluate the immunogenicity of (1–11)E2,

formulated in two different adjuvants, namely Alhydrogel 2%

(alum), and AddaVax, a squalene oil-in-water emulsion.

As our previous study on (1–11)E2 immunogenicity [9] was

performed with chromatographically purified (1–11)E2 prepara-

tions containing trace amounts of LPS, we evaluated the potential

effect of this trace contaminant on immunogenicity by comparing

anti-Ab antibody titers in mice that received one dose of detoxified

or non-detoxified (1–11)E2 antigen formulated in either Alhy-

drogel 2% or Addavax. The amount of LPS in the non-detoxified

(1–11)E2 was 4330 EU/ml, wheras in the detoxified (1–11)E2,

henceforth named LPS-free (1–11)E2, it was below the detection

limit of the LAL test. The chromatographically purified prepara-

tion causes IFN-gamma production in peripheral lymphocytes

from non-immunized mice (FM and AP, unpublished data).

However, no statistically significant effect of LPS (4330 EU/ml) on

anti-Ab titers at day 14 was observed with Alhydrogel 2% or

AddaVax adjuvanted (1–11)E2 (figure 2 a). As further shown in

figure 2a, both adjuvants significantly enhanced the anti-Ab
response induced by LPS-free (1–11)E2.

Neither Alhydrogel 2%, nor AddaVax altered the IgG subclass

distribution observed with the non-adjuvanted vaccine; regardless

of the specific adjuvant employed, IgG1 were more abundant than

IgG2a immunoglobulins (figure 2 b), indicating that LPS-free (1–

11)E2 elicits a Th2-like response with both Alhydrogel 2% and

AddaVax. To rule out a potential effect of outliers on the IgG

isotype abundance values obtained from pooled sera, we analyzed

all available individual sera, confirming the prevalence of IgG1

(figure S2 b, c). An IgG1 skewed anti-Ab response was also

observed in APP PSEN1 mice immunized with 3 doses of (1–

11)E2 formulated in Alhydrogel 2% (figure S2 d).

Both Alhydrogel 2% and AddaVax treated mice developed

immunological memory against (1–11)E2, as evidenced by a rapid

rise in the anti-Ab titer 14 days after a recall dose of the

adjuvanted vaccine administered 6 months after the initial

immunization (days 0–15) (figure 2 c).

In Alhydrogel 2% and AddaVax treated mice we observed a

significant increase in the avidity index of anti-Ab (1–11)

antibodies from day 9 to day 109, whereas no significant

maturation of avidity was observed in mice that had received

non-adjuvanted LPS-free (1–11)E2 (figure 3 a).

All sera also recognized the full lenght antigen, pre-aggregated

Ab42 (figure 3 b). Both adjuvants enhanced the avidity of day 109

sera against pre-aggregated Ab42 (figure 3 b). Average avidity

against pre-aggregated Ab42 was very similar to the average

avidity measured against the synthetic (1–11) peptide in day 109

sera from mice that had received the adjuvanted vaccine (figure 3

c).

Immune reactivity profiles of (1–11)E2 antisera against
different Ab species

Next, we examined the immune reactivity profile of (1–11)E2

antisera by dot blot analysis of monomeric, oligomeric, proto-

fibrillar and fibrillar Ab (figure 4 a). As shown in figure 4 b, sera

from B6C3/F1 mice immunized with LPS-free (1–11)E2 prefer-

entially recognize aggregated Ab species, namely oligomers,

protofibrils and fibrils. When lower amounts of Ab were spotted

on the membrane (15 instead of 60 ng/dot as for the analysis

reported in panel b), the oligomer signal faded, whereas the

proto(fibril) signal was still clearly detectable (figure 4 c), indicating

a higher titer (or avidity) of antibodies recognizing higher-order

Ab aggregates (fibril and protofibrils) compared to anti-Ab
oligomer antibodies. In fact, both Ab fibrils and protofibrils, but

not Ab oligomers, could be detected at (1–11)E2 antisera dilutions

as high as 1:140,000 (Alhydrogel adjuvant) or 1:80,000 (Addavax

adjuvant) (figure S4). Monomeric Ab was the least recognized

species.

The immune reactivity pattern of (1–11)E2 antibodies gener-

ated in the presence of the two different adjuvants was similar to

that of the unadjuvanted antigen, the main difference being a

generally lower anti-Ab titer in mice immunized with the

unadjuvanted antigen (figure S4).

Discussion

The goal of this study was to evaluate the ability of multimeric

protein antigen (1–11)E2, formulated either in Alhydrogel 2%, or

AddaVax, or in the absence of adjuvant, to induce anti-Ab
antibody. Human vaccines containing Alhydrogel (alum) have

been licensed. AddaVax is a squalene-based oil-in-water nano-

emulsion with a formulation similar to MF59, an adjuvant that has

been licensed in Europe for adjuvanted flu vaccines. LPS-free (1–

11)E2 was utilized in this study, on the assumption that LPS, a

trace contaminant of chromatography purified (1–11)E2 prepara-

tion and a strong activator of innate immunity, might affect the

antibody response induced by the vaccine.

Adsorption of (1–11)E2 to Alhydrogel 2% was very efficient, as

no free antigen was detected. The isoelectric point of (1–11)E2 is

6.4 and the isoelectric point of Alhydrogel 2% is ,11 [19],

therefore, in PBS, electrostatic effects can favor adsorption of (1–

11)E2 to Alhydrogel. The amount of Alhydrogel per dose utilized

in this study matches the higher limit of the range recommended

by the manufacturer for mouse experimentation; the efficacy of

lower amounts of Alhydrogel will be tested in future studies.

The presence of LPS in the (1–11)E2 preparation utilized for the

experiment in figure 2 did not affect the anti-Ab titer under our

immunization conditions. Remarkably, the LPS-containing (1–

11)E2 induced an IgG1 bias in vivo (FM and AP, unpublished

data), despite the fact that in cultured mouse lymphocytes the same

amount of LPS (4330 EU/ml) strongly induces IFN-gamma

production (FM and AP, unpublished data).

We observed that, in the absence of adjuvant, LPS-free (1–

11)E2 is immunogenic and induces anti-Ab antibodies with a

prevalence of the IgG1 isotype, suggestive of a Th2 polarization.

Both Alhydrogel 2% and AddaVax enhance the titer of the anti-

Ab response induced by LPS-free (1–11)E2, without changing the

isotype of the response.

In this study, a large titer variation was seen between individual

mice, despite the fact that the mice were genetically identical, and

age and sex matched. This variability may reflect stochastic

differences in the number of vaccine-specific lymphocytes that are

activated in individual animals upon vaccination. The titer of the

dose (day 224). All immunized mice produced anti-Ab antibodies after the first dose, and exhibited a recall response. panel c The graph reports the
anti-Ab titer of IgG1 (closed diamonds) and IgG2a (open diamonds) isotype antibodies in the pooled sera of 5 B6C3/F1 mice immunized with LPS-free
(1–11)E2 at day 0 and 21. The error bars represent the standard deviation, calculated from extreme alternative fit lines. From day 21 onwards, the IgG1
titer is consistently higher than the IgG2a titer.
doi:10.1371/journal.pone.0101474.g001
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antibody response is considered a crucial parameter to obtain

therapeutic efficacy, therefore highly variable responses among

individuals may implicate that some vaccinees do not to achieve

protective antibody titers. The protective anti-Ab titer for the

prevention of Alzheimer’s disease has not been identified yet. In a

previous study, we observed a reduction of Ab plaques in mice

with anti-Ab titers above 1:1000 at the time of sacrifice. From the

experiments reported here, it appears that two doses of non-

adjuvanted, LPS-free (1–11)E2 vaccine administered at day 0 and

21 are not sufficient to ensure persistence of anti-Ab titers above

1:1000 in all individuals for longer than 3 months (figure 1 a). In

contrast, when the vaccine is formulated in Alhydrogel or

Addavax, the anti-Ab titer is maintained above 1:15000 in all

individuals for at least 3 months (figure S3).

In mice that received the adjuvanted vaccine, the avidity of anti-

Ab (1–11) antibodies increased significantly from day 9 to day 109.

Avidity for the full-lenght antigen Ab42 was higher in mice

immunized with adjuvant (p = 0.02 for AddaVax). All antisera

preferentially recognized the most aggregated Ab forms, namely

oligomers, protofibrils and fibrils. In particular, protofibrils and

fibrils were the best recognized species, being recognized by all

antisera also at the lowest amount of target tested (15 ng/dot)

(figure 4 c), and at the highest dilutions of sera (figure S4).

The differences we have observed in the immuno-reactivity

pattern of sera from mice immunized with the adjuvanted and the

non-adjuvanted antigen can be attributed to the ability of

adjuvants to enhance the titer of the anti-Ab response, in fact

when all sera were analyzed at a dilution equal to the respective

titer measured by ELISA against Ab (1–11), the immune reactivity

profiles appeared very similar, as only binding to protofibrils and

fibrils could be detected (figure S4).

In the Alzheimer’s brain, Ab monomers, oligomers and fibrils

exist in a complex equilibrium. In an environment that contains

different Ab species, antibody binding to each Ab species depends

on the respective binding avidities, on antibody concentration and

on the concentration of the different Ab species. The antibody

titers in the central nervous system are known to be much lower

than antibody titers in plasma; for instance, the CNS level of an

anti-Ab monoclonal was found to be 0.1% of the plasma levels

[20]. It has been speculated that anti-Ab antibodies binding Ab
monomers in plasma may modulate Ab CNS levels by acting as a

‘‘peripheral sink’’ and drive efflux of Ab from the central nervous

system [21,22], however an alternative scenario is that the main

effect of antibody binding to monomeric Ab in blood is the

prolongation of Ab half-life, with the formation of a highly stable

complex, that cannot mediate additional effects on Ab through

binding [23]. Activity in acute reversal of the conditional fear

conditioning (CFC) has been reported to correlate inversely with

recognition of monomeric Ab by monoclonal antibodies against

the N-terminus of beta-amyloid [24]. Ab oligomers and proto-

fibrils have been reported to be toxic, albeit there is still a lack of a

common, agreed-upon experimental description of the toxic Ab
oligomer [25]. In mice, the ability of monoclonal antibodies to

bind fibrillar Ab is associated with efficacy in passive immuno-

therapy treatments begun following onset of plaque deposition

([26], [20], reviewed in [27]). In this context, it is interesting that

the pooled sera of mice immunized with (1–11)E2 Alhydrogel

recognized Ab protofibrils and fibrils at a 1:140000 serum dilution,

and that antisera were able to recognize soluble Ab aggregates,

namely oligomers and soluble protofibrils, that are considered the

Figure 2. Titer and isotype of anti-Ab antibodies induced by (1–
11)E2 formulated in Alhydrogel 2% or AddaVax. panel a The
plot reports the anti-Ab antibody titer at day 14 of B6C3/F1 mice that
have received one injection of (1–11)E2, formulated in Alhydrogel 2%
(diamonds), AddaVax (circles), or without adjuvant (triangles). Each
symbol represents a mouse. Some mice were immunized with LPS-free
(1–11)E2 (open symbols) while other mice were immunized with (1–
11)E2 obtained with the standard purification protocol (closed
symbols). With either adjuvant, the presence of LPS contamination in
the (1–11)E2 preparation has no statistically significant effect on the
anti-Ab titer. Both Alhydrogel 2% and AddaVax significantly enhanced
the anti-Ab response induced by LPS-free (1–11)E2, with no significant
difference in the anti-Ab IgG titer obtained with Alhydrogel 2%, or
AddaVax. panel b The histograms show the anti-Ab titer of IgG1 (white
bars) and IgG2a (black bars) isotype antibodies in the pooled sera of
B6C3/F1 mice (n = 5 in each treatment group) vaccinated with LPS-free
(1–11)E2, formulated in the indicated adjuvants. Sera were collected at
day 109. The error bars represent the standard deviation, calculated
from extreme alternative fit lines. IgG1 antibodies were more abundant
than IgG2a in both the Alhydrogel 2% and the AddaVax group. panel c
The graph shows the anti-Ab (1–11) IgG titer in the sera of B6C3/F1
mice immunized with (1–11)E2 formulated in either Alhydrogel 2% or
AddaVax. Mice received 3 doses of adjuvanted vaccine, at day 0, 15 and
238. Sera were collected before the day 238 recall dose (black symbols)

and 14 days after the day 238 recall dose (open symbols). A memory
response was observed both in the Alhydrogel 2% and in the AddaVax
group.
doi:10.1371/journal.pone.0101474.g002
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Figure 3. Avidity of anti-Ab antibodies induced by (1–11)E2 formulated in Alhydrogel 2%, AddaVax or PBS. panel a The plot shows
the avidity index against Ab (1–11) of mouse sera collected at day 9 (black symbols) and day 109 (open symbols) from B6C3/F1 mice immunized with
LPS-free (1–11)E2 in the indicated adjuvants. Each symbol represents a mouse serum. The avidity index of sera from mice immunized with the
adjuvanted vaccine increased significantly from day 9 to day 109, while no increase was observed in the sera of mice immunized without adjuvant.
panel b The plot shows the avidity index against pre-aggregated Ab42 of mouse sera collected day 109 (open symbols) from B6C3/F1 mice
immunized with LPS-free (1–11)E2 in the indicated adjuvants. Each symbol represents a mouse serum. The avidity index of sera from mice immunized
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most toxic Ab species. The relatively lower avidity for monomeric

Ab displayed by (1–11)E2 antisera could be an advantage, as it

would reduce antibody binding to Ab monomers in plasma, and

therefore increase CNS exposure.

Overall, we conclude that Alhydrogel 2% and AddaVax

enhance the immunogenicity of (1–11)E2 without changing the

immunoglobulin G1 (IgG1) dominated profile of the humoral

immune responses to Ab induced by the non- adjuvanted antigen.

By comparison, we have previously found that an N-terminal Ab
epitope displayed on a different carrier, namely a filamentous

bacteriophage, elicits antibodies with a prevalence of IgG2a

[13,28]. All tested adjuvants enhance the titer of anti-Ab
antibodies induced by (1–11)E2.

The (1–11)E2 antigen, with its intrinsic ability to induce an

IgG1-biased immune response, thus lends itself as a promising

candidate for the development of alum or squalene oil-in-water

emulsion adjuvanted, or even unadjuvanted, anti-Ab immuno-

gens. In vivo experiments in mouse models of Alzheimer’s Disease

need to be performed to analyze the effects of immunization with

(1–11)E2 on the levels of different Ab species, and on cognitive

endpoints.

with the AddaVax adjuvanted vaccine is significantly higher than the avidity index of sera from mice immunized with vaccine in PBS. panel c The
histogram shows the average avidity index against Ab (1–11) (open bars) and pre-aggregated Ab42 (black bars) of mouse sera (day 109) from B6C3/
F1 mice immunized with LPS-free (1–11)E2 in Alhydrogel 2% (n = 5 mice), AddaVax (n = 4), PBS (n = 3). The error bars represent the standard error of
the mean. The avidity against Ab (1–11) and Ab42 is very similar in the groups that received the adjuvanted vaccine.
doi:10.1371/journal.pone.0101474.g003

Figure 4. Recognition of distinct Ab species by sera from mice immunized with differently adjuvanted formulations of the LPS-free
(1–11)E2 antigen. panel a Representative 1 mm61 mm atomic force microscopy images of the indicated Ab42 species (see ‘Materials and methods’
for details). panel b Immuno-dot blot analysis conducted on 60 ng each of the various Ab42 species (M, monomers; O, oligomers; P, protofibrils; F,
fibrils) at a 1:5000 dilution of pooled (day 77) sera from B6C3/F1 mice immunized with Alhydrogel- or Addavax-adjuvanted LPS-free (1–11)E2, or with
the same antigen without adjuvant (PBS) as indicated. panel c Immuno-dot blot analysis conducted on 15 ng each of the various Ab42 species at a
1:5000 dilution of pooled (day 77) sera from B6C3/F1 mice immunized with Alhydrogel- or Addavax-adjuvanted LPS-free (1–11)E2, or with the same
antigen without adjuvant (PBS).
doi:10.1371/journal.pone.0101474.g004
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Supporting Information

Figure S1 Titration curves of secondary anti-IgG1 and
anti-IgG2a antibodies. The graph shows the absorbance of

ELISA wells coated with IgG1 (clone BAM-10) and IgG2a (clone

NAB-228) antibodies and incubated respectively with secondary

anti-mouse IgG1 (black symbols) or anti-mouse IgG2a (open

symbols). The x-axis error bars report the percentage error in

replicate measures of the concentration of primary antibody, the y-

axis error bars report the standard deviation in the absorbance of

replicate wells. At the same concentration of primary antibody,

wells incubated with anti-mouse IgG1 and anti-mouse IgG2a

secondary antibodies show no significant difference of absorbance.

(TIF)

Figure S2 Isotype of anti-Ab antibodies induced by LPS-
free (1–11)E2 in individual mouse sera. panel a The

histograms show the measured light absorbance in ELISA wells

coated with Ab and incubated with the sera from five mice (ALF1,

ALF2, ALF3, ALF4, ALF5) vaccinated with LPS-free (1–11)E2 in

Alhydrogel 2%. Sera were collected at day 109, and tested at

1:8000 dilution. Anti-Ab antibodies were measured using

secondary antibodies specific for IgG1 (open bars) or IgG2a

(black bars). Histogram bars represent the mean absorbance of

replicate wells, the error bars represent the standard deviation.

IgG1 antibodies were more abundant than IgG2a in 4/5 mice.

panel b The histograms show the measured light absorbance in

ELISA wells coated with Ab and incubated with the sera from four

mice (SLF2, SLF3, SLF4, SLF5) vaccinated with LPS-free (1–

11)E2 in AddaVax. Sera were collected at day 109, and tested at

1:2000 dilution. Anti-Ab antibodies were measured using

secondary antibodies specific for IgG1 (open bars) or IgG2a

(black bars). Histogram bars represent the mean absorbance of

replicate wells, the error bars represent the standard deviation.

IgG1 antibodies were more abundant than IgG2a in 4/4 mice.

panel c The histograms show the measured light absorbance in

ELISA wells coated with Ab peptide Abeta(1–11) and incubated

with the sera from five mice (PLF1, PLF2, PLF3, PLF4, PLF5),

vaccinated with LPS-free (1–11)E2. Sera were collected at day 35,

and tested at 1:2000 dilution. Anti-Ab antibodies were measured

using secondary antibodies specific for IgG1 (open bars) or IgG2a

(black bars). Histogram bars represent the mean absorbance of

replicate wells, the error bars represent the standard deviation.

IgG1 antibodies were more abundant than IgG2a in 4/5 mice.

panel d The graph shows the anti-Ab (1–11) titer measure on the

sera of seven APP PSEN1 mice immunized with (1–11)E2

formulated in Alhydrogel 2%. Mice received 3 doses of adjuvanted

vaccine, at day 0, 15 and 30. Sera were collected at day 50. Anti-

Ab antibodies were measured using secondary antibodies specific

for IgG, IgG1 or IgG2a. Each dot represents a mouse. In all tested

sera IgG1 antibodies were more abundant than IgG2a. IgG2a

were under the limit of detection at the 1:100 dilution in the sera of

5 out of 7 mice.

(TIF)

Figure S3 Persistence of the anti-beta amyloid titer in
individual mice. The plot reports the anti-Ab antibody titer at

day 109 of B6C3/F1 mice immunized (day 0 and day 21) with

LPS-free (1–11)E2, formulated in Alhydrogel 2% (diamonds),

AddaVax (circles), or without adjuvant (triangles). Each symbol

represents a mouse. In the adjuvanted groups, the anti-Ab titer

persisted above 1:15000 in all individuals, wheras in 2/5 mice

receiving the unadjuvanted vaccine the day 109 titer is below

1:1000.

(TIF)

Figure S4 Recognition of distinct Ab species by sera
from mice immunized with differently adjuvanted
formulations of the LPS-free (1–11)E2 antigen. Immuno-

dot blot analysis conducted on 60 ng each of the indicated Ab42

species (M, monomers; O, oligomers; P, protofibrils; F, fibrils) with

1:140,000 (Alhydrogel 2%), 1:80,000 (Addavax) and 1:5000 (PBS)

dilutions of pooled (day 77) sera from B6C3/F1 mice.

(TIF)

Acknowledgments

We acknowledge the help of interns M. Tammaro, W. Tocco, G. Motta

and A. De Luca in carrying out ELISA tests, and the help of dr R.

Sartorius for the LAL test and Bradford assay. Technical support with

AFM analysis from Dr. Davide Amidani (Department of Life Sciences) and

access to the Nanoscope III atomic force microscope at the central

instrumentation facility of the University of Parma (CIM) are also gratefully

acknowledged.

Author Contributions

Conceived and designed the experiments: FM MT AS SO PDB AP.

Performed the experiments: FM MT AS PDB. Analyzed the data: FM SO

PDB AP. Wrote the paper: FM SO PDB AP.

References

1. Lemere CA, Masliah E (2010) Can Alzheimer disease be prevented by amyloid-

beta immunotherapy? Nat Rev Neurol 6: 108–119.

2. Brody DL, Holtzman DM (2008) Active and passive immunotherapy for

neurodegenerative disorders. Annu Rev Neurosci 31: 175–193.

3. Weiner HL, Frenkel D (2006) Immunology and immunotherapy of Alzheimer’s

disease. Nat Rev Immunol 6: 404–416.

4. Holmes C, Boche D, Wilkinson D, Yadegarfar G, Hopkins V, et al. (2008) Long-

term effects of Abeta42 immunisation in Alzheimer’s disease: follow-up of a

randomised, placebo-controlled phase I trial. Lancet 372: 216–223.

5. Hock C, Konietzko U, Streffer JR, Tracy J, Signorell A, et al. (2003) Antibodies

against beta-amyloid slow cognitive decline in Alzheimer’s disease. Neuron 38:

547–554.

6. Vellas B, Black R, Thal LJ, Fox NC, Daniels M, et al. (2009) Long-term follow-

up of patients immunized with AN1792: reduced functional decline in antibody

responders. Curr Alzheimer Res 6: 144–151.

7. Serrano-Pozo A, William CM, Ferrer I, Uro-Coste E, Delisle MB, et al. (2010)

Beneficial effect of human anti-amyloid-beta active immunization on neurite

morphology and tau pathology. Brain 133: 1312–1327.

8. Pride M, Seubert P, Grundman M, Hagen M, Eldridge J, et al. (2008) Progress

in the active immunotherapeutic approach to Alzheimer’s disease: clinical

investigations into AN1792-associated meningoencephalitis. Neurodegener Dis

5: 194–196.

9. Mantile F, Basile C, Cicatiello V, De Falco D, Caivano A, et al. (2011) A

multimeric immunogen for the induction of immune memory to beta-amyloid.

Immunol Cell Biol 89: 604–609.

10. Castiglione F, Mantile F, De Berardinis P, Prisco A (2012) How the interval

between prime and boost injection affects the immune response in a

computational model of the immune system. Comput Math Methods Med

2012: 842329.

11. Prisco A, De Berardinis P (2012) Memory immune response: a major challenge

in vaccination. Biomolecular concepts 3: 479–486.

12. Aida Y, Pabst MJ (1990) Removal of endotoxin from protein solutions by phase

separation using Triton X-114. J Immunol Methods 132: 191–195.

13. Esposito M, Luccarini I, Cicatiello V, De Falco D, Fiorentini A, et al. (2008)

Immunogenicity and therapeutic efficacy of phage-displayed beta-amyloid

epitopes. Mol Immunol 45: 1056–1062.

14. Matheus S, Deparis X, Labeau B, Lelarge J, Morvan J, et al. (2005)

Discrimination between primary and secondary dengue virus infection by an

immunoglobulin G avidity test using a single acute-phase serum sample. J Clin

Microbiol 43: 2793–2797.

15. Balducci C, Beeg M, Stravalaci M, Bastone A, Sclip A, et al. (2010) Synthetic

amyloid-beta oligomers impair long-term memory independently of cellular

prion protein. Proc Natl Acad Sci U S A 107: 2295–2300.

16. Beeg M, Stravalaci M, Bastone A, Salmona M, Gobbi M (2011) A modified

protocol to prepare seed-free starting solutions of amyloid-beta (Abeta)(1)(-)(4)(0)

Adjuvant Effect on Anti-Beta-Amyloid Immunization

PLOS ONE | www.plosone.org 9 July 2014 | Volume 9 | Issue 7 | e101474



and Abeta(1)(-)(4)(2) from the corresponding depsipeptides. Anal Biochem 411:

297–299.
17. Moretto N, Bolchi A, Rivetti C, Imbimbo BP, Villetti G, et al. (2007)

Conformation-sensitive antibodies against alzheimer amyloid-beta by immuni-

zation with a thioredoxin-constrained B-cell epitope peptide. J Biol Chem 282:
11436–11445.

18. Stevens TL, Bossie A, Sanders VM, Fernandez-Botran R, Coffman RL, et al.
(1988) Regulation of antibody isotype secretion by subsets of antigen-specific

helper T cells. Nature 334: 255–258.

19. Jones LS, Peek LJ, Power J, Markham A, Yazzie B, et al. (2005) Effects of
adsorption to aluminum salt adjuvants on the structure and stability of model

protein antigens. J Biol Chem 280: 13406–13414.
20. Levites Y, Das P, Price RW, Rochette MJ, Kostura LA, et al. (2006) Anti-

Abeta42- and anti-Abeta40-specific mAbs attenuate amyloid deposition in an
Alzheimer disease mouse model. J Clin Invest 116: 193–201.

21. DeMattos RB, Bales KR, Cummins DJ, Dodart JC, Paul SM, et al. (2001)

Peripheral anti-A beta antibody alters CNS and plasma A beta clearance and
decreases brain A beta burden in a mouse model of Alzheimer’s disease. Proc

Natl Acad Sci U S A 98: 8850–8855.

22. DeMattos RB, Bales KR, Cummins DJ, Paul SM, Holtzman DM (2002) Brain

to plasma amyloid-beta efflux: a measure of brain amyloid burden in a mouse
model of Alzheimer’s disease. Science 295: 2264–2267.

23. Golde TE, Petrucelli L, Lewis J Targeting Abeta and tau in Alzheimer’s disease,

an early interim report. Exp Neurol 223: 252–266.
24. Basi GS, Feinberg H, Oshidari F, Anderson J, Barbour R, et al. (2010) Structural

correlates of antibodies associated with acute reversal of amyloid beta-related
behavioral deficits in a mouse model of Alzheimer disease. J Biol Chem 285:

3417–3427.

25. Benilova I, Karran E, De Strooper B The toxic Abeta oligomer and Alzheimer’s
disease: an emperor in need of clothes. Nat Neurosci 15: 349–357.

26. Bard F, Cannon C, Barbour R, Burke RL, Games D, et al. (2000) Peripherally
administered antibodies against amyloid beta-peptide enter the central nervous

system and reduce pathology in a mouse model of Alzheimer disease. Nat Med
6: 916–919.

27. Golde TE, Das P, Levites Y (2009) Quantitative and mechanistic studies of

Abeta immunotherapy. CNS Neurol Disord Drug Targets 8: 31–49.
28. Prisco A, De Berardinis P (2012) Filamentous bacteriophage fd as an antigen

delivery system in vaccination. Int J Mol Sci 13: 5179–5194.

Adjuvant Effect on Anti-Beta-Amyloid Immunization

PLOS ONE | www.plosone.org 10 July 2014 | Volume 9 | Issue 7 | e101474


