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Pyroglutamate amyloid beta3–42 (pGlu-Abeta3–42), a highly amyloidogenic and neurotoxic form of Abeta, is N-terminally truncated
to form a pyroglutamate and has recently been proposed as a key target for immunotherapy. Optimized ACI-24, a vaccine in devel-
opment for the treatment and prevention of Alzheimer’s disease, focuses the antibody response on the first 15 N-terminal amino acids
of Abeta (Abeta1–15). Importantly, clinical data with an initial version of ACI-24 incorporating Abeta1–15, established the vaccine’s
safety and tolerability with evidence of immunogenicity. To explore optimized ACI-24’s capacity to generate antibodies to pGlu-
Abeta3–42, pre-clinical studies were carried out. Vaccinating mice and non-human primates demonstrated that optimized ACI-24
was well-tolerated and induced an antibody response against Abeta1–42 as expected, as well as high titres of IgG reactive with
pyroGlu-Abeta. Epitope mapping of the polyclonal response confirmed these findings revealing broad coverage of epitopes particu-
larly for Abeta peptides mimicking where cleavage occurs to form pGlu-Abeta3–42. These data are in striking contrast to results ob-
tained with other clinically tested Abeta targeting vaccines which generated restricted and limited antibody diversity. Taken together,
our findings demonstrate that optimized ACI-24 vaccination represents a breakthrough to provide a safe immune response with a
broader Abeta sequence recognition compared to previously tested vaccines, creating binders to pathogenic forms of Abeta important
in pathogenesis including pGlu-Abeta3–42.
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Graphical Abstract

Introduction
Alzheimer’s disease is a devastating, progressive neuro-
degenerative disorder characterized by the loss of cognitive
function. Aamyloid beta (Abeta) deposition and the extracel-
lular formation of senile plaques preceded by intraneuronal
Abeta accumulation are associated with neuronal loss, vas-
cular damage and Alzheimer’s dementia.1,2 In the natural,
non-pathological form, Abeta is in a random-coil conform-
ation. In the pathological state, the protein transforms
into a secondary beta-sheet structure, spontaneously aggre-
gating into insoluble deposits.1 While the most prominently
studied species have been Abeta1–40 and Abeta1–42, short-
er N-terminal cleavage forms have gained recent clinical

attention such as pyroglutamate-modified Abeta (pGlu-
Abeta3–42) due to an enhanced propensity to aggregate and
provoke neurotoxicity.3 Indeed, of the various N-terminal
modified Abeta peptides identified in Alzheimer’s disease
brains, the most common is the pyroglutamate-modified.4

pGlu-Abeta3–42 accumulates in the brain before the appear-
ance of clinical symptoms of Alzheimer’s disease, preceding
Abeta1–42 deposition.4

pGlu-Abeta3–42 is formed by the cleavage of the first two
N-terminal amino acids, aspartate and alanine, exposing glu-
tamate at position 3 that is subsequently post-translationally
modified to pyroglutamate. This form appears to be a vital
constituent of senile plaques, highly amyloidogenic and neu-
rotoxic.5,6 The N-terminal modification renders the variant
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highly stable, decreasing solubility and increasing aggregation
susceptibility as compared to Abeta1–42 or Abeta1–40.7,8

Importantly, pGlu-Abeta3–42 was shown to act as a seed
for template-induced misfolding9 which leads to its high
amyloidogenicity. Consequently, this non-physiological
pGlu-Abeta3–42 species is suggested to play a significant
role in the neuronal toxicity of Alzheimer’s disease and repre-
sents an attractive target for therapy.5 Indeed, as a clinical
proof of concept, passive immunization with the monoclonal
antibody (mAb), Donanemab (LY3002813), which targets
pGlu-Abeta3–42, demonstrated encouraging results in a re-
cently published Phase 2 clinical study.10

Vaccination is a highly attractive paradigm for treatment
and even prevention of Alzheimer’s disease. When cleverly
formulated, a vaccine should safely induce an immune re-
sponse consisting of a pool of diverse, target-specific, disease
modifying antibodies. The initial step towards achieving this
goal for Alzheimer’s disease involved the first in class vac-
cine, AN1792, in which the full-length sequence (1–42) of
Abeta was used as the immunogen. AN1792 induced an
antibody response that led to a promising clinical result
with a slower rate of decline in patients who had received
vaccination.11 However, 6% of these patients developedme-
ningoencephalitis, an inflammatory reaction considered to
be due to a T-cell-mediated response against full-length
Abeta.12 Thus, a later vaccine, ACC-001, incorporated
Abeta1–7 sequence to avoid inflammation as the first 15
amino acids of Abeta contains B-cell but no T-cell stimulat-
ing epitopes.13 Although in Phase 2a studies ACC-001 was
observed to be well-tolerated and immunogenic, no effect
was observed on cognitive decline.14,15

The initial version of ACI-24 and optimized ACI-24 are
uniquely formulated vaccines that anchor the first 15 amino
acids (1–15) of Abeta into a stacked beta-sheet conformation
on the surface of liposomes. In pre-clinical studies conducted
several years ago, the initial version of ACI-24 induced
production of anti-Abeta antibodies specific for soluble
and insoluble aggregated Abeta including oligomers with
limited reactivity to monomers.16–18 These nonclinical re-
sults supported the evaluation of ACI-24 in three clinical
studies where the vaccine has demonstrated favourable
tolerability, immunogenicity and pharmacodynamic profiles
(19 and manuscript submitted). Building on this knowledge
of a safe and potentially highly effective Abeta1–15 targeting
peptide as the B-cell epitope, an optimized formulation has
been generated aiming to maximize the humoral response
to the pathological target. For T-cell support, an additional
set of peptides has been introduced into optimized ACI-24
that stimulate T-helper cells present in most adults. The pep-
tide sequence originates from antigens to which humans are
commonly exposed (e.g. tetanus). This approach has the ad-
vantage to obtain T-cell help without engaging
Abeta-specific T-cells, ensuring an optimal anti-Abeta anti-
body response without the risk of developing an unwanted
inflammatory reaction. Here, we present data from pre-
clinical studies inmice and non-human primates that demon-
strate the breadth of the polyclonal response generated by

optimized ACI-24 vaccination for the truncated, pathologi-
cal Abeta species, pGlu-Abeta3–42. In addition, we compare
the ability of vaccines with other Abeta sequences as the im-
munogen to generate antibodies to pGlu-Abeta3–42, dem-
onstrating a clear superiority of the immunogenic profile of
optimized ACI-24.

Materials and methods
Animals
All animal studies were carried out in compliance with na-
tional and local directives on the protection of animals
used for scientific purposes. For the studies involving mouse
immunization, statistical analyses of previous experiments
have shown that 10 mice per group are sufficient to observe
statistically significant differences between groups. For stu-
dies, involving cynomolgus monkeys, the number of animals
per group were chosen in compliance with the 3R principles
(replace, reduce, refine).20

Vaccines
Manufacturing details of all vaccines are provided in the
Supplementarymaterial. AN1792 andACC-001were gener-
ated as published.14,21

Immunizations
Ten female C57BL/6Jmice (Charles River, Italy) were immu-
nized subcutanously (s.c.) with 200 µl of optimized ACI-24
corresponding to a dose of 80 µg of Abeta1–15 on Days 1
and 15. Blood samples were taken for plasma preparation
1 week prior to the first immunization and then 1 week after
the second immunization (Day 22).

Four cynomolgus monkeys (two females and two males)
were immunized intramuscularly (i.m.) with 2.5 ml of opti-
mized ACI-24 (Abeta1–15 dose 1000 µg) on Days 0, 28,
56, 84 and 112. Blood samples were taken for serum pre-
paration 1 week prior to the first immunization and then 1
week after the fifth immunization (Day 119).

Four cynomolgus monkeys (two females and two males)
were immunized s.c. with 1 ml AN1792 (full-length
Abeta1–42 dose 200 µg) mixed with 50 µg Quil-A®
(InvivoGen, France) as adjuvant prior to the injection on
Days 0, 28, 56 and 84. Blood samples were taken for serum
preparation 1 week prior to the first immunization and then
1 week after the fourth immunization (Day 91).

Four cynomolgus monkeys (two females and two males)
were immunized s.c. with 0.5 ml ACC-001 (CRM197-
Abeta1–7 dose of 30 µg) mixed with QS-21 (50 µg, Desert
King International, USA) prior to injection on Days 0, 28,
56, 84 and 112. Blood samples were taken for serum
preparation 1 week prior to the first immunization and
then 1 week after the fifth immunization (Day 119).
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Quantification of anti-Abeta1–42
or anti pyroglutamate Abeta3–42
antibodies by ELISA
The detailed procedure of the ELISA (enzyme-linked im-
munosorbent assay) is provided in the Supplementary
material. Briefly, plates were coated overnight with either
10 µg/ml of Abeta1–42 or pGlu-Abeta3–42 peptide film.
Mouse plasma or monkey sera were added and incubated
at 37°C for 2 h. After washing, the detection antibody was
incubated for 2 h at 37°C. The substrate was added and
the optical density was read.

For mouse samples
The anti-Abeta1–42 or anti-pGlu-Abeta3–42 antibody con-
centrations were back-calculated against a calibration curve
using the anti-Abeta mAb, 6E10 (BioLegend, UK). For the
back calculation, a calibration fitting curve was determined
using an unweighted four-parameter logistic (4PL) regres-
sion model using the Gen5 software (BioTek, Switzerland)
with results expressed as ng/ml.

For monkey samples
The anti-Abeta1–42 or anti-pGlu-Abeta3–42 antibody con-
centrations were back-calculated against a calibration curve
established using a pool of monkey serum created as a stan-
dard. As described for mouse samples, a 4PL calibration
curve fitting was used but results expressed in arbitrary units
(AU/ml).

Epitope mapping
Epitope mapping to identify the binding site, or ‘epitope’, of
the antibodies generated by the immunization was per-
formed using CelluSpot peptide arrays (Intavis Peptide
Services, Germany). Peptides of varying lengths were gener-
ated and attached to glass slides in duplicate according to the
manufacturer’s instructions and published guidelines.22 The
sequences of the Abeta peptides are provided in
Supplementary Table 1, and the details of the procedure
are described in the Supplementary Material section.
Briefly, after overnight blocking, slides were incubated for
3 hwith themouse ormonkey samples at RT. After washing,
slides with monkey samples were incubated 1 h with a
mouse anti-monkey immunoglobulin G (IgG) antibody
(Thermofisher Scientific, Switzerland), followed by a donkey
anti-mouse IgG coupled to IRDye800CW (LI-COR
Biosciences, Switzerland). Slides with mouse samples were
incubated with the donkey anti-mouse IgG-IRDye800CW
antibody. Signals were visualized using the LI-COR
Odyssey Infrared Imaging system using the 800 nm channel.
Analysis was performed using the LI-COR Image Studio 5.0
software (grid array analysis function). The value for each
sample was defined and reported as the average of the dupli-
cate peptide array values. For data plotting, signals were
scaled from 0 to 100 using amin–max normalizationmethod
(details provided in the Supplementary Material section).

Statistical analysis
Data were analysed in GraphPad Prism 9. To compare IgG
titre on Abeta1–42 or pGlu-Abeta3–42in mouse plasma, a
Wilcoxon matched-pairs signed rank test was performed.

Data availability statement
The authors confirm that the data supporting the findings
of this study are available within the article, in its
Supplementary Material, and/or from the corresponding
author upon reasonable request.

Results
Mice were vaccinated s.c. on Days 1 and 15, and antigen-
specific plasma titres measured prior to and at 7 days after
the second immunization with optimized ACI-24. All mice
(i.e. 10/10) produced a highly consistent, anti-Abeta1–42
IgG response several logs higher than baseline already 7
days after the second vaccination (Fig. 1A). For the IgG levels
capable of binding to the truncated fragment, pGlu-Abeta3–
42, nine of 10 mice produced antibody titres (Fig. 1A) 2–4
logs higher than pre-vaccination levels which were below
the lower limit of quantification (LLOQ) for both assays
and for all mice (data not shown).

Next, we characterized the antibody binding sites by epi-
tope mapping. As shown in Fig. 1B, the profile of the plasma
with high binding titres for pGlu-Abeta3–42 demonstrated a
broad coverage of Abeta epitopes including a substantial
proportion of IgGs that recognized the Abeta4–11 and
Abeta5–12 peptides. In contrast, for the one mouse with
very low binding signal to pGlu-Abeta3–42, the profile was
focused on the N-terminal sequence as the presence of amino
acid 3 in the Abeta peptide was crucial for recognition.
These data indicate that optimized ACI-24 induces a
favourable broad panel of antibodies that recognizes not
just the N-terminal Abeta peptide sequences but also species
that would be truncated such as the neurotoxic
pGlu-Abeta3–42.

Following these encouraging results in mice, we assessed
the immunogenicity of optimized ACI-24 in non-human pri-
mates. Four cynomolgus monkeys were i.m. on Days 0, 28,
56, 84 and 112. Serum samples were obtained prior to vac-
cination and 7 days post the fifth injection, i.e. Day 119.
All monkeys vaccinated with optimized ACI-24 produced
a strong IgG response to Abeta1–42 (33 909–176
695 AU/ml) and pGlu-Abeta3–42 (16 951–106662 AU/ml)
(Fig. 2A). Importantly, the vaccine was very well-tolerated
with no adverse events reported beyond transient, local
injection site reactions that spontaneously resolved.

AN1792 and ACC-001, two vaccines previously tested in
clinical trials, were also used to vaccinate cynomolgus mon-
keys. Serum samples were collected for AN1792 prior to v-
accination and on Day 91 after s.c. injection on Days 0,
28, 56 and 84. For ACC-001, serum samples were collected
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prior to vaccination and on Day 119 after s.c. injection on
Days 0, 28, 56, 84 and 112. Interestingly, both vaccines gen-
erated comparable IgG titres to Abeta1–42 (Fig. 2A;
AN1792: 14 843–250039 AU/ml, ACC-001 24629–226
920 AU/ml). However, AN1792 produced only a modest le-
vel of antibodies (2071–27 004 AU/ml) able to bind to
pGlu-Abeta3–42 as compared to optimized ACI-24 despite
using the full-length Abeta1–42 as the immunogen. Even
more strikingly, the sera from monkeys immunized with
ACC-001 demonstrated a poor capacity to bind to
pGlu-Abeta3–42, which could be directly related to the pre-
sentation of the immunogen, i.e. Abeta1–7.

Epitope mapping was then carried out on all serum sam-
ples to better understand and compare the coverage and
specificity of the polyclonal response generated by the
three vaccines (Fig. 2B). Similar to the results when vacci-
nating mice, optimized ACI-24 induced IgGs with a broad
recognition pattern of the Abeta peptide sequences.
Binding was observed for all epitopes between the
N-terminal peptides through Abeta8–17 with the largest
signal for Abeta3–10, Abeta4–11 and Abeta5–12. In con-
trast, the vaccines, AN1792 and ACC-001, induced IgGs
predominantly recognizing the N-terminal peptides, with
very little or no recognition of Abeta4–11 and Abeta5–
12 peptides.

Discussion
Here, we describe the results of pre-clinical studies con-
ducted to examine the antibody response to pathological
Abeta of the vaccine, optimized ACI-24. When used to im-
munize mice and non-human primates, optimized ACI-24
demonstrates a strong antibody response to Abeta1–42 as
expected, as well as pGlu-Abeta3–42, forms of Abeta that
have been demonstrated to be highly amyloidogenic and
neurotoxic, driving Alzheimer’s disease progression.

Antibody epitope mapping confirmed and provided an ex-
planation for these observations of the polyclonal antibody
response. The generation of substantial IgG titres that can
be maintained over time (i.e. over 4 months) to pathological
and clinically relevant forms of Abeta in non-human primates
as well as mice attest to the potentially unique formulation of
this vaccine that presents the B-cell epitope as an anchored
protein forming a beta-sheet structure. These data build on
the results originally published by Muhs et al.16 demonstrat-
ing that the initial vaccine version, also using Abeta1–15 as
the target immunogen, preferentially generated antibodies
against amyloid sequences in a beta-sheet conformation
with increased affinity for aggregated beta-amyloid.16,18

Furthermore, this suggestion of potential superiority
among Abeta targeting vaccines is supported by the data

Figure 1 Vaccination of mice with optimized ACI-24 induces a broad polyclonal response including epitopes present on
full-length Abeta1–42 and the truncated pGlu-Abeta3–42 species. C57BL/6J mice (n= 10) were immunized s.c. with optimized ACI-24
on Days 1 and 15 and plasma samples collected on day 22. (A) Determination of IgG titres binding to Abeta1–42 or pGlu-Abeta3–42 was carried
out by an ELISA. IgG levels from samples obtained prior to vaccination were below the LLOQ (6130 ng/ml). Individual points represent the
back-calculated IgG concentration in ng/ml per animal, lines show the geometric mean + 95% confidence interval per group. Wilcoxon
matched-pairs signed rank test was performed to assess statistical significance. **P, 0.01 Dashed line indicates LLOQ of the assay; (B) Mapping of
the Abeta epitopes of the polyclonal response for each mouse was performed using arrays containing peptides with a shift of one amino acid of
Abeta1–22. A peptide containing the first amino acid flanking the N-terminus of the Abeta region within the APP protein sequence was also
included in the array (peptide−1–7). The peptide used as the immunogen, i.e. Abeta1–15, was used as a positive control. To assess binding outside
of the target vaccine antigen, Abeta 15–29 and Abeta29–42 were used. The means+ standard deviations (SDs) of the rescaled signals (relative
units) are shown. Solid bars, the nine mice with strong binding, and hatched bars, the single mouse with very low binding to pGlu-Abeta3–42. To
normalize the values, mathematical rescaling was done based on the maximal and minimal obtained value per mouse multiplied by 100.
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presented here for AN1792 and ACC-001 demonstrating
limited Abeta species coverage. Indeed, our data align with
published results for epitope mapping of post-vaccination,
human clinical samples in which the tested patient samples
displayed a dominant propensity for recognition of
Abeta1–10, whereas samples from only two patients recog-
nized Abeta2–11 and no samples were capable of binding
to Abeta3–12.21 For ACC-001, data available from our
study demonstrate that the induced antibodies are capable
of recognizing the full-length Abeta1–42, however, not the
truncated form, pGlu-Abeta3–42.

Taken together, these data illustrate that optimized
ACI-24 vaccination generates IgGs with a broader Abeta se-
quence recognition compared with previously used vaccines.
The binding to pathogenic forms of Abeta including trun-
cated pGlu-Abeta3–42 species have been speculated to be
clinically important in Alzheimer’s disease.5 This notion is
now receiving clinical validation as a proof of concept study
involving passive immunization with a mAb, Donanemab
(LY3002813), specific for pyroglutamate Abeta, has demon-
strated encouraging clinical results in a recently published
Phase 2 clinical study.10

The core structure of optimized ACI-24 is based on nano-
sized lipidic bilayer structures (liposomes) as an antigen-
carrying vehicle. The advantages of liposomes as a vaccine de-
livery system are their ability to protect antigens against deg-
radation and carry single or multiple hydrophilic and

lipophilic antigens. In addition, when anchored with palmitoyl
chains, as is the case for optimizedACI-24, theAbeta1–15 anti-
genic peptide is presented on the surface of the liposomes as
beta-sheet structures, which are in the conformational format
that mimics the pathological form of the protein.16–18 The ef-
fect of presenting the conformational structure to the immune
system is to significantly enhance the crosslinking and activa-
tion of B-cell receptors specific for the pathological form of
Abeta, promoting increased cellular uptake of the immunogen
and ultimately, improved antigen-specific antibody responses
to the pathological forms of Abeta.16–18

The original formulation of ACI-24 has completed Phase
1 and Phase 2 studies in patients with mild Alzheimer’s dis-
ease, as well as a Phase 1b randomized, placebo controlled
dose escalation study of the safety, tolerability and immuno-
genicity in Adults with Down syndrome (manuscript sub-
mitted). In all three clinical trials, ACI-24 was considered
safe and well-tolerated with evidence of immunogenicity.
In addition, no observations of toxicity were observed in
the studies conducted here, outside of the transient local in-
jection reactions (manuscript in preparation). Thus, import-
antly, anti-Abeta antibody titres have not been associated
with any adverse findings in relevant animal species or hu-
mans. These results support the progression to clinical trials
with the optimized formulation of ACI-24.

Taken together, a vaccine, such as optimized ACI-24 re-
presents a powerful alternative to passive immunotherapy.

Figure 2 Vaccination of non-human primates with optimized ACI-24 induces a potent and broad polyclonal response to
epitopes present on full-length Abeta1–42 and the truncated pGlu-Abeta3–42 species. Cynomolgus monkeys were immunized with
the Abeta vaccines, optimized ACI-24, AN1792 and ACC-001, and serum collected for determination of anti-Abeta and anti-pGlu-Abeta3–42 IgG
titres and the binding preference of the immune polyclonal sera. (A) Determination of IgG titres binding to Abeta1–42 or pGlu-Abeta3–42 was
carried out by an ELISA. Individual points show the back-calculated IgG concentration in AU/ml per animal, also the geometric mean and the 95%
confidence interval is shown for each group. Due to the standard limited sample size when conducting studies with non human primates no
meaningful analysis could be performed to assess statistical differences between the different groups. (B) Mapping of the Abeta epitopes of
the polyclonal response for eachmonkey was performed using arrays containing peptides with an offset of one amino acid of Abeta1–22. A peptide
containing the first amino acid flanking the N-terminus of the Abeta region within the APP protein sequence was also included in the array (peptide
−1–7). The peptide used as the immunogen, i.e. Abeta1–15, was used as a positive control. To assess binding outside of the target vaccine antigen,
Abeta 15–29 and Abeta29–42 were assessed. The means+ standard deviations (SDs) of the rescaled signals (relative units) are shown. To
normalize the values, mathematical rescaling was done based on the maximal and minimal obtained value per monkey multiplied by 100.
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The endogenous polyclonal antibody response of the subject
provides a plethora of antibodies against various epitopes
that can engage more than just one species, that will lead
to better clearance of pathological proteins. In addition,
the schedule of administration can be ultimately substan-
tially less frequent once initial vaccination is completed
and protective immunity established. In conclusion our
data provide evidence, that the optimized ACI-24 can elicit
a safe and potent immune response, with a preference to-
wards pathologic forms of Abeta, providing an alternative
to mAb-based therapies which are expensive and difficult
to provide as a prevention strategy on a global scale.
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