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One of the hallmarks of Alzheimer’s disease (AD) are deposits of amyloid-beta (Aβ) protein in amyloid plaques in the brain. The Aβ
peptide exists in several forms, including full-length Aβ1-42 and Aβ1-40 – and the N-truncated species, pyroglutamate Aβ3-42 and
Aβ4-42, which appear to play a major role in neurodegeneration. We previously identified a murine antibody (TAP01), which binds
specifically to soluble, non-plaque N-truncated Aβ species. By solving crystal structures for TAP01 family antibodies bound to
pyroglutamate Aβ3-14, we identified a novel pseudo β-hairpin structure in the N-terminal region of Aβ and show that this
underpins its unique binding properties. We engineered a stabilised cyclic form of Aβ1-14 (N-Truncated Amyloid Peptide
AntibodieS; the ‘TAPAS’ vaccine) and showed that this adopts the same 3-dimensional conformation as the native sequence when
bound to TAP01. Active immunisation of two mouse models of AD with the TAPAS vaccine led to a striking reduction in amyloid-
plaque formation, a rescue of brain glucose metabolism, a stabilisation in neuron loss, and a rescue of memory deficiencies.
Treating both models with the humanised version of the TAP01 antibody had similar positive effects. Here we report the discovery
of a unique conformational epitope in the N-terminal region of Aβ, which offers new routes for active and passive immunisation
against AD.
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INTRODUCTION
Alzheimer’s disease (AD) is a progressive neurodegenerative
condition characterised by the presence of extracellular deposits
of the amyloid-beta (Aβ) protein. While amyloid plaques represent
typical hallmarks of AD, soluble oligomers have been shown to
better correlate with the clinical pathology [1]. Growing evidence
suggests that soluble forms of Aβ are key to AD progression and
may represent attractive therapeutic targets as they inhibit long-
term potentiation, trigger synaptic plasticity and synapse loss [2–4].
A number of major variants of extracellular Aβ have been identified,
including full-length Aβ1-42, Aβ1-40, Aβ4-42 and a form with an
N-terminal pyroglutamate (pE, pGlu) Aβ3-42 (AβpE3-42) [5, 6].
N-truncated Aβ species are highly abundant in AD brain [7], are
toxic and induce synaptic dysfunction [5, 6, 8, 9]. Passive
immunisation with TAP01, a murine antibody directed against the
N-terminus of AβpE3-42 has beneficial effects in preclinical AD
mouse models [10].
The “amyloid cascade hypothesis” claims that assemblies of

monomeric Aβ initiate a process leading to neuron dysfunction,
neuron death and dementia [11]. The most toxic forms of Aβ
assemblies are soluble oligomers rather than fibrillary assemblies
[12, 13]. Dimeric oligomers extracted from AD brain impaired
synaptic structure and function [2]. Ono et al. [14] reported that Aβ

monomers are unstructured, but oligomers exhibit order-
dependent increases in β-sheet content. The authors used
electron microscopy and atomic force microscopy to show that
dimerisation and subsequent monomer addition are processes in
which significant and asymmetric monomer conformational
changes occur.
Solid-state nuclear magnetic resonance and electron micro-

scopy studies by Chimon et al. [15] have led to the proposal that
before fibrillisation, natively unstructured monomeric Aβ is subject
to large conformational changes involving predominantly β-sheet
type structures. Kayed et al. [16] discovered that soluble oligomers
are common to amyloids, like the Aβ peptide in AD and
demonstrated that the soluble amyloid oligomers tested display
a common conformation-dependent structure unique to soluble
oligomers regardless of the primary sequence. Moreover,
oligomer-specific antibodies were found to recognise soluble
oligomers derived from a diverse range of proteins, including
insulin, α-synuclein and prion protein and neutralised their toxicity
in vitro.
Here, we report that TAP01 family antibodies uniquely bind to a

novel, pseudo β-hairpin conformation of the N-terminal region of
Aβ, which is not related to any other Aβ epitope, conformation or
aggregate structure described so far. A structure solved for TAP01
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in complex with AβpE3-14 guided the design of a cyclised form of
Aβ1-14 to stabilise the pseudo β-hairpin conformation in solution.
Studies in two established mouse models of AD (5XFAD [17] and
Tg4-42 [18]) showed substantial therapeutic benefits from either
active immunisation with cyclised Aβ1-14 or passive immunisation
with a humanised variant of TAP01, which reveals two attractive
new options for AD treatment, including a potentially transforma-
tive vaccination approach.

MATERIAL AND METHODS
Preparation of cyclised Aβ peptides
Thioacetal cyclised peptides of Aβ1-14 were designed by LifeArc and
Leicester, with synthesis and purification carried out by Cambridge
Research Biochemicals.

ELISA assays of TAP01 family antibodies binding to Aβ
peptides
ELISA antibody binding assays were carried out using standard protocols
with a selection of Aβ peptides immobilised by biotinylation for the
cyclised Aβ1-14, or by direct coating on plates for Αβ1-42, pE3-42 and 4-42.
Briefly, Aβ peptides were coated on to 384 well plates, blocked, incubated
with TAP01 family antibodies for 1 hr at 37 °C, and secondary-HRP
conjugated antibodies were added, incubated for 1 hr at 37 °C. Plates
were developed using K-BLUE substrate (20ul/well) and RED-STOP (10ul/
well) solution. Optical density at 650 nm was measured using the
Pherastar Plus.

Protein expression and purification for crystallography
studies
The Fab fragments for the TAP01 family antibodies was cloned into
LifeArc’s in house LIC vectors, expressed in Expi293 cells for 5 days and cell
culture supernatants processed for purification. Fab fragments were
purified using a 2-step protocol, affinity chromatography followed by size
exclusion chromatography (SEC). Purified AβpE3-14 and cyclised Aβ1-14
were solubilised in 25mM Tris-HCl (pH 7.5) and 50mM NaCl to 1mM. The
TAP01 (and other TAP01 family antibodies) complexes with N-terminal Aβ
peptides were produced by mixing a 1.5 fold molar excess of peptide with
antibody in a 25mM Tris-HCl (pH 7.5) and 50mM NaCl buffer followed by
concentration of the complexes to ~14mg/ml for crystallisation trials.

Crystallisation and structure determination of TAP01 family
antibodies bound to Aβ
All crystals of Fab-Aβ peptide complexes were obtained by the vapour
diffusion method at 19 °C, by mixing equal volumes of protein plus well
solution. The TAP01-AβpE3-14 crystals grew in 20% PEG3350 and 0.2 M
ammonium citrate. TAP01-cyclised Aβ1-14 crystals grew in 20% PEG 6 K,
0.1 M HEPES, pH 7.0, and 0.01 M zinc chloride. For cryoprotection, crystals
were generally transferred to a solution of mother liquor plus 22%
ethylene glycol. Data sets were collected at the European Synchrotron
Radiation Facility (beamline ID30B (TAP01-AβpE3-14)) or at diamond light
source (beamline I04 (TAP01-cyclised Aβ1-14)). Co-crystals of TAP01 with
AβpE3-14 were refined to 1.4 Å resolution, whereas TAP01 with bound
cyclised Aβ1-14 was refined to 2.5 Å. Data were processed using XDS [19]
and AIMLESS from the CCP4 [20]. Both complex crystal struct ures were
solved by molecular replacement using Phaser [21] using a homology
model for the TAP01 antibody generated using SWISSMODEL [22] to
model the heavy and light chains. Atomic models were built using Coot
[23] and refined with Refmac [24], Phenix [25] and PDB_REDO [26]. The
refinement statistics for both structures are summarised in Supplemental
Table 1. The coordinates for the TAP01-AβpE3-14 and TAP01-cyclised Aβ1-
14 peptide have been deposited to the PDB and given the codes 7OW1
and 7OXN, respectively.

Human specimens
The brains of 22 sporadic female AD patients (mean age 78.9 ± 2.1 SEM;
Braak stage 4–6; ApoE4: 17/35) and five non-demented control patients (1
female/4 males, mean age 81.0 ± 4.6 SEM; Braak stage 0–1) were analysed.
All human cortical brain samples were obtained from the Netherlands
Brain Bank (NBB, Amsterdam, Netherlands). The use of human material was
approved by the local ethical committee.

Alzheimer’s disease mouse models
Two established Alzheimer’s disease mouse models were used in the work
reported here. Tg4-42 mice express human Aβ4-42 under the control of
the neuronal Thy-1 promoter [18]. 5XFAD mice overexpress the 695 amino
acid isoform of the human amyloid precursor protein (APP695) carrying
the Swedish, London and Florida mutations under the control of the
murine Thy1-promoter. In addition, human presenilin-1 (PSEN-1) carrying
the M146L/L286V mutations is expressed under the control of the murine
Thy1-promoter [17]. Full-length Aβ1-42 represents the by far the dominant
fraction in 5XFAD mouse brain, whereas AβpE3-42 and Aβ4-42 are only
minor fractions [27]. 5XFAD mice used in the current study were
backcrossed for more than ten generations to C57Bl/6 J wildtype mice
(Jackson Laboratories, Bar Harbor, ME, USA) to obtain an incipient congenic
line on a C57Bl/6 J genetic background [28]. Tg4-42 mice were generated
and kept on a C57Bl/6 J genetic background.

Immunohistochemical staining of paraffin sections of mouse
brain samples
Mice were transcardially perfused with 4% paraformaldehyde in
phosphate-buffered saline. Brain samples were carefully dissected and
post-fixed in 4% phosphate-buffered formalin at 4 °C. The following
antibodies were used: polyclonal antisera M2 derived from the active
immunisation of wildtype mice (1:500), polyclonal antibody 24311,
monoclonal antibody 1-57 against pyroglutamate Aβ3-X [29], Synaptic
Sytems (Göttingen, Germany; 1 mg/ml; 1:500), solanezumab (cloned into
mouse IgG1; 1:2500; 1.5 mg/ml) and TAP01_04 (1:200; 2 mg/ml). Corre-
sponding biotinylated secondary antibodies (1:200) were purchased from
DAKO (Glostrup, Denmark). Staining was visualised using the ABC method,
with a Vectastain kit (Vector Laboratories, Burlingame, USA) and
diaminobenzidine (DAB) as chromogen. Counterstaining was carried out
with hematoxylin.

Quantification of Aβ load in human brain samples
Plaque load was quantified as previously described [10]. 5–6 paraffin
embedded sections, which were at least 40 μm apart from each other,
were stained simultaneously with DAB as chromogen. For thioflavin S
fluorescent staining tissue sections were deparaffinised and rehydrated,
washed twice in deionized water and then treated with 1% (w/v) thioflavin
S in aqueous solution and counterstained in a 1% (w/v) aqueous solution
of 4´6-diamidin-2-phenylindol. The relative Aβ load was evaluated using an
Olympus BX-51 microscope equipped with an Olympus DP-50 camera and
the ImageJ software (NIH, USA). Representative pictures of 20× magnifica-
tion were systematically captured. Using ImageJ the pictures were
binarised to 8-bit black and white pictures and a fixed intensity threshold
was applied defining the DAB staining. Measurements were performed for
a percentage area covered by DAB staining, as well as for the number of
grains per mm2 and the average size of the grains.

Spatial reference memory assessment by the Morris water
maze
Spatial reference memory in mice was evaluated using the Morris water
maze [30].

Quantification of neuron numbers using unbiased stereology
Stereological analysis was performed as previously described [28]. The
hippocampal cell layer CA1 (Bregma −1.22 to −3.52mm) was delineated
on cresyl violet-stained sections and analysed with a stereology work-
station (Olympus BX51 with a motorised specimen stage for automatic
sampling), StereoInvestigator 7 (MicroBrightField, Williston, USA) and a
100x oil lens (NA= 1.35).

Active immunisation of mice with a cyclised Aβ1-14 peptide
Immunisation of wild-type mice with the cyclised Aβ1-14 was performed
by David’s Technologies using standard procedures. Addavax (Invivogen)
was used as the adjuvant and immunisations performed using a 63 day
protocol (5 x 75 ug antigen injected per mouse). 5XFAD or Tg4-42 mice
were immunised starting at 8 weeks of age with the cyclised Aβ1-14
peptide [thioacetal bridged Αβ peptide 1-14 – KLH conjugate; DAC*FRHDS-
GYEC*HH[Cys]-amide (*S-CH-S bridged)] emulsified in complete Freund’s
adjuvant (CFA), followed by booster doses of protein emulsified in
incomplete Freund’s adjuvant (IFA). In 5XFAD mice booster injections of
antigen emulsified in IFA were administered at day 14, day 28, day 42 and
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10 weeks after the first immunisation dose. Similarly, in Tg4-42 mice
booster injections of antigen emulsified in IFA were administered at day
14, day 28, day 42 and thereafter monthly (3 times after month 4, 5 and 6)
following the first immunisation dose. The mice were injected with the
cyclised Aβ1-14 peptide emulsified in CFA or IFA subcutaneously at two
sites on the back, injecting 0.05–0.1 mL at each site (total of 0.1–0.2 mg per
mouse). The boosters were given as single subcutaneous injections of 0.1
mL of IFA emulsion at one site on the back. Serum samples were isolated
after sacrifice of the mice for titre determination (Fig. S1).

Passive immunisation of mice by treatment with TAP01 family
antibodies
Passive immunisation was performed as previously described [10] by
intraperitoneal injections of TAP01 family antibodies and an isotype
control immunoglobulin. Mice were immunised by injections of the
antibodies at a dose of 10mg/kg body weight, diluted in sterile PBS
(pH 7.4). 5XFAD mice received weekly injections beginning at 6 weeks
of age, whereas Tg4-42 was started later at 3 months of age due to
different onset of pathology in these mouse lines. Each mouse received a
total of 12 injections. Behaviour testing in Tg4-42 started between the
ninth and the tenth injection. Animals were sacrificed after the last
injection (Fig. S2).

18F-FDG-PET/MRI of glucose metabolism in mouse brains
18F-FDG-PET was performed on mice essentially as previously described
[31]. Mice were fasted overnight and blood glucose levels were measured
before tracer injection. 15–22 MBq (mean 18.83 MBq) 18F-FDG was
injected intravenously into a tail vein with a maximum volume of 200 μl
followed by an uptake period of 45min. Mice were awake during
the uptake process. PET scans were performed for 20min using a small
animal 1 Tesla nanoScan PET/MRI (Mediso, Hungary). Mice were
anesthetised with isoflurane supplemented with oxygen during the scans
and kept on a heated bed (37 °C). Respiratory rate was measured
throughout the imaging process. MRI-based attenuation correction was
conducted with the material map (matrix 144 × 144 x 163 with a voxel size
of 0.5 × 0.5 × 0.6 mm3) and the 18F-FDG-PET images were reconstructed
using the following parameters: matrix 136 × 131 x 315, voxel size 0.23 ×
0.3 × 0.3 mm³.

18F-florbetaben-PET/MRI of for amyloid-plaque load in mouse
brains
18F-florbetaben-PET/MRI was performed on mice using 11–22 MBq (mean
16.23MBq) of 18F-florbetaben (Life Radiopharma Berlin GmbH, Germany)
was administered intravenously into a tail vein with a maximum volume of
200 μl [32]. PET acquisition of 30min duration started after an uptake
period of 40min. MRI-based attenuation correction was conducted with
the material map, and the PET images were reconstructed as described
above for 18F-FDG-PET/MRI.

PET-image analysis
All PET images were analysed using PMOD v3.9 (PMOD Technologies,
Switzerland) as described before [33]. A predefined MRI-based mouse brain
atlas template was used to define different volumes of interest (VOIs). PET
VOI statistics (kBq/cc) were generated for all brain areas and standardised
uptake values (SUVs) were calculated as follows [SUV= tissue activity
concentration average (kBq/cc) x body weight (g)/ injected dose (kBq)] for
semi-quantitative analysis. SUVs of 18F-FDG-PET scans were corrected for
measured blood glucose levels as follows [SUVGlc= SUV x blood glucose
level (mg/dl)]. SUVs of 18F-florbetaben scans were normalised by SUVs
taken from the cerebellum VOI and obtained ratios (SUVr) were used for
further analysis.

Statistical analysis
The statistical significance of differences between groups of mice were
tested with either one-way analysis of variance (ANOVA) followed by
Bonferroni multiple comparisons, ANOVA followed by t-test, or two-way
repeated measures ANOVA, as indicated. All appropriate data are reported
as the mean with either standard error of the mean (SEM), or standard
deviation (SD), as indicated. Significance levels are given as follows: ****p
< 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05. All statistics were calculated
using GraphPad Prism version 8 for Windows (GraphPad Software, San
Diego, CA, USA).

Study approval of animal experiments
All animal experiments reported here were approved by the local animal
protection authorities Niedersächisches Landesamt für Verbraucherschutz
und Lebensmittelsicherheit (LAVES, 26029 Oldenburg, Germany, approval
number 17/2447) and Landesamt für Gesundheit und Soziales (LAGeSo,
10589 Berlin, Germany, approval number G0260/19). The experiments
were conducted in accordance with the approved protocols.

RESULTS
TAP01 identifies a distinctive conformational Aβ epitope
Our hypothesis is that N-terminal truncated Aβ is a significant
factor driving the pathology of AD. To that end, we embarked on a
programme of work to identify novel therapeutics to target
N-truncated Aβ. We have previously reported the identification of
a novel murine antibody TAP01. The antibody was selected on the
basis of two criteria: it should only bind N-truncated AβpE3-42 and
Aβ4-42 but not Aβ1-42 and additionally the antibody must only
bind low molecular weight Aβ [10, 34]. Here, we demonstrate that
the humanised form of TAP01, TAP01_04 (Fig. S3) retains these
properties. Moreover, it also offers protection in passive immuni-
sation in the 5XFAD and Tg4-42 models of AD. In order to better
understand the mechanism of action of TAP01 family antibodies
we undertook a series of structural studies.

Identification of a unique Aβ conformational epitope and
stabilisation by design of a cyclised form of Aβ 1-14
The pE3-42 and 4-42 forms of Aβ were found to rapidly aggregate
in solution and were not amenable to the preparation of antibody-
bound Aβ complexes for protein crystallography. In contrast,
antibody Fab complexes of TAP01 formed with AβpE3-14
produced crystals that diffracted to 1.4 Å. The structure of the
TAP01 Fab AβpE3-14 complex was solved by molecular replace-
ment using a homology model of the antibody Fab fragment
(Fig. 1). After placement of the antibody component of the
complex, unambiguous additional density for the bound AβpE3-
14 peptide was observed at the conventional antigen binding
surface on TAP01, permitting the modelling of Aβ residues pGlu3-
Val12 (Fig. 1A). Importantly, this revealed a novel pseudo β-hairpin
conformation for the N-terminal region of Aβ bound to TAP01
(Fig. 1B), which is clearly present in solution for recognition by the
antibody but has not been identified previously. The pseudo β-
hairpin region of Aβ contains an isolated 5-residue α-turn, with the
sequence Arg5-His-Asp-Ser-Gly9, which is further stabilised by a
salt bridge between the guanidinium group of Arg5 and the
carboxyl side chain of Asp7. With the exception of CDR-L2, at least
one residue from all the CDR loops of TAP01 is within 5 Å of
AβpE3-14, with 15 CDR residues losing at least 10 Å2 of solvent
accessibility on Aβ binding and making direct contacts with the
peptide. The TAP01-AβpE3-14 interface features a mixture of polar
and hydrophobic contacts, including the involvement of five
aromatic side chains in CDRs from both the VH (Tyr32, Trp52,
Tyr101) and VK (Tyr32 and Tyr36) domains (Fig. 1C).
The close proximity of the N- and C-termini of TAP01-bound

AβpE3-14 enabled the design of cyclised forms of Aβ1-14, in
which residues Glu3 and Val12 were replaced by cysteine and
connected by a thioacetal bridge to stabilise the pseudo β-hairpin
conformation of this region of Aβ. The structure of cyclised Aβ1-14
[thioacetal bridged Αβ peptide 1-14 – KLH conjugate; DAC*FRHDS-
GYEC*HH[Cys]-amide (*S-CH-S bridged)] bound to TAP01 Fab was
solved by protein crystallography to 2.5 Å resolution and showed
that the cyclised peptide adopts the same conformation as native
pE3-14 (Fig. 1D). A Cα alignment of cyclised Aβ1-14 with native
AβpE3-14 gives an overall R.M.S.D. of ~0.5 Å. Whilst a number of
reported antibodies are able to bind to AβpE3-42, TAP01 and
humanised variants such as TAP01_04 were the only antibodies
found to recognise and bind the novel pseudo β-hairpin
conformation of Aβ reported here (Fig. S4), which underpins the
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unique functional affects and AD therapeutic potential of TAP01
family of antibodies. This also implies a key functional role for the
pseudo β-hairpin conformation of the N-terminus of Aβ in driving
AD progression and/or onset. The lack of binding of bapineuzu-
mab, solanezumab, BAN2401, donanemab, ProBioDrug 6-1-6 and
ProBioDrug 24-2-3 to Aβ1-14 containing a pseudo β-hairpin
structure confirms the unique conformational epitope recognised
by TAP01 family antibodies.

Active immunisation with cyclic Aβ 1-14 peptide raised a
pseudo β-hairpin-specific Aβ antibody response
The identification of a pseudo β-hairpin structure as one preferred
conformation for the N-terminal region of Aβ was completely
unexpected and had not been suggested previously. Our work
reported here and previously [10] strongly suggests that this
conformation of Aβ exists naturally in solution and is a key driver
of AD pathology. Antisera obtained from wildtype mice after
active immunisation with the cyclised Aβ1-14 peptide revealed
high levels of serum immunoglobulins (Fig. S5). The binding to
cyclic Aβ1-14 was highest with 1/72.900 for sera of mouse M2 and
1/24.300 for mouse M4. The binding to 1-42 (M2: 1/8.100; M4: 1/
2.700), to pE3-42 (M2: 1/2.700; M4: 1/2.700) and 4-42 (M2: 1/100;
M4: 1/100) was significantly lower. Antisera obtained from 5XFAD
and Tg4-42 mice after active immunisation with the cyclised Aβ1-
14 peptide revealed high levels of serum immunoglobulins that
bind to cyclised Aβ1-14 (Fig. S6) and to a lesser extent to Aβ1-42,
AβpE3-42, Aβ4-42 (Fig. S7). Importantly, TAP01 family antibodies
that uniquely recognise this pseudo β-hairpin conformation
are protective in AD animal models and furthermore do not
interact with fibrillary forms of amyloid typically seen in plaques of
AD brain sections (Fig. S8). This exciting finding reveals new
opportunities for AD therapeutic intervention, with options
for both therapeutic TAP01 family antibodies and vaccine

development. To explore the potential of an innovative vaccine
approach to AD we undertook a series of animal studies to
determine if immunisation with a stabilised pseudo β-hairpin form
of Aβ1-14 showed any protection in mouse models of AD and to
compare potential beneficial affects to treatment with the
humanised TAP01_04 antibody.

In vivo imaging of immunised 5XFAD mouse brains shows a
reduction of plaque load and a rescue of cerebral glucose
metabolism
Active immunisation with cyclised Aβ1-14 peptide demonstrated
significant beneficial effects on in vivo amyloid plaque load using
the amyloid tracer tracer 18F-florbetaben and assessing the
retention signalling by positron emission tomography (PET)
magnetic resonance imaging (MRI) (Fig. 2A–O), as well as
comparable reductions in amyloid load revealed by immunostain-
ing of brain sections (Fig. S9) of 5XFAD mice. Significantly lower
amyloid-specific tracer 18F-florbetaben retention signals were
observed in the cortex, hippocampus, thalamus, forebrain,
amygdala, olfactory bulb and midbrain (Fig. 2P). This was
supported by quantification of the cortical plaque load using
antibodies against pan-Aβ, AβpE3-X, Aβ4-X and staining against
fibrillary amyloid (Fig. S9). The beneficial treatment effect achieved
by active immunisation with cyclised Aβ1-14 and by passive
immunisation with TAP01_04 antibody was similar across these
imaging investigations, which clearly suggests that both
approaches target the pseudo β-hairpin conformation of Aβ
(Fig. 2).
Active immunisation with the cyclised Aβ1-14 peptide was also

studied by in vivo glucose PET, which provides a clinically relevant
assessment of the potential of the vaccine approach for AD
treatment and prevention. 18F-fluorodesoxyglucose (18F-FDG) is an
imaging biomarker that allows the analysis of cerebral glucose

Fig. 1 Structure of the TAP01-Aβ pE3-14 complex. A A surface representation of the TAP01 antibody paratope, with the VH and VK domains
coloured cyan and green respectively, and the individual complementary determining regions (CDR) highlighted. The conformation and
location of the bound AβpE3-14 peptide is shown as a white sticks representation of its covalent structure. B The striking pseudo β-hairpin
conformation of the TAP01 bound pE3-14 peptide, which is shown as a covalent sticks representation with stabilising intramolecular
hydrogen bonds highlighted. C A detailed view of the TAP01-AβpE3-14 interface, with the bound peptide and interacting antibody residues
shown as covalent sticks. TAP01 residues are shown in cyan and green for the VH and VK domains, respectively. Intermolecular hydrogen
bonds between AβpE3-14 and the antibody are highlighted by dashed lines. D An overlay of the highly similar TAP01-bound conformations
seen for cyclised Aβ1-14 and AβpE3-14, which are shown as orange and white covalent sticks, respectively.
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metabolism in vivo using 18F-FDG-PET, which is an established
method for clinical diagnosis of AD in patients [34] and of
neuronal dysfunction in AD mouse models including 5XFAD [33].
We observed significant beneficial effects of active immunisation
with cyclised Aβ1-14 on glucose metabolism in 5XFAD mice, with
a substantial rescue of levels of 18F-FDG uptake in the cortex,
hippocampus, thalamus, forebrain and midbrain (Fig. 3).

Immunised Tg4-42 mice retain cognitive function and neuron
numbers in the hippocampus
It is well established that glucose consumption in the brain is a
reliable indicator of normal functioning of synapses and neurons;
hence, the positive effects assessed by 18F-FDG-PET in 5XFAD mice
induced by active immunisation with cyclised Aβ1-14 may be
beneficial for memory and cognition in AD patients. In order to
test a potential beneficial effect on neuron death and memory, we
performed active immunisation with the cyclised Aβ1-14 peptide
in Tg4-42 mice and compared the outcomes with passive
immunisation with the TAP01_04 antibody. Stereological counting
of CA1 neurons in the hippocampus, which are known to be
primarily affected and degenerated in the Tg4-42 mouse model,
revealed that both active and passive immunisation significantly

prevented neuron death (Fig. 4A). This was supported by
assessing hippocampus-dependent learning and memory in this
model [35]. After immunisation of Tg4-42 mice a significant
improvement in their ability to find the hidden platform in the
probe trial of the Morris water maze was observed (Fig. 4B,
Movie S1). Again, both active and passive immunisations elicited
similar beneficial effects.

DISCUSSION
The groundbreaking work by Schenk et al. [36] clearly demon-
strated that active immunisation with full-length aggregated Aβ1-
42 significantly cleared plaques in an AD mouse model. Shortly
afterwards, this concept was translated in a phase I immunother-
apy trial in patients with mild to moderate AD using the vaccine
AN1792 (human aggregated Aβ1-42) [37]. The follow-up phase IIa
trial was prematurely terminated because of meningoencephalitis
in 6% of immunised patients [38]. Post-mortem neuropathological
examination of a group of AN1792 immunised AD patients verified
clearance of amyloid plaques; however, this clearance did not
prevent progressive neurodegeneration [39]. A lower plaque load,
reduced tau load in neuronal processes, but not in cell bodies; and

Fig. 2 Active and passive immunisation reduced amyloid plaque load in 5XFAD mice. PET images with amyloid-plaque tracer florbetaben
reveal a reduction in plaque load induced by either active immunisation with cyclised Aβ1-14 or treatment with the antibody TAP01_04
(passive immunisation). PET images (coronal, transverse and sagittal views) were obtained from untreated WT (n= 4) and active or passive
immunised 5XFAD mice, with appropriate controls (n= 5 each group). A–C PET images of WT mice. D–F PET images of 5XFAD mice after
passive immunisation with an isotype control antibody. G–I. PET images of 5XFAD mice after passive immunisation with TAP01_04. J–L PET
images of 5XFAD mice following control active immunisation. M–O PET images of 5XFAD mice after active immunisation with the cyclized
Aβ1-14 peptide. P Quantitative analysis showed lower signals in different brain areas. Abbreviations: WT wild-type, A amygdala, Bs brain stem,
C cortex, Cb Ccrebellum, H hypothalamus, Hc hippocampus, M midbrain, O olfactory bulb, S septum/basal forebrain, St striatum, T thalamus.
Statistical analysis of the PET retention signal intensities was carried out by one-way ANOVA with Bonferroni multiple comparisons (F= 14.28,
p < 0.0001, R squared 0.7361). The quantitative data are presented as mean ± S.E.M; ****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05.
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no evidence of a beneficial effect on synapses was reported [39].
To develop a vaccine against AD would still be a great relief for AD
patients and other stakeholders in the field.
Our working hypothesis was to develop a vaccine against AD

that has no preference for binding to full-length Aβ, because it
represents a physiological product of APP processing and as such
is continuously generated in healthy individuals [40]. Moreover,
the vaccine should not bind aggregated amyloid-Aβ found in
plaques due to the negative side effects it induced in some AD
patients [38]. The vaccine should however preferentially bind to
N-truncated AβpE3-42 and Aβ4-42, as these variants are highly
toxic in vivo and in vitro [5, 9], are stabilised as low-molecular
weight oligomers in solution [18] and are associated with AD
pathology but not with normal APP processing [7].
In the current work, we identified a unique conformational

structure within the N-terminal region of Aβ bound to the TAP01
family of antibodies through X-ray crystallography studies of Aβ.
We then engineered a stable form of the N-terminal Aβ1-14
peptide, which mimics the conformational epitope recognised by
the TAP01 antibody, and showed that this cyclised Aβ1-14 peptide
has the same antibody-bound structure as the AβpE3-14 amyloid

peptide. This novel conformation is not found in any other crystal
structure that has been reported, including any of the clinical-
stage antibodies targeting Aβ. The crystal structures of several
humanised anti-Aβ antibodies have been published but none
reveals recognition of the novel Aβ conformation seen bound to
TAP01. Crenezumab [41] binds multiple forms of Aβ with higher
affinity reported for aggregates and the crystal structure revealed
a sequential epitope with some conformational requirements for
recognition [42]. Bapineuzumab is a humanised form of the
murine monoclonal antibody 3D6, which targets the N-terminal
region of Aβ [43] and binds the N-terminus of monomeric Aβ in a
helical conformation [44]. Solanezumab, the humanised version of
murine 266 antibody [45], is directed against the mid-domain of
the Aβ peptide and is reported to recognise only soluble
monomeric, not fibrillar, Aβ. Previously, we demonstrated strong
amyloid plaque staining for solanezumab, crenezumab and
bapineuzumab, whereas TAP01 showed hardly any binding to
AD brain tissue sections [46]. BAN2401 is the humanised IgG1
version of the mouse monoclonal antibody mAb158, which
selectively binds to large, soluble Aβ protofibrils [47]. Donanemab
[48], ProBioDrug 6-1-6 and ProBioDrug 24-2-3 [49] are humanised

Fig. 3 Active immunisation of 5XFAD mice normalised brain glucose metabolism. 18F-fluorodesoxyglucose-PET (18F-FDG-PET) imaging to
assess cerebral glucose metabolism in vivo, revealing a normalisation after active immunisation in 5XFAD. FDG-PET images (coronal,
transverse and sagittal views) were obtained from untreated WT (n= 4) and active or passive immunised 5XFAD mice, with appropriate
controls (n= 5 each group). A–C PET images of WTmice. D–F PET images of 5XFAD mice after control passive immunisation G–I PET images of
5XFAD mice after passive immunisation with TAP01_04. J–L PET images of 5XFAD mice following control active immunisation. M–O PET
images of 5XFAD mice after active immunisation with the cyclised Aβ1-14 peptide. P Quantitative analysis of FDG-PET signal intensities of
5XFAD mice induced a substantial recovery of glucose metabolism in the cortex, hippocampus, thalamus and midbrain regions.
Abbreviations: WT wild-type, A amygdala, Bs brain stem, C cortex, Cb cerebellum, H hypothalamus, Hc hippocampus, M midbrain, O olfactory
bulb, S septum/basal forebrain, St striatum, T thalamus. Statistical analysis of the FDG-PET signal intensities was carried out by one-way
ANOVA with Bonferroni multiple comparisons (F= 11.11, p < 0.0001, R squared 0.7024). The quantitative data are presented as mean ± S.E.M;
***p < 0.001; **p < 0.01; *p < 0.05.
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versions of murine antibodies specific for N-terminal pyrogluta-
mate derivatives of Aβ3-X.
Our binding studies indicate that while these other antibodies

can bind to AβpE3-42, only TAP01 and the vaccine against cyclic
Aβ1-14 binds to this novel conformation pseudo β-hairpin
epitope, underpinning its unique properties and potential as a
new treatments for AD. Active immunisation of preclinical AD
mouse models with the cyclised Aβ1-14 vaccine reduced plaque
load, rescued glucose metabolism, rescued memory deficits and
rescued neuron loss.
Hardy and Allsop [50] suggested that the pathological cascade

starts with deposition of amyloid-β, followed by tau phosphoryla-
tion and tangle formation, which leads to neuronal death. Later
the amyloid hypothesis was further refined by a plethora of
reports discussing the role of soluble amyloid oligomers rather
than aggregated plaques in neuron and synaptic dysfunction
leading to neuron loss typical for AD [1, 11, 16]. Moreover, the
recent meta-analysis of pooled results from the 14 randomised
controlled trials by Ackley et al. [51] found no correlation between
the cognitive score and the small amyloid-plaque reduction in
these studies. Portelius et al. [7] reported that dominating Aβ
isoforms in different brain regions analysed from control, sporadic
AD, and familial AD are Aβ1-42, AβpE3-42, Aβ4-42 and Aβ1-40.
The authors showed that the relative importance of N-truncated
isoforms of Aβ in comparison to full-length Aβ is a valuable tool to
better understand the pathogenesis of AD [7]. It would therefore
be of interest to assess the relative abundance of the TAPAS
epitope in brain tissue and cerebrospinal fluid from patients with
mild cognitive impairment, early and advanced AD pathology as
well as plaque-negative non-AD and healthy control specimen.
Mintun et al. [52] convincingly demonstrated that donanemab
targeting plaque associated AβpE3-X is sufficient to achieve
clinical meaningful therapy effects in early AD patients. This
clinical trial is the first to show that AβpE3-42 is a relevant drug
target to fight AD. Our current report is well in line with this
assumption. We have identified a novel epitope, which mimics the
N-terminus of pyroglutamate Aβ in its monomeric form. We do
believe that it will have improved therapy effects, as neither the
vaccine nor TAP01 antibodies preferentially react with amyloid
plaques. We have demonstrated that stabilising the N-terminus of
Aβ by using cyclic Aβ1-14 as a vaccine is crucial to induce a
specific immune response targeting the TAPAS epitope. In
contrast, capturing the normal unstabilised N-terminus of Aβ by
passive immunisation with bapineuzumap or vaccination with full-
length Aβ1-42 has not been successful in clinical trials.

In conclusion, we have developed a novel AD vaccine with
unique features not related to any other vaccine or antibody in
clinical development. The TAPAS family antibodies are uniquely
positioned as the antibodies selectively target the early toxic
N-terminal truncated species of Aβ found in abundance through-
out the brains of AD patients. Moreover, the TAP01 antibody – and
its humanised versions – are less likely to become trapped inside
plaques thereby increasing the bioavailability after passive
immunisation. This decreases the potential for the dose-limiting
side effects that have so far proved problematic in clinical trials of
other Aβ antibodies. The novel TAPAS family of antibodies have
revealed two new attractive options for therapeutic intervention in
AD, with either active immunisation using a cyclised peptide based
vaccine, or treatment with a humanised TAP01 family therapeutic
antibody (passive immunisation). The lead therapeutic antibody for
clinical assessment is TAP01_04, which is a humanised variant of
TAP01 retaining the high specificity and affinity of the mouse
parent antibody [10, 35]. The optimum antibody format, such as
full-length or Fab fragment, safety, tolerability and efficacy of
TAP01_04 will now need to be evaluated in carefully planned
human clinical trials. For a trail blazing vaccine-based approach to
AD, formulation of the candidate cyclised Aβ peptides is likely to
be a key factor to ensure a strong immune response and will
require expertise from specialist vaccine development organisa-
tions. The design of the TRAILBLAZER-ALZ phase II registration
quality trial to evaluate safety, tolerability and efficacy of
donanemab [52] will be helpful to design clinical trials targeting
the TAPAS epitope. In TRAILBLAZER-ALZ early AD patients were
recruited based on a medium tangle load using Tau-PET imaging.
As donanemab completely cleared plaques in two-thirds of
participants and slowed cognitive decline in some patients, the
pathological status appears crucial for a successful treatment
strategy. The positive therapeutic outcomes from active immunisa-
tion with cyclic Aβ1-14 as well as the passive immunisation with
the clinical lead candidate antibody suggest the potential for a
vaccine to protect future generations from this terrible disease.
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