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Abstract

Deposition of amyloid beta (AB) into plaques is a major hallmark of Alzheimer’s disease (AD). Different amyloid precur-
sor protein (APP) mutations cause early-onset AD by altering the production or aggregation properties of AR. We
recently identified the Uppsala APP mutation (APPUpp), which causes A3 pathology by a triple mechanism: increased
[-secretase and altered a-secretase APP cleavage, leading to increased formation of a unique AB conformer that rap-
idly aggregates and deposits in the brain. The aim of this study was to further explore the effects of APPUpp in a trans-
genic mouse model (tg-UppSwe), expressing human APP with the APPUpp mutation together with the APPSwe
mutation. AR pathology was studied in tg-UppSwe brains at different ages, using ELISA and immunohistochemistry.
In vivo PET imaging with three different PET radioligands was conducted in aged tg-UppSwe mice and two other
mouse models; tg-ArcSwe and tg-Swe. Finally, glial responses to AR pathology were studied in cell culture models
and mouse brain tissue, using ELISA and immunohistochemistry. Tg-UppSwe mice displayed increased (3-secretase
cleavage and suppressed a-secretase cleavage, resulting in ABUpp42 dominated diffuse plaque pathology appear-
ing from the age of 5-6 months. The y-secretase cleavage was not affected. Contrary to tg-ArcSwe and tg-Swe mice,
tg-UppSwe mice were [''CIPIB-PET negative. Antibody-based PET with the 3D6 ligand visualized AR pathology in all
models, whereas the A3 protofibril selective mAb158 ligand did not give any signals in tg-UppSwe mice. Moreover,
unlike the other two models, tg-UppSwe mice displayed a very faint glial response to the Af pathology. The tg-Upp-
Swe mouse model thus recapitulates several pathological features of the Uppsala APP mutation carriers. The pre-
sumed unique structural features of ABUpp42 aggregates were found to affect their interaction with anti-Ap antibod-
ies and profoundly modify the AB-mediated glial response, which may be important aspects to consider for further
development of AD therapies.
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Introduction

Accumulation of amyloid beta (AP) as plaques and tau as
tangles, accompanied by various degrees of astrocytosis
and microgliosis, are the main pathological hallmarks
in the Alzheimer’s disease (AD) brain. The AP peptide
spontaneously aggregates into different structures that
differ not only in their aggregation states, but also in their
impact on the surrounding brain milieu. Among such
ApB species, oligomers and protofibrils are considered to
be the most toxic forms that drive neurodegeneration
in AD (reviewed in [17]). Studies on familial AD (FAD)
mutations have provided a mechanistic understanding
of AP generation and deposition. For example, the APP-
Swe mutation promotes p-secretase cleavage and thereby
increased formation of A [25], while the APPArc muta-
tion leads to a conformational change of the A peptide
(APArc) that facilitates the formation of Ap oligomers
and protofibrils. Further, APPLon and other mutations
located close to the C terminal end of the AB-domain
in APP favor generation of longer and more aggregation
prone A variants. Apart from affecting AP production,
FAD mutations can also influence the fibrillar structure
of A deposits [41].

We recently discovered a new APP mutation, APPUpp,
a six amino acid (aa) deletion within the AP pep-
tide which leads to higher levels of AP by an increased
[B-secretase cleavage and a shifted location of a-secretase
cleavage. In addition, this deletion promotes rapid fibrilli-
zation of mutated AB42 (APUppl-42,,9_,,) that deposits
as unique polymorphs in the affected brain [27]. Thus,
this is the first example of an APP mutation that causes
AD via several pathogenetic mechanisms.

Further insights into the pathophysiological mecha-
nisms of AP aggregation and deposition can be gained by
in vivo investigations of animal models expressing human
APP with FAD mutations [34]. We have previously gen-
erated the tg-ArcSwe and tg-Swe lines, both under the
Thy-1 promoter [20], that display various features of
Ap brain pathology. Tg-ArcSwe mice, with the APPSwe
mutation for increased AP production and the APPArc
for increased AP aggregation, display early deposition of
AP plaques composed of fibrils with a structure similar
to that found in the brains of sporadic AD patients [20,
29, 42]. On the other hand, tg-Swe mice that express
only wild-type AP (APwt) have a later plaque deposi-
tion, starting at the age of 10—12 months, with somewhat
more loosely structured plaques composed of fibrils of
the same structure as in some forms of FAD-related Ap
brain deposits [20, 29, 42]. Moreover, both these and
other FAD models feature activation of glial cells as a
response to the AP pathology. Both astrocytes and micro-
glia are closely associated with A plaques in the mod-
els and are presumably involved both in Af elimination
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and in formation of the dense core of amyloid plaques.
The impact of glial cells in AD pathology has therefore
recently received much attention.

Apart from explaining pathological mechanisms, APP
transgenic mice have proven useful for the development
of novel therapeutic and diagnostic approaches. As an
example, the tg-ArcSwe model was used for the preclini-
cal efficacy studies of mAb158, the murine parent of the
anti-Ap monoclonal antibody lecanemab, which selec-
tively recognizes soluble AP protofibrils [2]. Lecanemab
was recently approved by the US Food and Drug Admin-
istration (FDA) for treatment of AD after a successful
phase III clinical trial [40].

In the present study, we developed a new mouse model
(tg-UppSwe), with transgenic expression of APPUpp,
combined with APPSwe, to further explore the pathoge-
netic effects of the APPUpp mutation, both in vivo and
ex vivo. We hypothesized that the altered APPUpp pro-
cessing and rapid aggregation of ABUpp would resemble
that of human APPUpp mutation carriers [27], leading
to specific pathological features of this mouse model.
Mainly, we found that tg-UppSwe mice display aggres-
sive AP aggregation, leading to widespread and abundant
diffuse plaque pathology with a distinct structure that
is differentially detected by antibodies in vivo and does
not activate glial cells. These findings provide important
insights into the mechanisms of AP related pathology and
may guide future development of therapies against AD.

Methods

Animals

To generate the tg-UppSwe mouse line, cDNA of human
APP (hAPP) with the APPSwe (KM670/671NL) [25] and
the APPUpp (690-695A) [27] mutations was inserted into
the murine Thy-1323-cassette, as previously described
for the generation of the tg-Swe and tg-ArcSwe mouse
lines [20]. Tg-UppSwe mice will therefore be fully com-
parable to tg-ArcSwe and tg-Swe in terms of any poten-
tial promoter induced effects. The linearized DNA
was injected into oocytes at the Karolinska Center
for Transgene Technologies (KCTT, Karolinska Insti-
tute, Stockholm, Sweden), resulting in nine founders of
both sexes. The tg-UppSwe mouse line was established
from one male founder by heterozygous breeding on a
C57/BL6J-BomTac background. Upon further breed-
ing, mice of both sexes from generation 6-8 were used
in the study. For comparison, sex- and age-matched
wildtype (wt) littermates were included. Presence of the
human transgene was confirmed by PCR, using two sets
of primer pairs that framed the Thy-1 basal promoter
region and the APP coding region. Copy numbers of the
human APP gene inserted in the mouse genome were
assessed using TagMan real-time PCR. In short, DNA
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was extracted from mouse brain tissue using DNeasy
Blood & Tissue Kit (Qiagen, Germany). Tagman human
APP assay Hs01255859_cn, together with an internal
copy number reference (mouse transferrin receptor gene,
Tfrc), was used according to the manufacturer’s instruc-
tions (Thermo Fisher Scientific, USA). Quantitative PCR
(qQPCR) was performed on the StepOnePlus’" Real-Time
PCR System and results were analyzed by the Copy-
Caller v2.1 software (Thermo Fisher Scientific, USA).
Tg-UppSwe mice were compared with tg-ArcSwe mice,
expressing hAPP with the APPArc (E693G) and APPSwe
mutations, and with tg-Swe mice, harboring only the
APPSwe mutation [20]. In addition, wt mice were used
for generation of primary cell cultures. All mice were
bred on a C57/BL6J-BomTac background. The total num-
ber of animals included in the study is given in Table 1.
All procedures were approved by the Stockholm North
or Uppsala County Animal Ethics boards (N174-15, C85-
16, 5.8.18-13350/17, 5.8.18-20401/20), following the rules
and regulations of the Swedish Animal Welfare Agency,
and were in compliance with the European Communities
Council Directive of 22 September 2010 (2010/63/EU).

Brain tissue homogenization and A ELISAs

Fresh frozen brain tissue (cerebrum) was homog-
enized at a 1:5 tissue:buffer ratio, using a Precellys
Evolution homogenizer (Bertin Technologies, Mon-
tigny-Le-Bretonneux, France) to sequentially extract
TBS, TBS with 0.5% Triton X-100 (TBS-T) and formic
acid (FA) soluble fractions of AB. After homogenization
in TBS, samples were centrifuged at 16,000x g for 1 h at
4 °C (TBS,4)- For a subset of experiments, a fraction of
this supernatant was further centrifuged at 100,000x g
followed by collection of the supernatant (TBS;qx).
Homogenization of the remaining tissue pellet was
repeated according to the same procedure with TBS-T,
then followed by FA (Additional file 1: Fig. S1).

Brain extracts were analyzed with AB1-40 and AB1-42
ELISAs, as previously described [27]. In brief, 96-well
half-area plates were coated over night with 50 ng/well
of anti-Ap40 (custom production, Agrisera) or anti-AB42
(700254, Thermo Fisher Scientific, USA), then blocked

Table 1 Number of animals used in the study

Age (months)  tg-UppSwe  tg-ArcSwe tg-Swe wt total
4-6 10 - - 3 13
8-10 10 - - - 10
13-14 10 - - - 10
17-19 35 9 9 9 62
Total 65 9 9 12 9%
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with 1% BSA in PBS for 3 h at RT. TBS,,, TBS-T and
FA brain extracts were diluted in ELISA incubation
buffer (PBS, 0.1% BSA, 0.05% Tween) and incubated over
night at 4 °C, followed by detection with 0.5 pg/ml bioti-
nylated 3D6 and HRP-conjugated streptavidin (Mabtech
AB, Nacka, Sweden). Signals were developed with K Blue
Aqueous TMB substrate (Neogen Corp., Lexington, KA,
US). Plates were developed and read with a spectropho-
tometer at 450 nm.

The TBS and TBS-T extracts were also analyzed for
soluble AP aggregates using two different sandwich ELI-
SAs. The first, based on 3D6 as both capture and detec-
tion antibody, allows for detection of A aggregates from
the size of a dimer, but not for monomeric AP. The sec-
ond preferentially detects larger soluble A aggregates as
it utilizes the AP protofibril selective antibody mAb158
for capture and 3D6 for detection [23]. Ninety-six-well
half-area plates were coated over night with 3D6 (50 ng/
well) and blocked with 1% BSA in PBS for 3 h at RT. Brain
extracts were diluted in ELISA incubation buffer (PBS,
0.1% BSA, 0.05% Tween) and incubated over night at
4 °C, followed by 3D6-biotin detection and development
as above.

Immunohistochemistry and thioflavin S staining

Right hemispheres from fresh frozen mouse brains were
sectioned at 20 pm. Next, the sections were fixed with
4% paraformaldehyde and treated with pre-heated cit-
rate buffer, pH 6.3, for 30 min followed by 70% formic
acid for 5 min. AP was visualized with anti-Ap40 (Agri-
sera, Umed, Sweden), anti-Ap42 1:1000 (700254, Thermo
Fisher Scientific, USA), mAb158 or 3D6 1:1000 (in-house
expression); activated astrocytes with anti-GFAP 1:200
(Abcam, Cambridge, UK); and microglia with antibod-
ies against Ibal (1:200) (Wako chemicals, Richmond, VA)
and TREM2 1:200 (AF1729; R&D, Abingdon, UK). For
colorimetric staining the Vector NovaRED" horse rad-
ish peroxidase (HRP) substrate kit (Vector Laboratories,
Burlingame, CA) was used for detection while for fluo-
rescent staining Alexa secondary antibodies were used
(Thermo Fisher Scientific, USA). For thioflavin S (ThS)
staining, sections were pretreated in 95% and 70% etha-
nol (3 min in each), and quickly rinsed in water before
they were incubated in 0.1% ThS for 10 min. Finally, the
sections were briefly washed in 80% ethanol and water,
dehydrated in ethanol, cleared in xylene and mounted
with DPX.

Array tomography

Fresh brain tissue was collected from an 18-month-old
tg-UppSwe mouse [11, 14]. Small tissue blocks contain-
ing cortex were fixed in 4% paraformaldehyde and 2.5%
sucrose in 20 mM phosphate buffered saline pH 7.4 (PBS)
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for 3 h. Samples were dehydrated through cold graded
ethanol of ascending strengths and embedded into LR
White Resin (Electron Microscopy Sciences, Hatfield,
PA, USA), which was allowed to polymerize overnight
at 53 °C. Resin embedded tissue blocks were cut into
array ribbons of 70 nm thick sections using an ultracut
microtome (Leica, Wetzlar, Germany) equipped with a
Jumbo Histo Diamond Knife (Diatome, Hatfield, PA) and
collected onto gelatin coated coverslips. For detection of
colocalization between pathological proteins and syn-
apses, array ribbons were immunostained with a primary
antibody against post-synapses (PSD95), pre-synapses
(synaptophysin) and with the OC polyclonal antibody
against fibrillar AB [12]. Sections were counterstained
with 0.01 mg/mL 4’-6-diamidino-2-phenylindole (DAPI).
For each experiment, a short extra ribbon was used as
a negative control. Images were obtained on serial sec-
tions using an Axiolmager Z2 epifluorescent microscope
(Carl Zeiss, Oberkochen, Germany) with a 10X objective
for tile scans and 63x 1.4 NA Plan-Apochromat objec-
tive for high resolution images. Images were acquired
with a CoolSnap digital camera and Axiolmager software
with array tomography macros (Carl Zeiss). Images from
each set of serial sections were converted into image
stacks and aligned using the Image] plug-in, MultiStack-
Reg (courtesy of Brad Busse and P. Thevenaz, Stanford
University) [39]. Regions of interest within the cortical
neuropil were chosen (10 um?) and their proximity to
plaque edges recorded (<20 pm from a plaque edge con-
sidered “near” plaques and>20 um from a plaque edge
considered “far” from plaques). Image stacks were then
binarised using thresholding algorithms in Image]. For
synaptic staining, image stacks were binarised using an
Image] script that combines different thresholding algo-
rithms in order to select both high and low intensity syn-
apses in an automated and unbiased manner. To examine
pathological protein presence at the synapse, thresholded
images were processed and analyzed in MATLAB to
remove background noise.

Antibody production and radiochemistry

For PET imaging with antibody-based ligands (immu-
noPET), the bispecific brain penetrating AB antibod-
ies RmAb3D6-scFv8D3 [5] and RmAb158-scFv8D3
[9] were used. While 3D6 binds to the N-terminus of
AP [1], mAb158 preferentially binds to soluble A
protofibrils and to some extent also to AP fibrils [2].
Both bispecific antibodies actively enter the brain via
receptor mediated transcytosis, using the TfR bind-
ing domain scFv8D3. The antibodies were produced
recombinantly in Expi293 cells, according to previ-
ously described procedures [4] and radiolabeled with
iodine-124 (**!1) for PET imaging or with iodine-125
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(*%1) for ex vivo studies [36]. In brief, for '**I-labeling,
a ["*]iodide stock solution (Advanced Center Oncol-
ogy Macerata, Montecosaro, Italy) was pre-incubated
for 15 min with half a volume of 50 pM Nal and then
neutralized with 0.5% HAc and PBS. After adding 90 ug
antibody, the reaction was initiated by the addition of
40 pg Chloramine-T (Sigma Aldrich, Stockholm, Swe-
den) and, after 120 s, quenched with 80 pg sodium
metabisulfite (Sigma Aldrich). For '*°I labeling, a ['*°I]
iodide stock solution (PerkinElmer Inc., Waltham, MA,
USA) was mixed with 40 pg of antibody in PBS and the
reaction was initiated by the addition of 5 pg Chlo-
ramine-T (Sigma Aldrich) and, after 90 s, quenched
with 10 pg sodium metabisulfite (Sigma Aldrich). The
radiolabeled antibody was purified from non-reacted
[*IJiodide with Zeba spin desalting columns (7K
MWCO, 0.5 mL, ThermoFisher, Uppsala, Sweden). The
molar activity of ['**IJRmAb3D6-scFv8D3 and ['?*1]
RmAb158-scFv8D3 was 135 MBq/nmol and 133 MBq/
nmol, respectively.

The amyloid PET radioligand ["'C]PiB, formulated
in 10% ethanol in PBS, was synthesized as previously
described with minor modifications to adapt the proce-
dure to our in-house built synthesis device (TPS) [13].

PET imaging

Eighteen months old tg-UppSwe, tg-ArcSwe, tg-Swe
and wt mice underwent PET imaging with [''C]PiB
or with either of the two antibody radioligands, ['**I]
RmAb3D6-scFv8D3 or ["**IJRmAb158-scFv8D3 (n=3
per ligand and genotype). For ["'C]PiB-PET, mice were
injected with 13.2+2.9 MBq radioligand and PET data
acquired between 40-60 min after injection was used
for all subsequent analyses. For immunoPET, mice were
given 0.2% Nal in the drinking water to reduce thyroidal
uptake of *I. The following day, the mice were injected
with 8.7+1.6 MBq of ['**IJRmAb3D6-scFv8D3 or ['*1]
RmADb158-scFv8D3, corresponding to an antibody dose
of 2.3 nmol/kg body weight. Four days after antibody
injection, mice were PET scanned for 60 min with either
a Triumph Trimodality System (TriFoil Imaging, Chats-
worth, CA) or a nanoScan system PET/MRI (Mediso,
Budapest, Hungary). PET scans performed with the Tri-
umph system were reconstructed with a 3-dimensional
ordered-subsets expectations maximization, with 20
iterations. The PET data acquired with the Mediso sys-
tem were reconstructed using a Tera-TomoTM 3D algo-
rithm (Mediso) with four iterations and six subsets. Each
mouse underwent a CT scan following PET. All subse-
quent image processing was performed with Amide ver-
sion 1.0.4. The CT and PET data were manually aligned
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with a T2-weighted mouse brain atlas [22] for quantifica-
tion of activity in the cerebrum.

Single injection immunotherapy and brain distribution

To investigate potential acute treatment effects and to
further assess brain distribution of the two antibodies
used for immunoPET, 18-months-old tg-UppSwe mice
were injected with PBS (n=4), or with a therapeutic dose
(32 nmol/kg) of RmAb3D6-scFv8D3 (n=5) or RmAb158-
scFv8D3 (n=5). The bispecific antibody preparations
were supplemented with trace amounts (1.2 nmol/kg;
18+1.6 MBq/kg) of ['*I)RmAb3D6-scFv8D3 or ['*°I]
RmADb158-scFv8D3 for quantification. After three days,
the mice were euthanized by intracardiac perfusion.
Radioactivity was quantified in brain and blood as well as
in TBS,¢, TBS-T and FA extracts of homogenized brain.

Ex vivo antibody brain distribution

After immunoPET imaging or administration of antibod-
ies at a therapeutic dose, the mice underwent intracar-
diac perfusion with 20 ml 0.9% NaCl during 2.5 min. The
brains were then isolated and separated into right and
left hemispheres, followed by a further division of the
left hemisphere into cerebrum and cerebellum. To assess
the concentration of antibody in the brain tissue, radio-
activity was quantified in the isolated brain regions using
a gamma counter (Wizard 1480 Wizard", Wallac Oy,
Turku, Finland) and expressed as % of injected dose per
gram brain tissue (%ID/g brain). To visualize brain distri-
bution of radiolabeled antibody, 20 um cryosections from
the right hemisphere were exposed to phosphor imaging
plates (MS, MultiSensitive, PerkinElmer, Downers Grove,
IL) for 7 days. Plates were scanned with a Cyclone Plus
phosphor imager (PerkinElmer, Waltham, MA) at 600 dpi
resolution. Radioactivity distribution was visualized with
Image] using a royal lookup table and combined with
AP42 immunostaining of an adjacent brain section.

Astrocyte cultures and AP uptake studies

To study interactions between AP and primary mouse
astrocyte cultures, cerebral cortices of wt mice (n=3)
were dissected from embryonal day (E14) mice in Hank’s
buffered salt solution (HBSS) supplemented with 50 U/
ml Penicillin, 50 mg/ml Streptomycin, and 8 mM Hepes
buffer (ThermoFisher Scientific). The cortices were cen-
trifuged in fresh HBSS for 3 min at 150X g and then
resuspended and dissociated into a homogenous solu-
tion. Any remaining blood vessels were allowed to sedi-
ment for 10 min. The supernatant was transferred to a
new tube and centrifuged for 5 min at 150xg. The cell
pellet was carefully resuspended in DMEM/F12 Glu-
taMax cell culture medium. The embryonic cortical stem
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cells were allowed to expand as neurospheres in DMEM/
F12 GlutaMax medium (Invitrogen) supplemented with
B27 (Invitrogen), 100 U/ml penicillin, 100 pg/ml strep-
tomycin, 8 mM HEPES buffer, 10 ng/ml bFGF (Invitro-
gen, diluted in 10 mM Tris—HCI (pH 7.6)+0.1% BSA
and PBS) and 20 ng/ml EGF (BD biosciences), dissolved
in MQ water). The cells were then dissociated and plated
as a monolayer at a density of 3x 10* cells/cm?* on cover
glasses coated with poly-L-ornithine and laminin. The
following day, the growth factors were removed to start
differentiation, resulting in co-cultures containing~75%
astrocytes after 7 days. Differentiated cell cultures were
exposed to 0.1 pM Cy3-labeled sonicated fibrils of Af1-
42y, AP1-42,, or AB1-42,,. Control cultures received
culture medium without AB. After 24 h, the cells were
washed three times in cell culture medium and the cover
slips were transferred to new culture dishes.

Preparation and Cy3 labeling of A fibrils

To induce fibrillization, synthetic Ap (200 uM in NaOH)
was diluted in 2X PBS to a concentration of 100 uM and
incubated on a shaker at 1500 rpm and 37 °C for 24 h.
Tween-20 was then added to a final concentration of
0.01%.

For the labeling process, a Cy antibody labeling
kit (GE Healthcare, PA33000) was used. The fibrils were
gently mixed in the coupling buffer by vortexing and then
supplemented with Cy3. The mixture was incubated for
1 h at RT in the dark, then purified from unreacted Cy3
with dialysis in PBS with 0.01% Tween-20 for 2 h. The
resulting Cy3-Ap fibrils were diluted in sterile PBS to a
final concentration of 0.5 mg/ml and sonicated at 20%
amplitude, 1 s on/off pulses for 1 min (#VCX130, Vibra
Cell sonicator, Sonics, CT, USA).

3AM

Immunocytochemistry

The cells were fixed for 15 min at RT with 4% paraform-
aldehyde, washed twice with PBS and permeabilized
and blocked with 0.1% Triton X-100 (both from Sigma-
Aldrich) and 5% normal goat serum (NGS, BioNordika)
in PBS for 30 min at RT. Primary antibodies, diluted in
0.1% Triton X-100 with 0.5% NGS, were added and left
to incubate for 1-4 h at RT or overnight at 4 °C. The cells
were then washed 3X10 min with PBS before incuba-
tion with secondary antibodies (diluted in 0.1% Triton
X-100 and 0.5% NGS) for 45 min at 37 °C or 1 h at RT.
Cover slips were mounted onto microscope glass slides
using VECTASHIELD hard set mounting medium with
DAPI (DAKO). Imaging was performed using a Zeiss
Observer Z1 Microscope, and the images were visual-
ized with the Zen 2012 software and representative
40x images were captured. The primary antibodies used
were chicken anti-Glial Fibrillary Acidic Protein (GFAP,
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1:200, Abcam) and rabbit anti-lysosome-associated
membrane protein-1 (LAMP-1, 1:200, Abcam). The sec-
ondary antibodies applied were AlexaFluor 488 (rab-
bit, 1:200, Thermofisher), and AlexaFluor 647 (chicken,
1:200, Thermofisher).

GFAP ELISA

Quantification of GFAP in tg-UppSwe brain extracts
was performed with a sandwich ELISA, as previously
described [26]. Ninety-six-well half-area plates were
coated over night with 25 ng/well of anti-GFAP anti-
body GA5 (Sigma Aldrich), then blocked with 1% BSA in
PBS for 2 h at RT. The TBS,¢ and TBS-T brain extracts
were diluted in ELISA incubation buffer (PBS, 0.1% BSA,
0.05% Tween) and incubated over night at 4 °C, followed
by 1 h incubation with 0.5 pg/ml polyclonal anti-GFAP
(Dako, Z0334). Signals were detected with 0.5 pg/ml
biotinylated goat anti-rabbit antibody in combination
with HRP-conjugated streptavidin and K Blue Aqueous
TMB substrate and read at 450 nm as above. A standard
curve of recombinant GFAP (in-house produced [24])
was used for quantification.

TREM2 ELISA

Soluble TREM2 (sTREM2) was detected with a sandwich
ELISA, performed in a similar manner as for the assays
described above. Ninety-six-well half-area plates were
coated over night with 25 ng/well of anti-TREM2 anti-
body AF1729 (R&D, Abingdon, UK), then blocked with
1% BSA in PBS for 2 h at RT. The TBS, 4 and TBS-T brain
extracts were diluted in ELISA incubation buffer (PBS,
0.1% BSA, 0.05% Tween) and incubated over night at
4 °C, followed by detection with 0.25 ug/ml biotinylated
anti-TREM2 BAF1729 (R&D), HRP-conjugated strepta-
vidin and K Blue Aqueous TMB substrate and read at
450 nm with a spectrophotometer. A standard curve of
recombinant TREM2 was used for quantification.

Statistics

Data was analyzed using GraphPad Prism (version 6 and
7, San Diego, CA). Comparisons of three or more groups
were analyzed by one-way ANOVA for single datasets
and by two-way ANOVA for multiple datasets, followed
by Tukey’s post hoc test. A p value threshold of 0.05 was
used for assessment of the statistical significance. Values
are shown as means + SD.

Results

AB production and deposition

Transgenic mice, tg-UppSwe, were designed to express
human APP (hAPP) with the APPUpp (690-695A) muta-
tion [27] in combination with the APPSwe mutation
(KM670/671NL), to increase the overall AP production
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[20, 25]. Quantitative PCR analysis showed that a sin-
gle copy of hAPP had been inserted in the tg-UppSwe
genome (analysis range 0.87-2.05), which is low com-
pared to other APP-transgenic models. For example,
tg-Swe and tg-ArcSwe mice that have a similar genetic
design were found to harbor six and two AAPP cop-
ies, respectively (Additional file 1: Fig. S2A), which is
consistent with their previously reported APP protein
expression [21]. To investigate if the tg-UppSwe mice
showed alterations in APP processing as previously
found in the human APPUpp mutation carriers [27],
a- and B-secretase cleavage of APP were investigated in
brain tissue extracts. Consistent with analyses of human
APPUpp carriers, tg-UppSwe mice displayed a relative
reduction in the soluble APPa fragment (sAPPa), which
is the fragment resulting from alpha-secretase cleav-
age of APD, as well as an increase in the soluble APPj
fragment (sAPPP), the fragment resulting from beta-
secretase cleavage of APP (Additional file 1: Fig. S2B-D).
Tg-UppSwe mice showed no difference in survival and
displayed similar body weights as wt mice (Additional
file 1: Fig. S3). To study production and deposition of
AP in tg-UppSwe mice, sequentially extracted brain tis-
sue samples were analyzed with ELISA. In 4—6 months-
old mice, the TBS fraction, which reflects soluble A,
contained five- to ten-fold more AP1-40 compared to
AP1-42. The levels of AB1-40 increased slightly with age,
while AB1-42 levels showed a more pronounced increase
(Fig. 1). The TBS-T fraction, reflecting membrane bound
Ap, displayed a pattern similar to TBS, but with slightly
higher levels of both AB1-40 and AB1-42. In the FA frac-
tion, representing insoluble brain A (including fibrils in
plaques) tg-UppSwe brain displayed low concentrations
of AB1-40, with only a small increase with age, suggesting
a very low degree of AB1-40 deposition. In contrast, Ap1-
42 increased dramatically from the youngest age group
(4—-6 months) to the next age-group and then further
as the mice aged, finally displaying an almost 100-fold
higher concentration compared to Ap1-40 (Fig. 1).

To visualize AP deposition over time, brain tissue
sections from tg-UppSwe mice at different ages were
immunostained for AB40 and AP42. In line with the low
AP1-40 levels in FA brain extracts, AB40 staining was
virtually absent in all age groups, except for a few diffuse
deposits in hippocampus of the oldest mice (Fig. 2A). In
contrast, deposition of AB42 was observed already at five
months of age and a substantial number of plaques could
be observed at eight months. Plaque pathology initially
appeared in frontal cortex and then in hippocampus,
increasing across the cerebral cortex until 18 months of
age, when also the thalamus was affected (Fig. 2A). Dif-
ferently sized AP42-containing plaques appeared in both
cerebral cortex (Fig. 2B) and hippocampus (Fig. 2C).
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Fig. 2 AP neuropathology in tg-UppSwe transgenic mice. A AB40 and AB42 immunostaining of tg-UppSwe mouse brain sections from different
age groups. Magnifications, indicated by red squares, of cerebral cortical (B) and hippocampal (C) AB42 staining from 18-month-old tg-UppSwe
mice. The blue squares represent the region displayed in the higher magnification images. Scale bar: 200 pm. D Synaptic staining of 70 nm thick
serial brain sections from 18-month-old tg-UppSwe mouse stained for pre-synapses (synaptophysin; yellow), post-synapses (PSD95; magenta)
and fibrillar AB (OC; cyan) with composite images in (IV and VIII). Synaptic staining was qualitatively reduced within plaques (arrows I-IV).
Three-dimensional reconstructions (V-VIIl) demonstrated AB staining within both pre-synapses (arrow, V) and post-synapses (arrow, VI). Panels |-V
show segmented images from a single section and V-VIIl show zoomed in 3D reconstructions of five serial sections. Scale bars: 10 um (I-IV) or T um
(V=VIIT)

Array tomography analysis revealed that in the brain of Invivo PET imaging of AB pathology

18-month-old tg-UppSwe mice, synapses appeared less  To further study the nature and structure of the AP pathol-

dense around AP plaques. Moreover, aggregated Ap co-  ogy, 18-month-old tg-UppSwe mice were investigated by

localized with both pre- and post-synaptic markers in  in vivo PET imaging, in comparison with tg-ArcSwe, tg-

and around AP deposits (Fig. 2D). Swe and wt mice. First, mice were scanned with the small
molecule amyloid PET radioligand ['C]PiB, considered to
be the “gold standard” radioligand for in vivo PET of Ap
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brain pathology. Despite the abundant A pathology, as
assessed with ELISA and AP immunostaining, no ['!C]PiB
signal was observed in the tg-UppSwe mice. As expected
from previous observations, both tg-ArcSwe and tg-Swe
mice displayed a clear [''C]PiB signal in frontal cortex
(Fig. 3A), corresponding to the distribution of AP pathol-
ogy in these transgenic mice [36]. To corroborate the ['!C]
PiB-PET results, post mortem brain tissue from all three
models was stained with ThS, which is structurally closely
related to PiB. Again, no signal was detected in tg-UppSwe
mice, while both tg-ArcSwe and tg-Swe mice displayed
abundant AP42 immunostaining of parenchymal plaques
(Fig. 3A).

Next, the mice underwent immunoPET imaging
with radiolabeled, brain penetrating bispecific anti-
bodies (Fig. 3B), which have previously been demon-
strated to visualize diffuse AP pathology in the brain of
various mouse models [23, 36]. When imaged with ['2]]
RmAb3D6-scFv8D3 all three mouse lines, especially tg-
UppSwe, displayed a high brain signal, with significant
retention of the antibody-based radioligand in cortex,
hippocampus and thalamus. In contrast, PET imaging
with ['**IJRmAb158-scFv8D3, did not generate any sig-
nal in tg-UppSwe mice. However, both tg-ArcSwe and
tg-Swe mice displayed [**IJRmAb158-scFv8D3 retention
signals comparable to those of ['**I]RmAb3D6-scFv8D3
(Fig. 3C). The quantification of PET signals (Fig. 3D), as
well as the quantification of ex vivo measured radioac-
tivity in perfused brain tissue (Fig. 3E), verified the anti-
body’s retention pattern observed with PET. To closely
examine the distribution of ["**I]RmAb3D6-scFv8D3 in
the tg-UppSwe mouse brain, ex vivo autoradiography was
performed on fresh frozen tissue from perfused brains
of PET-scanned mice. A nearly complete overlap was
observed between immunostaining and antibody reten-
tion (Fig. 3F).

Antibody reactivity and single-injection immunotherapy

To assess 3D6 and mAb158 binding to AP deposits post
mortem, brain tissue sections of the three mouse mod-
els were immunostained with either of the two antibod-
ies and compared to APB40 and AP42 double staining.
The 3D6 staining largely overlapped with the double

(See figure on next page.)
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AP40+ AP42 staining in all models. However, while tg-
ArcSwe and tg-Swe mice displayed a similar staining
pattern for mAb158 and AP40+AP42, tg-UppSwe
mice displayed a very faint mAb158 staining that only
partly covered the surface stained with AB40 and Ap42
(Fig. 4A). Sequentially extracted brain homogenates from
the PET scanned mice were then analyzed by ELISA.
In the FA fraction, AP1-40 was the dominating AP spe-
cies in both tg-Arc-Swe and tg-Swe mice, whereas it was
detected at very low levels in tg-UppSwe mice. Levels of
AP1-42, on the other hand, were comparable between
tg-UppSwe and tg-ArcSwe mice, but slightly higher in
the tg-Swe model (Fig. 4B). Soluble fractions were ana-
lyzed with the 3D6-3D6 ELISA that detects aggregated
AP from the size of a dimer and higher. In the TBS,
extract, representing the most soluble fraction, tg-Upp-
Swe mice displayed significantly lower levels of AP aggre-
gates compared to tg-ArcSwe and tg-Swe mice (Fig. 4C).
In the TBS,¢ fraction, containing larger soluble aggre-
gates and diffusely deposited aggregates, the pattern was
opposite with higher levels in tg-UppSwe compared to
both tg-ArcSwe and tg-Swe mice. The TBS-T fraction,
with membrane associated AP, showed only small dif-
ferences between models (Fig. 4C). When analyzing the
fractions with the mAb158-3D6 ELISA, which primar-
ily detects AP aggregates of larger sizes, the TBS;yy
fraction was found to contain a higher proportion of
mAb158 positive AP aggregates in tg-UppSwe compared
to tg-ArcSwe and tg-Swe mice, while the TBS-T fraction
showed the opposite pattern. In the TBS, 4 fraction, the
three models displayed no differences in the fraction of
mAb158 positive soluble A aggregates (Fig. 4D).

Next, we wanted to investigate whether a single anti-
body injection could reduce brain levels of soluble AP
aggregates in tg-UppSwe mice, similar to what has previ-
ously been shown in the tg-ArcSwe model [38]. A thera-
peutic dose (32 nmol/kg body weight) of radiolabeled
RmAb3D6-scFv8D3 or RmAb158-scFv8D3 was thus
administered to 18-month-old tg-UppSwe mice. First,
the antibody distribution in the brain was investigated
by quantification of radioactivity in both whole brain and
in brain extracts prepared from mice euthanized at three
days after injection. Similar to the PET experiment, the

Fig. 3 PET imaging. A Sagittal [''C]PiB-PET/CT images of 18- months-old tg-UppSwe mice in comparison with tg-ArcSwe, tg-Swe and wt mice,
acquired 40-60 min after [''CIPiB injection, with corresponding post mortem brain tissue stained with thioflavin S (ThS, scale bar: 200 um) and A42
immunostaining (scale bar: 50 um) below. B Bispecific AR antibody undergoing transcytosis across the BBB endothelium. Radiolabeled bispecific
AR antibody ligands were used for in vivo immunoPET imaging four days after injection. C ImmunoPET/CT images of 18-month-old tg-UppSwe,
tg-ArcSwe, tg-Swe and wt mice, injected with ['?JRmAb3D6-scFv8D3 or [*]RmAb158-scFv8D3. D Quantification of immunoPET data in groups
of mice (n=3 per group). E Ex vivo quantification of brain radioactivity in the same mice as (D). F AB42 immuno-staining, ex vivo autoradiography
(AR) and an AB42/AR merged image of brain sections from tg-UppSwe mouse injected with ['JRmAb3D6-scFv8D3. ***P < 0.01
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Fig.4 ABimmunostaining and ELISA-based measurements of AR aggregates in brain tissue from tg-UppSwe, tg-ArcSwe and tg-Swe mice. A
Immunostaining of tg-UppSwe, tgArcSwe and tg-Swe brain tissue sections (hippocampus, 40x magnification) with 3D6 (yellow, upper panel)

or mAb158 (yellow, lower panel) in comparison with double staining using AB40 and AR42-specific antibodies (green). Scale bar: 200 pm. B ELISA
quantification of total AB1-40 and 1-42 levels in FA brain extract. C 3D6-3D6 ELISA quantification of total AR aggregates in TBS; gy, TBS; ¢« and TBS-T
brain extracts. D mAb158 positive fraction of the total AR aggregates detected by 3D6-3D6 ELISA in TBS; yo, TBS5¢ and TBS-T brain extracts. E
Distribution of ['I]RmAb3D6-scFv8D3 and ['°[[RmAb158-scFv8D3, three days after administration of these bispecific antibodies at 32 nmol/

kg body weight (therapeutic dose) to 18-month-old tg-UppSwe mice, expressed as a brain-to-blood radioactivity ratio in whole brain tissue
(Brain) and in TBS, ¢, TBS-T and FA extracts. F Soluble AB aggregates in TBS, o« and TBS; 4 brain extracts from 18 months old tg-UppSwe mice
three days after administration of a therapeutic dose (32 nmol/kg) of ['*[RmAb3D6-scFv8D3 or ['»I]RmAb158-scFv8D3, in comparison with PBS.

Non-significant (ns), *P < 0.05, **P < 0.01, ***P < 0.001

[*>I]RmAb3D6-scFv8D3 brain-to-blood concentration
ratio was substantially higher than that of [">>IJRmAb158-
scFv8D3 in the whole brain (Fig. 4E). Despite its lower
total brain concentration, [**’IJRmAb158-scFv8D3 dis-
played a higher distribution to TBS, 4 and TBS-T extract
compared to ['*’IJRmAb3D6-scFv8D3. Approximately
95% of the antibodies were found in the FA fraction,
which showed a similar distribution pattern as the whole
brain, with higher concentration of ["*’IJRmAb3D6-
scFv8D3 compared to [**’IJRmAb158-scFv8D3 (Fig. 4E).

However, unlike previously seen in tg-ArcSwe mice
[38], none of the antibodies reduced the concentration
of soluble AP aggregates in neither the TBS,,x nor the
TBS, ¢k brain extracts prepared from the tg-UppSwe mice
(Fig. 4F).

Glial cell responses to AB,,,

In brain tissues from 18-month-old tg-UppSwe mice,
astrocytes stained for glial fibrillary acidic protein
(GFAP) did not co-localize with AP to a large extent,
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quantification of GFAP in TBS (B) and TBS-T (C) brain extracts from 18-months-old wt, tg-UppSwe, tg-ArcSwe and tg-Swe mice. Not significant
(ns), **P<0.01,***P<0.001. D Schematic description of the procedure to establish primary astrocyte monocultures originating from the cerebral
cortices of embryonic mouse brain. Primary astrocyte cultures were exposed to sonicated, Cy3-labeled fibrils of synthetic ABy,,, ABpc OF ARy, (all
AB1-42). Cells were stained for GFAP, LAMP-1 and cell nuclei (Dapi). While ARy, clustered on the surface of cells, AB, and AB,,, appeared to be

phagocytosed to a larger extent. Scale bar: 20 um

while both tg-ArcSwe and tg-Swe mice of the same age
displayed intense GFAP staining in close proximity to
the AP-staining (Fig. 5A). When quantified by ELISA,
tg-UppSwe mice showed lower GFAP levels in TBS sol-
uble brain extracts (Fig. 5B) and only a modest increase
in TBS-T extracts compared to wt mice (Fig. 5C). How-
ever, both tg-ArcSwe and tg-Swe mice displayed elevated
levels of GFAP in both TBS and TBS-T brain extracts
(Fig. 5B, C).

To further investigate the astrocytic response to AP
aggregates, primary mouse astrocyte cultures were

exposed to sonicated, fluorophore-labeled fibrils of syn-
thetic ARy, (present in tg-UppSwe), AP, (present in tg-
ArcSwe) or AP, (present in tg-Swe) (Fig. 5D). The ARy,
fibrils were readily visible in the culture but seemed to
cluster on the cell surface rather than being phagocy-
tosed. This was supported by the lack of co-localization
between Ay, and the lysosomal-associated membrane
protein 1 (LAMP-1). In contrast, both AB,,. and AP,
were found in the vicinity of LAMP-1 positive struc-
tures, suggesting that they had been taken up by the cells
(Fig. 5D).
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Immunostaining of AP deposits in combination with
the microglial markers TREM2 and Iba-1 revealed a
similar pattern as for astrocytes. In 18-month-old tg-
UppSwe mice, microglial staining did not co-localize
with AP deposits, while both tg-ArcSwe and tg-Swe mice
of the same age showed robust staining of both micro-
glial markers in the vicinity of AP deposits (Fig. 6A). The
microglial response to AP pathology was further evalu-
ated by ELISA analysis of soluble TREM2 (sTREM2) in
TBS ¢k and TBS-T brain extracts from the three models
and age matched wt mice. Only background sTREM2
levels were detected in tg-UppSwe mice, while both tg-
ArcSwe and tg-Swe mice had elevated sSTREM2 in both
TBS, ¢ and TBS-T (Fig. 6B, C).

Discussion

Historically, APP transgenic mice have proven useful to
further our understanding of the pathological processes
of AD, as well as for the development of novel therapeu-
tic and diagnostic approaches. Notably, the A protofibril
selective monoclonal antibody mAb158 [2], the murine
parent antibody of lecanemab, was developed and evalu-
ated in our laboratory using the in-house developed tg-
ArcSwe mouse model to assess therapeutic efficacy [19].
The tg-ArcSwe model has been particularly valuable for
studies of antibody target engagement, as it presents A
pathology closely resembling that in sporadic AD, both
in terms of structure [42] and biochemical properties

>
&3

tg-ArcSwe tg-UppSwe

tg-Swe
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[29]. Here we demonstrate that the newly generated tg-
UppSwe mouse model, designed in the same way as tg-
ArcSwe, displays all the primary pathological features
of the APPUpp deletion that causes early-onset familial
AD [27]. Similar to human APPUpp carriers, tg-UppSwe
mice show an increased AP promoting -secretase cleav-
age in combination with a suppressed anti-amyloidogenic
a-secretase cleavage. Notably, tg-UppSwe mice carry
the Swedish APP mutation, which enhances [-secretase
cleavage. Still, B-secretase cleavage was markedly higher
compared to both tg-ArcSwe and tg-Swe mice, which
both carry the Swedish APP mutation. The potential
impact of APPUpp on y-secretase cleavage has not been
studied previously. Here, we found that the soluble brain
extract from young tg-UppSwe mice have an Ap42/Ap40
ratio of around 1:10. This suggests that APPUpp does
not significantly affect y-secretase cleavage, in contrast
to the APP mutations near the C-terminal end of the
AB domain and the presenilin (PSEN) mutations, which
cause a shift from AB40 to AP42 (reviewed in [7]). Similar
to the APPUpp patient brain [27], the tg-UppSwe mouse
brain features plaque pathology dominated by AB42, with
only minimal AP40 contribution. Tg-UppSwe mice lack
expression of AP, and, although they harbor only one
copy of hAPP, they display an early and extensive deposi-
tion of small diffuse plaques that appear in frontal cor-
tex already at 6—8 months and later across the cerebral
cortical and hippocampal regions, with deposition also in
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Fig. 6 Microglial response to AR. A AR, TREM2 and Iba-1 immunostaining of brain tissue from 18-months-old tg-UppSwe, tg-ArcSwe and tg-Swe
mice. Scale bar: 100 um. ELISA quantification of soluble TREM2 in TBS 4 (B) and TBS-T (C) brain extracts from 18-months-old wt, tg-UppSwe,
tg-ArcSwe and tg-Swe mice. Not significant (ns), *P < 0.05, **P < 0.01, ***P<0.001
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thalamus at 18 months of age. Thus, this aggressive Ap42
pathology can likely be attributed to a rapid A aggrega-
tion [27] rather than an overproduction of ABUpp1-42.
PET imaging was employed to further investigate the
structure of AP pathology in the living mouse brain,
using three different radioligands. The clinically used
amyloid radioligand [!C]PiB, which binds to dense core
plaques, did not detect AP pathology in tg-UppSwe mice.
This is partly consistent with the modest [''C]PiB signal
seen in patients carrying the APPUpp deletion despite
substantial AP deposition in the brain [27]. As seen in
prior studies [3, 36], both tg-ArcSwe and tg-Swe mice
showed signals corresponding to areas rich in ThS posi-
tive AP pathology. The strongest ['C]PiB-PET signal was
observed in the tg-ArcSwe model, known to develop A
fibrils structurally similar to those in sporadic AD brains
[29, 42]. In contrast to ['!C]PiB, immunoPET with [**°I]
RmAb3D6-scFv8D3 produced a strong signal in tg-Upp-
Swe mice, which appeared even stronger than that in tg-
ArcSwe and tg-Swe mice. Although this difference was
not significant, the result is striking as the total level of
Ap (i.e. AB1-40+ AP1-42), as determined by ELISA, was
much lower in tg-UppSwe compared to tg-ArcSwe and
tg-Swe mice. InmunoPET imaging conducted four days
post injection of the antibody ligand requires that the
antigen is immobile in the tissue, suggesting that mostly
diffuse and fibrillar deposited Ap will be detected. This
was confirmed by the observation that approximately
95% of ["*IIRmAb3D6-scFv8D3 was found in the FA
fraction of tg-UppSwe brain post mortem, supposedly
bound to the diffuse plaque pathology, whereas only a
small fraction of the antibody was detected in the TBS
and TBS-T soluble brain fractions. We speculate that the
less compact structure of the tg-UppSwe plaques pro-
vides a better accessibility for the antibody and a higher
number of available binding sites compared to the dense
plaques found in tg-ArcSwe and tg-Swe mice.
Surprisingly, PET imaging with the A protofibril selec-
tive antibody ['**I]RmAb158-scFv8D3 did not detect AP
in tg-UppSwe mice, while both tg-ArcSwe and tg-Swe
mice displayed high signals, suggesting a structural dif-
ference in AP aggregates between the mouse models. It
has been reported that the conversion from soluble Ap
protofibrils to fibrils requires a conformational change of
the aggregate into a cross-p structure [33]. As mAb158
preferentially binds to soluble A aggregates [30, 35], we
hypothesize that fibrillization of APy, leads to a struc-
tural change, where the mAb158 epitope becomes inac-
cessible in fibrillar tg-UppSwe AP deposits. The rapid
aggregation of A, could explain why tg-UppSwe mice
had the highest proportion of mAb158 positive A aggre-
gates in the most soluble fraction (TBS;,.), indicative
of a high proportion of large soluble aggregates before
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formation of insoluble fibrils. Interestingly, the abso-
lute levels of TBS,,ox AP aggregates were extremely low
in tg-UppSwe compared to tg-ArcSwe and tg-Swe mice,
suggesting that soluble AP aggregates in tg-UppSwe
mice are rapidly converted from mAb158 positive, solu-
ble AP protofibrils into fibrillar AP, while adopting a
structure that is poorly detected by the AP protofibril
selective mAb158. This is in line with the structural dif-
ference of APy, compared to A, fibrils proposed by
previous preliminary cryo-EM analyses [27] and would
explain the low immunoPET signal seen with ['%%]]
RmADb158-scFv8D3 in tg-UppSwe mice. The low levels
of soluble AB aggregates could also explain why neither
RmADb158-scFv8D3 nor RmAb3D6-scFv8D3 demon-
strated a therapeutic effect on soluble AP aggregates in
the TBS,y fraction. These results are reminiscent to
those when treating App™“F mice with a single injec-
tion of RmAb158-scFv8D3 [6, 31].

In AD, AP pathology is accompanied by tau pathol-
ogy and extensive neuroinflammation. No tau pathology
was observed in tg-UppSwe mice. In addition, and con-
trary to tg-ArcSwe and tg-Swe mice, very little activation
of microglia or astrocytes was detected around plaques
in the tg-UppSwe brain. Moreover, cell-based experi-
ments illustrated that astrocytes in culture did not inter-
nalize APy, whereas both AB,, and AB,,. were readily
taken up by the cells. The observations discussed above
suggest at least two potential explanations for the lack
of glial involvement—low levels of diffusible AP oligom-
ers or a structural difference of the full-sized fibrils. We
have previously reported that cultured astrocytes effec-
tively ingest AP,,, protofibrils as well as sonicated fibrils.
We have, however, noticed that larger fibrils are not eas-
ily phagocytosed by the astrocytes. Moreover, astrocytes
process AP, differentially depending on its aggregation
state. While the cells easily degrade monomeric proteins,
larger oligomers and sonicated fibrils are accumulated
intracellularly [15, 16, 37, 43]. These studies suggest that
AP protofibrils or sonicated fibrils of AB,, can be pro-
cessed by and activate astrocytes, while monomers and
full-sized AP fibrils do not have the same effect. Here,
APy, fibrils were not taken up by astrocytes to the same
extent as AP, or AP,,. fibrils. It remains to be investi-
gated whether this reduced uptake is due to a difference
in the structure of the sonicated fibrils or to re-fibrilliza-
tion of APy, fibrils into larger structures that cannot be
internalized by the astrocytes due to their size. In addi-
tion, we have previously observed synergistic effects of
astrocytes and microglia in the processing of AP aggre-
gates [32]. Hence, a reduced astrocytic uptake of A,
fibrils could lead to decreased cytokine release, which
could contribute to a reduced activation of microglia
around the plaques.
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Previous studies have suggested a direct link between
oligomeric AP and microglial activation via the TREM2
receptor [18], and that this interaction can be influenced
by different cleavages and post-translational modifica-
tions that could affect AP aggregation [10]. In the current
study, we observed a lack of microglial staining associ-
ated with AP deposits in tg-UppSwe mice, while both
tg-ArcSwe and tg-Swe mice displayed abundant stain-
ing of both the general microglial marker Iba-1 and the
more AD specific marker TREM2. The ELISA analysis
of STREM2 confirmed this pattern, with STREM2 levels
in tg-UppSwe in the same range as observed in wt mice,
while both tg-ArcSwe and tg-Swe mice had elevated
levels. Importantly, TREM2 in combination with TAM
receptors, has been implicated in the process of com-
pacting A deposits into dense plaques [8]. The absence
of TREM2 upregulation in tg-UppSwe mice thus sug-
gests that Ay, oligomers do not interact with TREM2
to induce compacting of A plaques, resulting in a wide-
spread, diffuse AP pathology with small deposits in all
major brain areas. While this could be due to a differ-
ence in structure of ABy,, oligomers, we hypothesize
that the extremely rapid conversion from oligomers to
fibrils may also be a plausible explanation for the lack
of glial involvement in the tg-UppSwe brain. The degree
of microglial activation has not been studied in human
APPUpp mutation carriers and a direct comparison with
the human situation would be further complicated by
the fact that the only APPUpp mutation carrier who has
come to autopsy also has a TREM2 mutation [28], which
in itself may have an effect on microlgial activation and
distribution around A deposits.

In conclusion, the novel tg-UppSwe mouse model
that harbors the APPlUpp mutation recapitulates the
pathological mechanisms of human mutation carriers.
We here demonstrate that the aggressive aggregation of
APy, results in low levels of soluble AB oligomers, but
abundant and widespread diffuse AP deposits that differ
structurally from aggregates of AP, and AB,,., as visual-
ized by in vivo PET imaging. Additionally, we show that
different AP structures are distinctly recognized by indi-
vidual AP antibodies. The unique properties of APy,
result in minimal glial activation and, as a consequence,
fewer compacted dense amyloid plaques. The tg-Upp-
Swe mouse thus serves as a valuable model for studying
various aspects of AP plaque formation as well as glial
involvement in AD pathogenesis. These findings could
have important implications for the continued develop-
ment of disease-modifying therapies for AD.
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Quantifications of the western blot analyses with total normalization to
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Acknowledgements

The molecular imaging work in this study was performed at the ScilLifeLab
Pilot Facility for Preclinical PET-MRI, a Swedish nationally available imaging
platform at Uppsala University, Sweden, financed by the Knut and Alice Wal-
lenberg Foundation. [''CIPiB was produced at Uppsala University Hospital.
Figure 3B was generated with Biorender.

Author contributions

MPV, SS, VG, Ml and DS designed the study. The tg-UppSwe mouse model
was designed by GH, VG and LNGN and genetic analyses were performed

by MP, XA and VG. MP performed brain tissue staining and microscopy with
assistance from EK. Array tomography was performed by MH and TLSJ. MP
and DS performed ELISA quantifications of AR, TREM2 and GFAP. PET imaging
was performed by MP, SS, SRM and DS. JR and JE produced and supplied
["'CIPIB for PET experiments. Cell experiments were performed by MP and
AE. Data was mainly analyzed by MP, SS, VG, Ml and DS. MP and DS wrote the
manuscript with input from the other authors. All authors read and approved
the final manuscript.

Funding

Open access funding provided by Uppsala University. This work was sup-
ported by Bertil Palmblad and Eva Larsson and by grants from the Swedish
Research Council (#2016-02120, #2021-01083, #2021-03524), Alzheimer-
fonden, Hjarnfonden, Torsten Soderbergs stiftelse, Ahlénstiftelsen, Magnus
Bergvalls stiftelse, Stiftelsen for gamla tjdnarinnor, Stohnes stiftelse, Konung
GustafV:s och Drottning Victorias frimurarestiftelse and Goljes stiftelse. Ml is
supported by the Krembil family.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Ethical permissions for animal studies were obtained from the Stockholm
North or Uppsala County Animal Ethics boards (decision numbers N174-15,
(85-16, 5.8.18-13350/17, 5.8.18-20401/20).

Consent for publication
Not applicable.


https://doi.org/10.1186/s40478-024-01734-x
https://doi.org/10.1186/s40478-024-01734-x

Pagnon de la Vega et al. Acta Neuropathologica Communications

Competing interests
Lars Lannfelt is co-founder and shareholder of BioArctic AB. Martin Ingelsson is
a paid consultant to BioArctic AB.

Author details

'Department of Public Health and Caring Sciences, Geriatrics, Uppsala Univer-
sity, Uppsala, Sweden. UK Dementia Research Institute, Edinburgh Medical
School, University of Edinburgh, Edinburgh, UK. *Centre for Discovery Brain
Sciences, University of Edinburgh, Edinburgh, UK. “Department of Medicinal
Chemistry, Division of Organic Pharmaceutical Chemistry, Uppsala University,
Uppsala, Sweden. °PET Centre, Uppsala University Hospital, Uppsala, Sweden.
5BioArctic AB, Stockholm, Sweden. ’Department of Pharmacology, University
of Oslo and Oslo University Hospital, Oslo, Norway. éDepartment of Pharmacy,
Uppsala University, Uppsala, Sweden. °Krembil Brain Institute, University
Health Network, Toronto, ON, Canada. '°Tanz Centre for Research in Neuro-
degenerative Diseases, Departments of Medicine and Laboratory Medicine
and Pathobiology, University of Toronto, Toronto, ON, Canada.

Received: 17 October 2023 Accepted: 14 January 2024
Published online: 05 February 2024

References

1. Bard F, Cannon C, Barbour R, Burke RL, Games D, Grajeda H, Guido T, Hu
K, Huang J, Johnson-Wood K et al (2000) Peripherally administered anti-
bodies against amyloid beta-peptide enter the central nervous system
and reduce pathology in a mouse model of Alzheimer disease. Nat Med
6:916-919

2. Englund H, Sehlin D, Johansson AS, Nilsson LN, Gellerfors P, Paulie S,
Lannfelt L, Pettersson FE (2007) Sensitive ELISA detection of amyloid-beta
protofibrils in biological samples. J Neurochem 103:334-345

3. Fang XT, Hultqvist G, Meier SR, Antoni G, Sehlin D, Syvanen S (2019) High
detection sensitivity with antibody-based PET radioligand for amyloid
beta in brain. Neuroimage 184:881-888. https://doi.org/10.1016/j.neuro
image.2018.10.011

4. Fang XT, Sehlin D, Lannfelt L, Syvanen S, Hultqvist G (2017) Efficient and
inexpensive transient expression of multispecific multivalent antibod-
ies in Expi293 cells. Biol Proced Online 19:11. https://doi.org/10.1186/
$12575-017-0060-7

5. Faresjo R, Bonvicini G, Fang XT, Aguilar X, Sehlin D, Syvanen S (2021)
Brain pharmacokinetics of two BBB penetrating bispecific antibod-
ies of different size. Fluids Barriers CNS 18:26. https://doi.org/10.1186/
$12987-021-00257-0

6. Gustavsson T, Metzendorf NG, Wik E, Roshanbin S, Julku U, Chourlia A,
Nilsson P Andersson KG, Laudon H, Hultgvist G et al (2023) Long-term
effects of immunotherapy with a brain penetrating AB antibody in a
mouse model of Alzheimer’s disease. Alzheimer’s Res Ther 15:90. https://
doi.org/10.1186/513195-023-01236-3

7. Hardy J (2017) The discovery of Alzheimer-causing mutations in the APP
gene and the formulation of the “amyloid cascade hypothesis! FEBS J
284:1040-1044. https://doi.org/10.1111/febs.14004

8. Huang, Happonen KE, Burrola PG, O'Connor C, Hah N, Huang L, Nim-
merjahn A, Lemke G (2021) Microglia use TAM receptors to detect and
engulf amyloid beta plaques. Nat Immunol 22:586-594. https://doi.org/
10.1038/541590-021-00913-5

9. Hultgvist G, Syvanen S, Fang XT, Lannfelt L, Sehlin D (2017) Bivalent brain
shuttle increases antibody uptake by monovalent binding to the transfer-
rin receptor. Theranostics 7:308-318. https://doi.org/10.7150/thno.17155

10. Joshi P, Riffel F, Satoh K, Enomoto M, Qamar S, Scheiblich H, Villacampa
N, Kumar S, Theil S, Parhizkar S et al (2021) Differential interaction with
TREM2 modulates microglial uptake of modified Abeta species. Glia
69:2917-2932. https://doi.org/10.1002/glia.24077

11. Kay KR, Smith C, Wright AK, Serrano-Pozo A, Pooler AM, Koffie R, Bastin
ME, Bak TH, Abrahams S, Kopeikina KJ et al (2013) Studying synapses in
human brain with array tomography and electron microscopy. Nat Protoc
8:1366-1380. https://doi.org/10.1038/nprot.2013.078

12. Kayed R, Head E, Sarsoza F, Saing T, Cotman CW, Necula M, Margol L,
Wu J, Breydo L, Thompson JL et al (2007) Fibril specific, conformation
dependent antibodies recognize a generic epitope common to amyloid

(2024) 12:22

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Page 150f 16

fibrils and fibrillar oligomers that is absent in prefibrillar oligomers. Mol
Neurodegener 2:18. https://doi.org/10.1186/1750-1326-2-18

Klunk WE, Engler H, Nordberg A, Wang Y, Blomqvist G, Holt DP, Bergstrom
M, Savitcheva |, Huang GF, Estrada S et al (2004) Imaging brain amyloid

in Alzheimer’s disease with Pittsburgh Compound-B. Ann Neurol
55:306-319

Koffie RM, Meyer-Luehmann M, Hashimoto T, Adams KW, Mielke ML,
Garcia-Alloza M, Micheva KD, Smith SJ, Kim ML, Lee VM et al (2009) Oligo-
meric amyloid beta associates with postsynaptic densities and correlates
with excitatory synapse loss near senile plaques. Proc Natl Acad Sci USA
106:4012-4017. https://doi.org/10.1073/pnas.0811698106

Konstantinidis E, Dakhel A, Beretta C, Erlandsson A (2023) Long-term
effects of amyloid-beta deposits in human iPSC-derived astrocytes. Mol
Cell Neurosci 125:103839. https://doi.org/10.1016/j.mcn.2023.103839
Konstantinidis E, Portal B, Mothes T, Beretta C, Lindskog M, Erlandsson

A (2023) Intracellular deposits of amyloid-beta influence the ability of
human iPSC-derived astrocytes to support neuronal function. J Neuroin-
flamm 20:3. https://doi.org/10.1186/512974-022-02687-5

Kumar A, Singh A, Ekavali (2015) A review on Alzheimer's disease
pathophysiology and its management: an update. Pharmacol Rep: PR
67:195-203. https://doi.org/10.1016/j.pharep.2014.09.004

Lessard CB, Malnik SL, Zhou Y, Ladd TB, Cruz PE, Ran Y, Mahan TE, Chakra-
baty P, Holtzman DM, Ulrich JD et al (2018) High-affinity interactions and
signal transduction between Abeta oligomers and TREM2. EMBO Mol
Med. https://doi.org/10.15252/emmm.201809027

Lord A, Gumucio A, Englund H, Sehlin D, Sundquist VS, Soderberg L,
Moller C, Gellerfors P, Lannfelt L, Pettersson FE et al (2009) An amyloid-
beta protofibril-selective antibody prevents amyloid formation in a
mouse model of Alzheimer's disease. Neurobiol Dis 36:425-434. https://
doi.org/10.1016/j.nbd.2009.08.007

Lord A, Kalimo H, Eckman C, Zhang XQ, Lannfelt L, Nilsson LN (2006) The
Arctic Alzheimer mutation facilitates early intraneuronal Abeta aggrega-
tion and senile plaque formation in transgenic mice. Neurobiol Aging
27:67-77. https://doi.org/10.1016/j.neurobiolaging.2004.12.007

Lord A, Philipson O, Klingstedt T, Westermark G, Hammarstrom P, Nilsson
KP, Nilsson LN (2011) Observations in APP bitransgenic mice suggest that
diffuse and compact plaques form via independent processes in Alz-
heimer’s disease. Am J Pathol 178:2286-2298. https://doi.org/10.1016/j.
ajpath.2011.01.052

Ma'Y, Hof PR, Grant SC, Blackband SJ, Bennett R, Slatest L, McGuigan MD,
Benveniste H (2005) A three-dimensional digital atlas database of the
adult C57BL/6J mouse brain by magnetic resonance microscopy. Neuro-
science 135:1203-1215. https://doi.org/10.1016/j.neuroscience.2005.07.
014

Meier SR, Sehlin D, Hultqvist G, Syvanen S (2021) Pinpointing brain TREM2
levels in two mouse models of Alzheimer’s disease. Mol Imaging Biol: MIB:
Off Publ Acad Mol Imaging. https://doi.org/10.1007/511307-021-01591-3
Meier SR, Sehlin D, Syvanen S (2022) Passive and receptor mediated brain
delivery of an anti-GFAP nanobody. Nucl Med Biol 114-115:121-127.
https://doi.org/10.1016/j.nucmedbio.2022.04.002

Mullan M, Crawford F, Axelman K, Houlden H, Lilius L, Winblad B, Lannfelt
L (1992) A pathogenic mutation for probable Alzheimer's disease in the
APP gene at the N-terminus of beta-amyloid. Nat Genet 1:345-347

Olsen M, Aguilar X, Sehlin D, Fang XT, Antoni G, Erlandsson A, Syvanen

S (2018) Astroglial responses to amyloid-beta progression in a mouse
model of Alzheimer’s disease. Mol Imaging Biol 20:605-614. https://doi.
org/10.1007/s11307-017-1153-z

Pagnon de laVega M, Giedraitis V, Michno W, Kilander L, Guner G, Zielinski
M, Lowenmark M, Brundin R, Danfors T, Soderberg L et al (2021) The Upp-
sala APP deletion causes early onset autosomal dominant Alzheimer’s
disease by altering APP processing and increasing amyloid beta fibril
formation. Sci Transl Med. https://doi.org/10.1126/scitranslmed.abc6184
Pagnon de laVega M, Naslund C, Brundin R, Lannfelt L, Lowenmark M,
Kilander L, Ingelsson M, Giedraitis V (2022) Mutation analysis of disease
causing genes in patients with early onset or familial forms of Alzheimer’s
disease and frontotemporal dementia. BMC Genomics 23:99. https://doi.
0rg/10.1186/512864-022-08343-9

Philipson O, Hammarstrom P, Nilsson KP, Portelius E, Olofsson T, Ingelsson
M, Hyman BT, Blennow K, Lannfelt L, Kalimo H et al (2009) A highly insolu-
ble state of Abeta similar to that of Alzheimer’s disease brain is found in


https://doi.org/10.1016/j.neuroimage.2018.10.011
https://doi.org/10.1016/j.neuroimage.2018.10.011
https://doi.org/10.1186/s12575-017-0060-7
https://doi.org/10.1186/s12575-017-0060-7
https://doi.org/10.1186/s12987-021-00257-0
https://doi.org/10.1186/s12987-021-00257-0
https://doi.org/10.1186/s13195-023-01236-3
https://doi.org/10.1186/s13195-023-01236-3
https://doi.org/10.1111/febs.14004
https://doi.org/10.1038/s41590-021-00913-5
https://doi.org/10.1038/s41590-021-00913-5
https://doi.org/10.7150/thno.17155
https://doi.org/10.1002/glia.24077
https://doi.org/10.1038/nprot.2013.078
https://doi.org/10.1186/1750-1326-2-18
https://doi.org/10.1073/pnas.0811698106
https://doi.org/10.1016/j.mcn.2023.103839
https://doi.org/10.1186/s12974-022-02687-5
https://doi.org/10.1016/j.pharep.2014.09.004
https://doi.org/10.15252/emmm.201809027
https://doi.org/10.1016/j.nbd.2009.08.007
https://doi.org/10.1016/j.nbd.2009.08.007
https://doi.org/10.1016/j.neurobiolaging.2004.12.007
https://doi.org/10.1016/j.ajpath.2011.01.052
https://doi.org/10.1016/j.ajpath.2011.01.052
https://doi.org/10.1016/j.neuroscience.2005.07.014
https://doi.org/10.1016/j.neuroscience.2005.07.014
https://doi.org/10.1007/s11307-021-01591-3
https://doi.org/10.1016/j.nucmedbio.2022.04.002
https://doi.org/10.1007/s11307-017-1153-z
https://doi.org/10.1007/s11307-017-1153-z
https://doi.org/10.1126/scitranslmed.abc6184
https://doi.org/10.1186/s12864-022-08343-9
https://doi.org/10.1186/s12864-022-08343-9

Pagnon de la Vega et al. Acta Neuropathologica Communications (2024) 12:22

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

Arctic APP transgenic mice. Neurobiol Aging 30:1393-1405. https://doi.
org/10.1016/j.neurobiolaging.2007.11.022

Rofo F, Buijs J, Falk R, Honek K, Lannfelt L, Lilja AM, Metzendorf NG, Gus-
tavsson T, Sehlin D, Soderberg L et al (2021) Novel multivalent design of
a monoclonal antibody improves binding strength to soluble aggregates
of amyloid beta. Transl Neurodegener 10:38. https://doi.org/10.1186/
s40035-021-00258-x

Rofo F, Meier SR, Metzendorf NG, Morrison JI, Petrovic A, Syvanen S, Sehlin
D, Hultgvist G (2022) A Brain-targeting bispecific-multivalent antibody
clears soluble amyloid-beta aggregates in Alzheimer’s disease mice.
Neurotherapeutics. https://doi.org/10.1007/513311-022-01283-y
Rostami J, Mothes T, Kolahdouzan M, Eriksson O, Moslem M, Bergstrom
J, Ingelsson M, O'Callaghan P, Healy LM, Falk A et al (2021) Crosstalk
between astrocytes and microglia results in increased degradation of
alpha-synuclein and amyloid-beta aggregates. J Neuroinflamm 18:124.
https://doi.org/10.1186/512974-021-02158-3

Sandberg A, Luheshi LM, Sollvander S, Pereira de Barros T, Macao B,
Knowles TP, Biverstal H, Lendel C, Ekholm-Petterson F, Dubnovitsky A et al
(2010) Stabilization of neurotoxic Alzheimer amyloid-beta oligomers by
protein engineering. Proc Natl Acad Sci U S A 107:15595-15600. https://
doi.org/10.1073/pnas.1001740107

Sasaguri H, Nilsson P, Hashimoto S, Nagata K, Saito T, De Strooper B, Hardy
J,Vassar R, Winblad B, Saido TC (2017) APP mouse models for Alzheimer’s
disease preclinical studies. EMBO J 36:2473-2487. https://doi.org/10.
15252/embj.201797397

Sehlin D, Englund H, Simu B, Karlsson M, Ingelsson M, Nikolajeff F, Lann-
felt L, Pettersson FE (2012) Large aggregates are the major soluble Abeta
species in AD brain fractionated with density gradient ultracentrifuga-
tion. PLoS ONE 7:€32014. https://doi.org/10.1371/journal.pone.0032014
Sehlin D, Fang XT, Cato L, Antoni G, Lannfelt L, Syvanen S (2016)
Antibody-based PET imaging of amyloid beta in mouse models of Alz-
heimer’s disease. Nat Commun 7:10759. https://doi.org/10.1038/ncomm
s10759

Sollvander S, Nikitidou E, Brolin R, Soderberg L, Sehlin D, Lannfelt L,
Erlandsson A (2016) Accumulation of amyloid-beta by astrocytes result
in enlarged endosomes and microvesicle-induced apoptosis of neurons.
Mol Neurodegener 11:38. https://doi.org/10.1186/513024-016-0098-z
Syvanen S, Hultgvist G, Gustavsson T, Gumucio A, Laudon H, Soderberg
L, Ingelsson M, Lannfelt L, Sehlin D (2018) Efficient clearance of Abeta
protofibrils in AbetaPP-transgenic mice treated with a brain-penetrating
bifunctional antibody. Alzheimers Res Ther 10:49. https://doi.org/10.
1186/513195-018-0377-8

Thevenaz P, Ruttimann UE, Unser M (1998) A pyramid approach to sub-
pixel registration based on intensity. IEEE Trans Image Process 7:27-41.
https://doi.org/10.1109/83.650848

van Dyck CH, Swanson CJ, Aisen P, Bateman RJ, Chen C, Gee M, Kanekiyo
M, Li D, Reyderman L, Cohen S et al (2023) Lecanemab in early Alzhei-
mer’s disease. N Engl J Med 388:9-21. https://doi.org/10.1056/NEJMo
22212948

Yang 'Y, Arseni D, Zhang W, Huang M, Lovestam S, Schweighauser M,
Kotecha A, Murzin AG, Peak-Chew SY, Macdonald J et al (2022) Cryo-EM
structures of amyloid-beta 42 filaments from human brains. Science
375:167-172. https://doi.org/10.1126/science.abm7285

Zielinski M, Peralta Reyes FS, Gremer L, Schemmert S, Frieg B, Schafer

LU, Willuweit A, Donner L, Elvers M, Nilsson LNG et al (2023) Cryo-EM of
Abeta fibrils from mouse models find tg-APP(ArcSwe) fibrils resemble
those found in patients with sporadic Alzheimer’s disease. Nat Neurosci
26:2073-2080. https://doi.org/10.1038/541593-023-01484-4

Zysk M, Beretta C, Naia L, Dakhel A, Pavenius L, Brismar H, Lindskog

M, Ankarcrona M, Erlandsson A (2023) Amyloid-beta accumulation

in human astrocytes induces mitochondrial disruption and changed
energy metabolism. J Neuroinflamm 20:43. https://doi.org/10.1186/
512974-023-02722-z

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 16 of 16


https://doi.org/10.1016/j.neurobiolaging.2007.11.022
https://doi.org/10.1016/j.neurobiolaging.2007.11.022
https://doi.org/10.1186/s40035-021-00258-x
https://doi.org/10.1186/s40035-021-00258-x
https://doi.org/10.1007/s13311-022-01283-y
https://doi.org/10.1186/s12974-021-02158-3
https://doi.org/10.1073/pnas.1001740107
https://doi.org/10.1073/pnas.1001740107
https://doi.org/10.15252/embj.201797397
https://doi.org/10.15252/embj.201797397
https://doi.org/10.1371/journal.pone.0032014
https://doi.org/10.1038/ncomms10759
https://doi.org/10.1038/ncomms10759
https://doi.org/10.1186/s13024-016-0098-z
https://doi.org/10.1186/s13195-018-0377-8
https://doi.org/10.1186/s13195-018-0377-8
https://doi.org/10.1109/83.650848
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1126/science.abm7285
https://doi.org/10.1038/s41593-023-01484-4
https://doi.org/10.1186/s12974-023-02722-z
https://doi.org/10.1186/s12974-023-02722-z

	Altered amyloid-β structure markedly reduces gliosis in the brain of mice harboring the Uppsala APP deletion
	Abstract 
	Introduction
	Methods
	Animals
	Brain tissue homogenization and Aβ ELISAs
	Immunohistochemistry and thioflavin S staining
	Array tomography
	Antibody production and radiochemistry
	PET imaging
	Single injection immunotherapy and brain distribution
	Ex vivo antibody brain distribution
	Astrocyte cultures and Aβ uptake studies
	Preparation and Cy3 labeling of Aβ fibrils
	Immunocytochemistry
	GFAP ELISA
	TREM2 ELISA
	Statistics

	Results
	Aβ production and deposition
	In vivo PET imaging of Aβ pathology
	Antibody reactivity and single-injection immunotherapy
	Glial cell responses to AβUpp

	Discussion
	Acknowledgements
	References


