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Acute targeting of N-terminal tau protein i

has long-lasting beneficial effects in Tg2576
APP/A[3 mouse model by reducing cognitive
impairment, cerebral AB-amyloidosis, synaptic
remodeling and microgliosis later in life
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Abstract

Even though the number of patients suffering from Alzheimer’s Disease (AD) is rapidly growing worldwide, only a few
symptomatic treatments have been approved for clinical use, pointing out the urgent need for more effective
disease-modifying therapies that actually alter the progression of this neurodegenerative disorder which is char-
acterized by co-occurence of both Amyloid beta (AB) and tau neuropathologies. Preclinical and clinical evidence
suggests that a link between A and tau drives the entire continuum of AD pathobiology. 12A12 is a monoclonal
antibody (mAb) which offers neuroprotection into two transgenic lines of AD, including Tg2576 that overexpresses
Swedish mutation (KM670/671NL) of Amyloid Precursor Protein (APP, isoform 695) and 3xTg (APP Swedish, MAPT
P301L, and PSENT M146V), by targeting the 20-22kDa N-terminal tau fragments (NH,htau). In particular, acute (over
14 days with 4 doses), intravenous injection of 12A12mAb leads to significant improvement of cognitive, biochemi-
cal and histopathological AD signs in symptomatic 6-month-old Tg2576, a well-established transgenic mouse model
that mimics the human amyloidosis with an age-dependent A3 accumulation/aggregation and plaque deposition.
Here, we report that Tg2576 mice, immunized with 12A12mAb at 6 months of age and returned to their home cage
for additional 3 months, exhibit preserved spatial memory despite the anticipated interruption of antibody adminis-
tration (discontinuous treatment). This enduring beneficial effect on memory deficit (up to 90 days after the last injec-
tion) is accompanied by normalization in the synaptic imbalance and microgliosis along with decrease of the most
toxic A11-positive prefibrillar oligomers and inverse increase in 4kDa monomeric form(s) of AR 1-42. These findings
reveal that: (i) soluble, pathogenetic tau specie(s) located at the N-terminal domain of protein early synergizes with A{3
in driving the progression of AD neuropathology; (ii) transient immunoneutralization of the NH,htau following short-
term treatment with 12A12mAb exerts preventive, long-lasting neuroprotective effects, at least in part by interfering
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at “pre-plaque” stage with the progressive deposition of insoluble, fibrillar AB via a shift of its aggregation pathway
into its less harmful, unaggregated monomeric forms. Taken together, these findings represent a strong rationale
for the advancement of 12A12mAb to clinical stage aiming at preventing the AB-dependent neurodegeneration
by lowering the cerebral levels of NH,htau in humans suffering from chronic, slow-progressing AD.

Keywords Alzheimer’s Disease (AD), Tau protein, Amyloid beta (AB), Preclinical animal model, Immunotherapy

Introduction

Lesson learnt from ongoing medical trials in humans has
shown that combination immunotherapy against both
the pathogenic AP and tau is likely to be more success-
ful in counteracting the development of Alzheimer’s Dis-
ease (AD) [1-4], a complex neurodegenerative disorder
that accounts for 60—80% of cases of dementia worldwide
among the elderly people [5, 6]. Clinical and experimen-
tal evidence both in cellular and animal models have
shown that AP and tau, directly and/or indirectly, inter-
act with each other in the promotion of cognitive decline
and that this reciprocal interplay is more likely to recapit-
ulate the spatiotemporal progression of human AD con-
tinuum [7-14]. With this in mind, the implementation of
current therapeutic regimens with two or more disease-
modifying agents targeting both neuropathologies, given
at smaller and potentially safer doses in concomitance or
even in sequence across the biological evolution of dis-
ease, is desirable in order to have higher clinical benefit,
tolerability and safety with consequent amelioration in
compliance of affected patients [15]. However, it is still
a matter of debate whether a linear cause-effect or a co-
pathogenic interaction between AP and tau is required
over time to drive the gradual clinical trajectory of AD
manifestation [16—18].

More recently, we have shown that acute (i.e. 4 doses
over 14 days), intravenous (i.v.) immunization with
monoclonal antibody (mAb) 12 Al2 is effective in
mitigating the memory/learning deficits and related
biochemical, morphological and functional deteriora-
tion in both 6-month-old Tg2576 (Swedish mutation
KM670/671 NL of Amyloid Precursor Protein (APP)) and
3xTg (APP Swedish, MAPT P301L, and PSEN1 M146
V) mice by targeting the 20-22kDa N-terminal tau frag-
ments (NH,htau)[1, 2, 19-23]. Even though current AD
mouse models do not recapitulate all the full aspects of
the human neuropathology, Tg2576 mice display a grad-
ual AP accumulation/aggregation into their brains [24].
This makes them suitable for examining the temporal
correlation between the rate of AP deposition and the
extent of neuronal damage in the presence of an endog-
enous background of not-mutated tau, just as in AD
[25]. In particular, the cumulative cerebral amyloidosis
increases in detergent insoluble AP starting at ~6 months

of age followed by amyloid plaques deposition from
10-11 months up to 23 months [26] ending in classic
neuritic plaques with Congo red-positive amyloid cores
that are similar to those seen in AD subjects [27]. Despite
the fact that they do not develop late neurofibrillary tan-
gles (NFTs), starting from 3 months of age Tg2576 mice
show the pattern of most toxic (hyperphosphorylated
and cleaved and misfolded/oligomeric), soluble species
proximal to the onset of tau pathology, just as other APP-
overexpressing model [2, 28].Revelantly, in this strain the
treatment with 12 A12 mAb positively impacts not only
on tau but also upstream on APP/Ap neuropathology [2,
21, 22], further supporting the potential of N-terminal
end of tau protein as valid target for disease-modifying
therapy of AD [29-31].

Thus, to move forward the preclinical characteriza-
tion of 12 A12 mAb toward clinical translation, we inves-
tigated how long the protective action of its short-term
non-invasive administration is sustained in these APP-
overexpressing mice after cessation of the last injec-
tion (discontinuous regimen). This was accomplished
by assessing four classic, phenotype-associated read-
outs including the recognition memory performance,
the exent of both tau and A pathology, synaptic pro-
tein expression and gliosis. To this aim, Tg2576 animals
were immunized at the age of 6 months (i.e. when they
are cognitively impaired with a moderate accumulation
of pathogenic NH,htau into their hippocampi), aged for
additional 3 months (“washout phase”) and, then, ana-
lyzed at more severe stage of disease (i.e. 9 months of age
when AP seeds undergo deposition in concomitance with
a high burden of hippocampal NH,htau but insoluble,
fibrillar AB plaques are not still clearly detectable).

Materials and methods

Animals and ethical approval

All animal experiments were complied with the ARRIVE
guidelines and were carried out in accordance with
the ethical guidelines, the European Council Directive
(2010/63/EU) and the Italian Animal Welfare legislation
(D.L. 26/2014). The experimental approval was obtained
from the Italian Ministry of Health (Authorization n.
1038-2020-PR; Authorization n. 419/2023-PR). This
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study was carried out according to the principles of the
3Rs (Replacement, Reduction and Refinement) to mini-
mize animal suffering and to reduce the number of ani-
mals used.

Heterozygous Tg2576 mice of both genders (Tg),
expressing the human Amyloid Precursor Protein (APP)
with the Swedish mutation KM670/671 NL [24] which
causes an increase in AP production [32] and their wild-
type (Wt) littermates were used at 6 months of age (n
=8-10 per group) in the immunization regimen. Geno-
typing was carried out to confirm the presence of human
mutant APP DNA sequence by PCR.

Immunization scheme

The N-terminal tau 12 A12 antibody (26—36aa) -(formerly
Caspase-Cleaved protein-NH,4268 tau antiserum, [33]-
was produced and characterized by monoclonal antibod-
ies core facility at EMBL—Monterotondo, Rome, Italy
(Dott. Alan Sawyer), as previously described in [34]. This
cleavage site-directed monoclonal antibody (mAb) (i.e.
for the detection of specific peptide bond cleavage) [35,
36] was generated by immunizing mice with a peptide
of 26-36aa of hT40 (D,;(NH,-QGGYTMHQDQ-COOH
epitope), which encompasses a conserved caspase(s)-
cleavage site previously identified in cellular and animal
Alzheimer’s disease models [37] and in human Alzhei-
mer’s disease brains [36]. 12 A12 mAb was produced
and purified from hybridoma supernatants according to
standard procedures, as previously described in [2] and
its cleavage-site specificity was verified by enzyme-linked
immunosorbent assay (ELISA) test (95% sensitivity and
90% specificity) by using the two overlapping sequences
of htau 40:
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and contextually for the absence of binding to the span-
ning peptide (2) used as negative control (Suppl.Fig. 1 A),
as reported for antibodies that react preferentially with
a cleavage product following the action of a proteolytic
enzyme without altering the expression level of full-
length protein [35, 38, 39].

6-month-old mice were randomized into: (1) wild-type
mice treated with saline vehicle; (2) age-matched Tg2576
mice treated with saline vehicle; (3) age-matched Tg2576
mice treated with 12 A12 mAb (30pg/dose). Animals
were acutely infused over 14 days with two weekly injec-
tions administered on two alternate days (4 doses) to the
lateral vein of the tail. The dose and route of immuniza-
tion and the efficacy of this 14 days treatment were based
on previously published studies by our and other inde-
pendent research groups using Tg2576 mice as APP/AB
transgenic mouse model [2, 21-23]. After the last injec-
tion, animals were housed for additional three months.
The housing conditions (four or five animals per cage) in
pathogen-free facilities were controlled (temperature 22
°C, 12 h light/12 h dark cycles, humidity 50-60%) with
ad libitum access to food and water. Animals were exam-
ined in their overall health, home cage nesting, sleep-
ing, feeding, grooming, and condition of the fur and
body weight throughout the whole study and any gross
abnormalities were noted. 90 days after the last injec-
tion (discontinuous treatment), animals of 9 months of
age underwent behavioural test or were sacrified for bio-
chemical and morphological analyses.

Antibody availability in the hippocampus
The concentration of i.v. delivered anti-tau 12 A12 mAb
in TBS extracts was measured according to [40] with

Ac: QGGYTMHQDQEGDTDAGLKC — amide; cleavage site peptide 1)

Ac: YGLGDRKDQGGYTMHQDQC — amide; spanning site peptide (2)

12 A12 was validated on the basis of its specific bind-
ing to the immunogen cleavage-sequence peptide (1)

(See figure on next page.)

some modifications. ELISA (Enzyme-Linked Immu-
nosorbent Assay) was performed by immobilization

Fig. 1 Acute immunization of symptomatic 6-month-old Tg2576 mice with 12 A12 mAb mitigates the memory deficits in a sustained manner.
A Scheme of experimental design and procedures. B The cognitive effect of short-term administration of 12 A12 mAb in 6 month-old Tg2576

is evaluated in Novel Object Recognition (NOR) test when mice reach 9 months of age (n =10 animals per each group, 5 males and 5 females
for each experimental condition). Histograms show the NOR index of investigation time (left) and approaches (right) during the test trial. p < 0.05
is accepted as statistically significant (one-way ANOVA followed by Turkey’s post-hoc test for multiple comparison among more than two groups
*p < 0.05; **p < 0.01; ***p < 0.0005; ****p < 0.0001). C Hematoxylin and Eosin stainings of coronal brain sections (n =4 animals per each group, 2
males and 2 females for each experimental condition) from animals of all three experimental groups. Photomicrographs captured at 4X, 20X, 10X
magnifications highlight: the cerebral cortex (CC) and the C-shaped structure of hippocampus with CA1-CA4 and DG regions (panel a); the layer
of CA3 pyramidal neurons (panel b); the meningeal and subcortical regions (panel c and d respectively). Scale bar =50, 20, 10um
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of synthetic NH,26-44aa on the plate (being the mini-
mal AD-relevant active moiety of the parental longer
NH,26-230) used as catching antigenic peptide [41-43].
In detail, clear 96 well high-binding plates were coated
(50pl/well) with 5pg/ml of synthetic NH,26-44aa in coat-
ing buffer (0.05M Carbonate-Bicarbonate, pH 9.6) o.n. at
4 °C. After that, wells were washed six times with PBS-T
(0.025% Tween-20 in PBS), incubated for 3h with block-
ing solution (2.5% milk in PBS-T) and then loaded (50ul/
well) with: 1) serial dilutions of 12 A12 mAb (250-0.1ng/
ml) used for the standard curve; 2) TBS extracts (diluted
5/50, 12.5/50, 25/50) or 3) blank, all prepared in block-
ing solution for 72 h at 4 °C. Then wells were washed six
times with PBS-T and probed with 50ul/well of mouse
horseradish peroxidase-conjugated secondary antibody
(715-035-151; Jackson Immunoresearch, Baltimore;
dilution 1:5000) for 1h at room temperature. The wells
were washed again six times and developed at room tem-
perature using TMB solution (T0440; Sigma-Aldrich,
Oakville, Ontario, Canada).

After blocking the reaction with 1M H,SO,, lumi-
nescence counts were measured for each well at 450nm
using a microplate reader (Packard TopCount, Perki-
nElmer, MA). For data representation, the values from
individual samples were interpolated to the concentra-
tion using a second-order polynomial fit to the respective
points of the standard curve and normalized amounts
were expressed as pg/ug of total protein input deter-
mined by Bradford assay (BioRad).

Histopathology

Histopathological analysis of animals’ hippocampi with
Gill's hematoxylin n.2 (Bio-Optica, cod. 0506014) and
eosin Y 1% (Bio-Optica, cod. 0510007) dye and image
acquisition were carried out as previously reported [21].

Novel object recognition task (NOR task)

Three months (90 days) after the last i.v. injection, mice
run the novel object recognition (NOR) task under spon-
taneous behavioural conditions to check the hippocam-
pal-dependent long-term, episodic memory [44, 45]. The
entire task was performed in three consecutive sessions
during the same day (1-day version), according to previ-
ously published protocol [41]. In detail, during the habit-
uation session, each mouse was placed for 10 min in the
testing arena and then returned to the home-cage for 1
min interval. During the training phase, each mouse was
exposed to two objects identical in size, black/white col-
our pattern and shape for a period of 10 min; the mouse’s
interest for the objects was measured by an experimenter
blind to the treatment condition of the test animals as
exploration, defined as both time and approaches number
mice spent in sniffing and/or touching the objects with
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nose and/or forepaws (e.g., <2 cm away from object). At
the end of this session mice were brought back into their
home-cage and were left undisturbed for 60 min inter-
trial interval. During the test session each mouse was
placed for 5 min in the testing arena where one of the two
objects remained unvaried (familiar object, FO) while
the other one was replaced with a different one (novel
object, NO). In this session, object exploration was meas-
ured as above while the interest for the NO was inferred
by calculating the discrimination index (NO/FO +NO
ratio), defined as time/approaches number spent explor-
ing each object (FO or NO) divided by the total time and
approaches number spent in exploring both objects. A
discrimination time/approach index above 0.5 indicates a
preference for the NO, below 0.5 a preference for the FO,
and 0.5 no preference [44, 45]. Animals with no memory
impairment spent longer time investigating the novel
object, giving a discrimination index significantly differ-
ent from chance level (0.5), indicating that the familiar
object already exists in the animals’ remembrance [46].

Tissue collection and preparation

Three months (90 days) after the last injection of 12 A12
mAb, animals from three experimental groups (wild-
type, vehicle-treated Tg2576, Tg2576 + mAb) were sacri-
ficed by intraperitoneal overdose of anesthetic, perfused
transcardially with 25 ml of 0.1M ice-cold phosphate
buffered saline (PBS) pH 7.4 to remove blood contami-
nation. Brains were collected, the olphactory bulbs and
cerebellum were removed, hippocampi were dissected
under a dissecting microscope, snap-frozen on dry-ice
and, then, stored at —80 °C until use.

For biochemical analysis, total protein extracts in RIPA
buffer and protein amount quantification by Bradford
assay were carried out as previously reported [20].

For morphological analysis [20-22], sacrificed animals
were perfused with 4% paraformaldehyde (PFA) solution
in PBS. After that, brains were carefully removed from
the skull, post-fixed in 4% PFA solution in PBS o/n at
4 °C and, then, passed into 30% sucrose solution in PBS
for 48—72 h until equilibration. The brains were frozen by
immersion in ice-cold isopentane for 3 min before being
sealed into vials and stored at —80 °C until use.

Western blot analysis and semi-quantitative densitometry

Equal amounts of protein extracts (150-300pg) were
size-fractionated by SDS-PAGE Bis—Tris gel 4—12% (Bolt,
Invitrogen) according to [2, 20-22]. B-actin was used
as internal control of protein loading and semi-quanti-
tative densitometric analysis was carried out by using
Image ] 1.4 (http://imagej.nih.gov/ij/). For quantifica-
tion, we measured the band intensity by using a signal in
the linear range. Control for nonspecific binding of the
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secondary antibodies was performed by omitting the pri-
mary antibody (Suppl. Figure 2 A).

SDS-PAGE was carried out on 10-20% Tricine gels
(Novex, Invitrogen) with 0.1 pum nitrocellulose mem-
brane for the detection of 4kDa AP monomer(s) and its
products, according to [47].

The following antibodies were used:

Anti-Amyloid Precursor Protein 22 C11 (66-8laa of
N-terminus) mouse APP-MAB348 Chemicon; anti-Ap
amyloid specific (D54D2) rabbit 8243S Cell Signaling; tau
antibody (BT2) mouse MN1010 ThermoFisher Scientific;
Caspase-cleaved protein (CCP) NH,-tau antibody rab-
bit (Dys-(QGGYTMHQDQ) epitope, phosphorylation-
independent state) [33, 36, 37]; Anti-Amyloid Precursor
Protein, C-Terminal antibody rabbit 8717 Sigma-Aldrich;
BACE-1 (61-3E7) mouse sc-33711 Santa Cruz; Anti-
Amyloid B Antibody (clone WO0-2) mouse MABNI10
Sigma-Aldrich; anti-AB/APP protein 6E10 (4-9aa) mouse
MAB1560 Chemicon; B-amyloid (1-40) (D8Q7I) Rabbit
mAb 12,990 Cell Signaling; f-amyloid (1-42) (D9 A3 A)
Rabbit mAb 14,974 Cell Signaling; B-amyloid (D54D2)
Rabbit mAb 8243 Cell Signaling; Anti-Amyloid Oli-
gomer Antibody (A1l), af, oligomeric rabbit AB9234
Sigma-Aldrich; Anti-Amyloid Fibrils OC Antibody rab-
bit AB2286 Sigma-Aldrich; GlycerAldehyde-3-Phos-
phate DeHydrogenase (GAPDH) antibody (6 C5) mouse
sc-32233, Santa Cruz; GFAP antibody (2E1) mouse
sc-33673 Santa Cruz; Ibal antibody (1022-5) mouse
sc-32725 Santa Cruz; anti-p-actin antibody mouse S3062
Sigma-Aldrich; Anti-PSD95 rabbit 2507 Cell Signal-
ing; Anti-synaptophysin antibody (D-4) mouse sc-17750
Santa Cruz; anti-syntaxin 1 mouse S1172 Sigma-Aldrich;
anti-SNAP25 antibody (clone SMI 81) mouse 836,301
BioLegend; anti-a synuclein antibody (clone 42) mouse
610,786 BD Transduction Laboratories; tau antibody

(See figure on next page.)
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Tau-1 (P~ 189-207) (clone PC1 C6) mouse 3420 Milli-
pore; anti-phospho tau (P* Ser 396) rabbit T7319 Sigma-
Aldrich; tau antibody polyclonal rabbit A0024 Dako;
anti-acetylated tubulin (Clone 6-11B-1) mouse T6793
Sigma-Aldrich; anti-tyrosinated tubulin rat mAb YL1/2
Harlan Sera-Lab, Loughborough, UK; anti-mouse IgG
(whole molecule)-Peroxidase antibody A4416 Sigma-
Aldrich (St. Louis, MO, USA); anti-rabbit IgG (whole
molecule)-Peroxidase antibody A9169 Sigma-Aldrich (St.
Louis, MO, USA).

Extraction of water-soluble, low-detergent AB conformers
and native Dot Blot (DB) analysis

The level of native AP aggregates was measured by Dot
Blot (DB) analysis as described previously [48—52] with
slight modifications. Briefly, hippocampi were weighted
and transferred to 4 vol ice-cold low-detergent buffer
containing protease inhibitors (see above) to extract
water-soluble Ap oligomers. After centrifugation at
100 000 g for 1 h at 4°C, 0.5-1ug of the supernatants
was spotted on a nitrocellulose membrane 0.22 pm,
blocked in 5% non-fat dry milk in PBS-T buffer (0.025%
Tween 20 in PBS) then incubated with anti-Ap amyloid
specific (D54D2) (diluted 1:2000), anti-Amyloid Oli-
gomer Antibody (A11l) (diluted 1:2000), anti-Amyloid
Fibrils OC Antibody (diluted 1:2000), o.n. at 4 °C. The
0.5-1pg amount of homogenates loaded on DB spots
was established upon serial dilution curves of samples
preliminarily performed to avoid saturating condition
of immunodetection. The bound of primary antibodies
was then probed using the appropriate HRP-conjugated
secondary antibodies (Sigma-Aldrich, diluted 1:20.000)
for 1 h. The blots were developed by using the enhanced
chemiluminescence western blotting immunodetection
system (ECL) (Thermo Fisher Scientific Waltham, MA,

Fig. 2 The expression level of NH,htau does not reemerge into hippocampus from 9-month-old Tg2576 mice following anticipated

and discontinuous administration of 12 A12 mAb. A-C Representative images of Western blotting analysis (n =8 animals per each group, 4 males
and 4 females for each experimental condition) carried out on whole protein lysates of hippocampi from animals of three experimental groups
(littermate wild-type, vehicle-treated Tg2576, Tg2576 + mAb) with pan-tau BT2 antibody directed against the 194-198aa of full-length protein

and with caspase-cleaved protein (CCP)-NH,tau antiserum (D,5-(QGGYTMHQDQ epitope) [36, 37] to detect the steady-state expression level

of the 20-22kDa neurotoxic NH;htau peptide, as indicated alongside the blots. Arrows on the right side indicate the molecular weight (kDa)

of bands calculated from migration of standard proteins. (B-D) Histograms show the semi-quantitative densitometry of the intensity signals

in immunoreactivity bands by normalization with (3-actin level used as loading control. p < 0.05 is accepted as statistically significant (one-way
ANOVA followed by Bonferroni's post-hoc test for multiple comparison among more than two groups *p < 0.05; **p < 0.01; ***p < 0.0005; ****p <
0.0001). E Representative images of immunofluorescence analysis (20X) showing the increase in the punctate dot-like staining of the NH,htau
(green channel) in CA3 hippocampus from Tg2576 mice in comparison with age-matched controls and its significant downregulation following 12
A12 mAb immunization (n =6 animals per each group, 3 males and 3 females for each experimental condition). Nuclei were counterstained

with DAPI (blue channel) Scale bar =50pum. Inserts at high magnification show that the fine, granular CCP-NH,tau labeling in 9-month-old Tg2576
mice is mainly localized into the cell bodies (arrows). Scale bar =30um. F Fluorescence intensity quantification of the NH,htau staining in CA3 area
from three experimental groups (sample size: analyzed neurons/animal = 1020, n= 5). Values are from at least three independent experiments

and statistically significant differences were calculated by one-way ANOVA followed by Bonferroni’s post-hoc test for multiple comparison

among more than two groups. p< 0.05 was accepted as statistically significant
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USA West Pico Plus, USA; Amersham Prime, Arlington
Heights, IL, USA). The signal detection was performed
by using the iBright Imaging Systems (Thermo Fisher Sci-
entific). For statistical analysis, normalization was carried
out by using GAPDH as internal control of protein load-
ing. GAPDH normalization was confirmed by WB analy-
sis of B-actin on the same samples.

Soluble and insoluble subcellular fractions for analysis

of AB

Sequential extraction of AP pools with different solubil-
ity was carried out according to standard protocol [26].
Frozen hippocampi (n =6/experimental group) were
weighed, homogenized in ice-cold TBS (Tris HCI 20 mM,
NaCl 150 mM, pH 7.4, v/w 2:1) plus proteases inhibitor
cocktail (Sigma-Aldrich, P8340) and phosphatase inhibi-
tor cocktail (Sigma-Aldrich, P5726/P2850) and ultra-
centrifuged in a TLA 100.4 Rotor (Beckman Coultour) at
65.000 rpm and 4 °C for 60 min. The supernatant (called
TBS extract) was collected and stored at-80 °C whereas
the pellet was re-homogenized in TBS containing 1%
Triton X-100 (v/w 2:1) plus proteases and phosphatase
inhibitor cocktails and spun as above. The resultant
supernatant (called TBS-TX extract) was collected and
stored at —80 °C whereas the pellet was re-homogenized
in 2% SDS (v/iw 2:1) plus proteases and phosphatase
inhibitor cocktails and spun as above; the resultant super-
natant (SDS extract) was aliquoted and stored at —80 °C.
The remaining pellet was re-homogenized in 70% Formic
Acid, recentrifuged and the resulting supernatant (called
FA extract) was collected and stored at —80 °C. The for-
mic acid extract was neutralized with 1N NaOH before
use for each assay. The protein amount was determined
by Bradford assay (Protein Assay Dye Reagent Concen-
trate, Bio-Rad, Hercules, CA, United States).

Immunofluorescence assays

For immunofluorescence assays, frozen brains were
mounted on cryostat (Laica CM1860 UV) by using an
embedding media (OCT) and hippocampal free-float-
ing coronal Sects. (14 pm thickness) were obtained,
according to the guidelines of Allen brain Atlas
(https://portal.brain-map.org/anatomy). After three
washes in PBS, the sections were exposed to quenching
(50 mM NH,Cl, 5 min), antigen retrieval (0.25% trypsin
in PBS solution, 5 min) and blocking/permeabilizing
(10% NGS, 5% BSA, and 0.5% Triton X 100 in PBS, 6 h)
steps, all at room temperature and probed o.n. at 4 °C
with primary antibodies (caspase-cleaved protein (CCP,
NH,-tau antiserum (D,;-(QGGYTMHQDQ) epitope,
phosphorylation-independent state dil: 1:100; anti-Ap
oligomeric (Al1l) rabbit AHB0052 ThermoFisher Sci-
entific, dil.1:1000; anti-Ibal rabbit 019-19741 Wako,
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dil. 1:2000) in PBS buffer containing 5% NGS, 2.5%
BSA and 0.3% Triton X 100. After three washes in PBS
buffer with 0.1% Triton X 100, the sections were incu-
bated for 2 h at room temperature with the secondary
antibody (goat anti-rabbit, 488, Jackson ImmunoRe-
search, Europe Ltd., Sufolk, UK) diluted 1:500 in PBS
buffer containing 2.5% NGS, 1.25% BSA and 0.15% Tri-
ton X 100. After three washes in PBS, slices (n = 3) were
placed on positively charged slides (Bio-Optica, Milan,
Italy) and, then, nuclei counterstaining was performed
by using fluoroshield mounting medium with DAPI
(F6057, Sigma-Aldrich, St. Louis, MO, USA). Images
(20X) are representative of at least three independ-
ent experiments and were acquired with spinning disk
system for fast fluorescence confocal microscopy, with
led or laser light source—Crest Optics, (Crisel Instru-
ments, Rome, Italy). The acquisition settings for laser
power and detector gain were standardized for each
analyzed marker and applied throughout the study.
Boundaries and subdivisions of the brain structures
were identified according to the Paxionos’ Mouse Brain
Atlas [53]. Olympus Confocal Microscope Quantita-
tive image analysis was performed by using Metamorph
Research Imaging and Image] 1.4 softwarel. Control
for nonspecific binding of the secondary antibody was
performed by omitting the primary antibody (Suppl
Figure 2B).

Data management and statistical analysis

Values were expressed as means * standard error of the
mean (S.E.M.). Statistically significant differences were
calculated by one-way analysis of variance (ANOVA)
followed by Turkey’s or Bonferroni’s post-hoc test for
multiple comparisons among more than two groups
and by two-tailed unpaired t test for comparison
between two different groups. p< 0.05 was accepted
as statistically significant (*p < 0.05; **p< 0.01; ***p<
0.0005; ****p< 0.0001). Sample size was estimated on
the basis of our previously published experiments
(Latina et al., 2023a-b) reporting changes in Tg2576
mice and age-matched wild-type littermate mice after
12 A12 mAb immunization. An “a priori” estimation to
compute the required sample size by a given a power
and effect size was carried out by G*Power statisti-
cal power analysis (version 3.1.9.4). Differences among
the compared means >30% with SD <20% of the mean
within groups have been considered to obtain a power
of at least 80% with an alpha level of 0.05. All statisti-
cal analyses were performed using GraphPad Prism 8
software.
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Results

Acute treatment of symptomatic 6-month-old Tg2576

mice with 12 A12 mAb leads to long-term improvement

on hippocampal-dependent learning and memory deficits
In order to investigate whether the beneficial effect of 14
days immunization with 12 A12 mAb in symptomatic,
6-month-old (before amyloidosis onset) Tg2576 APP/AP
mouse model could last far beyond the period of treat-
ment (discountinuous regimen), mice of the three experi-
mental groups (littermate wild-type, vehicle-treated
Tg2576, Tg2576 +mAb) were aged for additional 3
months and, then, analyzed for recognition memory per-
formance in Novel Object Recognition (NOR) test when
they reach 9 months of age at moderate/severe stage of
pathology (Fig. 1A).

The NOR test (also called one-trial discrimination
test) is a well-established paradigm based on the spon-
taneous exploratory behaviour of rodents [44, 46, 54]
towards novel stimuli. This task was chosen because it: (i)
is considered the rodent equivalent of human declarative
(episodic) memory involving hippocampus [55] whose
progressive deterioration leads to memory deficits of AD;
(ii) is ethologically relevant without external motivation,
reward, punishment or extensive training [44, 45]; (iii) is
largely used in numerous preclinical research studies to
evaluate the cognitive performance of aging Tg2576 mice
[56, 57] following passive immunization with different
candidate antibodies targeting into the brain the patho-
genetic species of AP and tau [58—-60], including 12 A12
mAD [2].

In details, mice are challenged to discriminate between
two objects on the right and left sides of the arena and
the preference for a novel object means that presentation
of the familiar object already exists in animals’ memory
[46]. The retention score was expressed with two dif-
ferent measures/indeces, including: (1) the time ratio
(time spent exploring novel object/time spent explor-
ing both objects) [44]; (2) the discrimination index
(novel object exploration — familiar object exploration)/
total object exploration) [45]. During the trial phase, the
overall preference for both objects did not differ among
all the animal cohorts (two-way ANOVA followed by
Turkey’s post-hoc test; p> 0.9999), regardless of their
genotype (data not shown). On the contrary, in the test
phase (Fig. 1B), when one of the two similar objects was
replaced with a novel one, we found out that both time
and approaches spent to investigate the novel object
rather than the familiar one were significantly lower in
Tg2576 mice when compared to age-matched wild-type
indicating their poor performance in recognition mem-
ory (one-way ANOVA followed by Turkey’s post-hoc
test; ***p< 0.0005; *p< 0.05; Tg2576 versus wild-type).
Remarkably, the cognitive impairment was significantly
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recovered in Tg2576 mice following discontinuous deliv-
ery of 12 A12 mAb as demonstrated by their preferential
exploration of the novel object in comparison to their
not-immunized, age-matched counterpart (one-way
ANOVA followed by Turkey’s post-hoc test; **p< 0.01;
*p< 0.05 Tg2576 +mAb versus Tg2576). Notably, no
improvement on cognitive performance was found in this
strain following delivery of nonspecific mouse IgG (nor-
mal mouse IgG, Santa Cruz sc-2025 administered at the
same dosage and period of time), ruling out the possibil-
ity of off-target effect of discontinous passive immuniza-
tion regimen (30 pg/dose, two weekly injections on two
alternate days at 6-months of age followed by 3 months
of washout) on animals’ performance, as we reported [2].
After that, to search for biological correlate(s) of the
beneficial effect offered by discontinuous administration
with 12 A12 mAb on cognitive performance, Hematoxy-
lin and Eosin (H&E) stainings (Fig. 1C) were performed
on coronal hippocampal sections from three cohorts of
animals. This brain area was chosen because it: (i) plays a
major role in learning and memory processes [61, 62]; (ii)
is causally associated with early cognitive decline in the
development of AD undergoing age-dependent structural
and functional deterioration [63-65]; (iii) is selectively
vulnerable to both A and tau pathology [66]. In contrast
to non-transgenic littermates, pyramidal neurons located
in CA3 region (panel a) from saline-infused Tg2576 were
degenerated, irregular in shape, dispersed and shrunken
with dark eosinophilic cytoplasms and hyperchromatic
pyknotic nuclei (black arrowheads). Meningeal (aster-
isk) and subcortical angiopathy (panel b-c) with dilatated
congested blood capillaries (circles) were also evident,
in line with previous investigations reporting significant
vascular degeneration in these aged mice at 9 months
of age [67, 68] and in AD subjects [69]. On the contrary,
following immunization with 12 Al12 mAb, pyrami-
dal neurons from transgenics appeared to be more uni-
form in size and evenly organized with oval shape, pale
basophil cytoplasms surronded by thin neuropiles and
euchromatic nuclei (black arrows), just similar to those
from age-matched wild-type controls, indicating that
treatment was protective towards the histopathological
changes of hyppocampal cytoarchitecture occurring with
the age in this strain. More importantly, normal menin-
ges and blood vessels with no signs of microhemorrhages
were detected in transgenic mice following 12 A12 mAb
injection, providing the feasibility of this immunization
regimen in the absence of unwanted adverse effects.
Taken together, these results show that immuniza-
tion of 6-month-old (at “pre-plaque” stage) Tg2576 mice
with only 4 doses of 12 A12 mAb sustains hippocampal-
dependent cognitive and neuropathological improvement
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approximately up to 3 months after its discontinuous
administration in the absence of potential side effects.

The level of NH,htau is reduced in hippocampus

of 9-month-old Tg2576 mice beyond the period

of discontinuous immunization with 4 doses of 12 A12
mAb.

To determinate the causal relationship between improved
cognition and the hippocampal amount of the 12 A12
mAb-targeted NH,htau under these experimental con-
ditions (14 days of treatment with antibody at 6-months
of age followed by 3 months of washout), Western blot-
ting analyses followed by semi-quantitative densitometry
were carried out on total protein homogenates by prob-
ing with BT2, a specific commercial tau antibody react-
ing against the N-terminal end of tau (194-198aa).

As shown in Fig. 2A, B, we found that the endoge-
nous steady-state expression level of the toxic NH,htau
peptide was significantly increased in samples from
9-month-old Tg2576 mice in comparison to their lit-
termate wild-type controls (one-way ANOVA followed
by Bonferroni’s post-hoc test; **p < 0.01 Tg2576 versus
wild-type), in line with our previous findings report-
ing its continual accumulation in this strain with aging
[2]. Notably, despite the administration of the brain-
penetrating 12 A12 mAb had been interrupted long
before and its hippocampal retention was nearly unde-
tectable at 3 months post-injection (Suppl.Fig. 1B-D),
the N-terminal tau truncation with generation of this
toxic peptide did not reappear beyond the period of
discontinuous immunization, being lower in Tg2576
mice when compared to their not-immunized, age-
matched counterpart (one-way ANOVA followed by
Bonferroni’s post-hoc test; *p< 0.05 Tg2576 +mAb
versus Tg2576). Similar results were found (one-way
ANOVA followed by Bonferroni’s post-hoc test; *p <
0.05 Tg2576 versus wild-type; Tg2576 +mAb versus
Tg2576) by probing with the specific Caspase-Cleaved
Protein (CCP)-NH,tau (Dys-(QGGYTMHQDQ
epitope, phosphorylation-independent state) [36, 37],
an affinity-purified antiserum specifically recognizing
the toxic NH,htau in this strain [21], just as in human
brains [36].

Likewise, immunofluorescence analysis (Fig. 2E, F)
with the CCP-NH,tau antibody showed that a diffuse
and dot-like cytoplasmatic staining, sometimes accu-
mulating in ring-like perinuclear clusters, was mark-
edly increased in CA3 hippocampus from Tg2576
mice in comparison to their wild-type controls (one-
way ANOVA followed by Bonferroni’s post-hoc test;
#tp < 0.0001 Tg2576 versus wilde-type). This finding
is in agreement with our previous in vitro and in vivo
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evidence demonstrating that, under pathological con-
ditions, N-truncated tau fragment mislocalizes from
neuronal axonal compartment into the soma and does
not decorate microtubules, just as expected for its full
length physiological counterpart. Importantly, follow-
ing 12 A12 mAD treatment, the punctate positive labe-
ling was greatly reduced (one-way ANOVA followed
by Bonferroni’s post-hoc test; ****p< 0.0001 Tg2576
+mAb versus Tg2576), corroborating that deleteri-
ous N-terminal tau cleavage did not re-emerge into
the hippocampus of Tg2576 in spite of the anticipated
interruption of antibody delivery.

Collectively, these results show that early transient
immunodepletion of the NH,htau by acute administra-
tion of 12 A12 mAb [2, 21, 22] in 6-month-old Tg2576
mice is sufficient to prevent its further increase at
more late stage of pathology (when animals reach the
age of 9 months), suggesting that the gradual genera-
tion of this pathogenic post-translational modifica-
tion of tau in this APP-overexpressing strain develops
along self-sustaining and, conceivably, AB-dependent
signaling(s).

3.3 Short-term treatment with 12 A12 mAb at pre-plaque
stage of Tg2576 mice reduces the on-pathway fibril
aggregation of A by attenuating the accumulation

of the most toxic soluble A11-positive prefibrillar
oligomers

Tg2576 mice show a long prodromal stage of cerebral
B-amyloidogenesis (from 6 to 10 months) characterized
by a progressive increase in the brain levels of soluble,
detergent-dispersible Ap with the occurrence of proteo-
pathic seeds developing into insoluble diffuse plaques of
amyloid deposits that are clearly discernable only from 12
to 15 months of age onwards [27]. Compelling evidence
in in vitro systems and in vivo AD animal models and in
humans have shown that soluble pathogenetic species of
both tau and AP act in a cooperative and/or synergic way,
indicating the possibility that a close interplay between
these two toxic forms is more likely to be the main con-
tributor to full-blown clinical trajectory in AD develop-
ment [16, 70]. Therefore, since the acute immunization
with 12 A12 mAb coincides with the “lag phase” of AP
amyloidosis starting in this animal model approximately
at 6 months of age, we set about to investigate whether
treatment with this anti-tau antibody could also indi-
rectly impact on the time-dependent AP accumulation
and/or aggregation. To this aim, whole hippocampal
lysates from 9-month-old animals of three experimen-
tal groups (littermate wild-type, vehicle-treated Tg2576,
Tg2576 + mAb) were evaluated by Western blotting with
WO2 and 6E10, two independent commercial mono-
clonal APP/AP antibodies against the N-terminal end of
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human A peptide (1-16aa) routinely used on brain sam-
ples from AD subjects, Tg2576 mice and other preclini-
cal APP/AB mouse models [71, 72]. As shown following
semi-quantitative densitometry analysis (Fig. 3A-D), a
significant increment in the immunoreactivity level of
AP was detected in Tg2576 mice when compared to wild-
type littermates (one-way ANOVA followed by Bon-
ferroni’s post-hoc test; ***p< 0.0005; **p< 0.01 Tg2576
versus wild-type), consistent with previous investigations
[2, 27, 73, 74]. Remarkably, the intensity signal of 4KDa
band turned out to be significantly upregulated in 12 A12
mAb-treated Tg2576 mice (one-way ANOVA followed
by Bonferroni’s post-hoc test; **p < 0.01; *p < 0.05 Tg2576
versus wild-type), in keeping with animals’ improved
behavioural performance when compared to their not-
immunized age-matched counterpart (Fig. 1B).

To corroborate these findings, hippocampal extracts
were next probed with D54D2, a commercial monoclonal
Ap-specific antibody that reacts against the N-terminal
(human-specific) epitope of AP without any crossreaction
with APP full length [21, 22, 75, 76]. As shown in Fig. 44,
B, a marked elevation in immunoreactivity of bands cor-
responding to human monomeric AB 4kDa (1 mer) and
its trimeric 12kDa oligomeric assemblies (3 mer) was
detected in 9-month-old Tg2576 mice when compared to
wild-type controls (one-way ANOVA followed by Bon-
ferroni’s post-hoc test; ****p< 0.0001; **p< 0.01 Tg2576
versus wild-type), in agreement with age-dependent accu-
mulation of D54D2-positive multiple AB species occur-
ring in this strain [21, 22, 75, 77]. Again, we found out that
treatment with 12 A12 mAb significantly upregulated the
intensity signal of 1 mer 4KDa in Tg2576 mice (one-way
ANOVA followed by Bonferroni’s post-hoc test; ***p<
0.0001 Tg2576 +mAb versus Tg2576) with a concomitant
inverse reduction of the corresponding 3 mer 12kDa form
(one-way ANOVA followed by Bonferroni’s post-hoc test;
*p< 0.05 Tg2576 +mAb versus Tg2576). Finally, a simi-
lar trend (Fig. 4B—E) was also obtained by probing with
two independent commercial monoclonal antibodies, D9
A3 A and the D8QT7I that selectively recognize the Ap42
and AP40 C-terminal neo-epitope, respectively [51, 52,
77]. Interestingly, we observed that, just as for 6E10 and

(See figure on next page.)
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WO2 APP/AP antibodies, the immunoreactivity levels of
1 mer 4KDa detected both AB-specific antibodies were
higher in 12 A12 mAb-treated Tg2576 in comparison to
their not-immunized counterpart (one-way ANOVA fol-
lowed by Bonferroni’s post-hoc test; ****p < 0.0001 Tg2576
+mAb versus Tg2576) but that the trend of D8Q7I did not
reach statistical significance (ns =not significant), suggest-
ing that the largest part of soluble A species present into
animals’ hippocampi following treatment 12 A12 mAb is
more likely to consist of monomeric AP42 peptide.

To better investigate the changes in the aggregation
profile of AP burden under our experimental condi-
tions, the AP assemblies from water-soluble, low-deter-
gent tissue fractions of each experimental groups were
measured and characterized under non-denaturing con-
ditions by native dot-blot with OC and A1l antibodies.
In particular, the A1l and OC conformation-selective,
stage-dependent A antibodies do not recognize mono-
mers but identify in this strain two distinct classes of
transient conformers (prefibrillar and fibrillar oligom-
ers, respectively) characterized by mutually exclusive
structural epitopes that sequentially manifest at differ-
ent times before the fibril generation and nearly disap-
pear after Congo red-positive amyloid plaques have been
formed [49, 51, 52, 78]. As shown in Fig. 5A-D, Tg2576
mice accumulated the All-positive non-fibrillar A oli-
gomers to a greater extent than the OC-immunoreac-
tive fibrillar ones when compared to their age-matched
non-transgenic littermates (one-way ANOVA followed
by Bonferroni’s post-hoc test; ***p < 0.0005 Tg2576 ver-
sus wild-type), confirming that in this strain at 9 months
of age the prevailling prefibrillar (A1l positive) assem-
blies are only poorly stained by OC antibody (one-way
ANOVA followed by Bonferroni’s post-hoc test; p>
0.9999; among all the three experimental groups). These
findings are in agreement with previous studies reporting
that a strong signal as detected by OC antibody emerges
in this strain only after 12—-15 months of age during the
plaques maturation when parenchymal deposition of
insoluble AP aggregates starts [51, 52, 79]. Interestingly,
a significant decline in level of All-immunoreactive
signal was discernable in transgenic animals following

Fig. 3 Tg2576 mice immunized with 12 A12 mAb (only 4 doses) at 6 months of age show significantly high level of 4kDa AR monomer up to 12
week post-injection in correlation with their improved cognitive performance. A,C Representative images of Western blotting analysis (n =6
animals per each group, 3 males and 3 females for each experimental condition) carried out on whole protein lysates of hippocampi from animals
of three experimental groups (littermate wild-type, vehicle-treated Tg2576, Tg2576 + mAb) with two APP/AB antibodies WO2 (4-10aa of human
AR peptide) and 6E10 (1-16aa of human AR peptide), as indicated alongside the blots). Arrows on the right side indicate the molecular weight
(kDa) of bands calculated from migration of standard proteins. B,D Histograms show the semi-quantitative densitometry of the intensity signals
in immunoreactivity band of 4 kDa peptide(s) by normalization with 3-actin level used as loading control. Notice that the expression level of APP
full length does not change following immunization with 12 A12 mAb. p < 0.05 is accepted as statistically significant (one-way ANOVA followed
by Bonferroni's post-hoc test for multiple comparison among more than two groups *p < 0.05; **p < 0.01; ***p < 0.0005; ****p < 0.0001)



Latina et al. Acta Neuropathologica Communications

A
Wt Tg Tg

2576 2576

+mAb
— — “
o e

Low exposure High exposure
‘? -
C

(2025) 13:121

Page 12 of 31

Low exposure

High exposure

-98kDa
-62kDa
B
0.6+ * kK *
-14kDa I
£ 0.4
H
=y
a
-6kDa WO2 < 0.2
0.0 | : | T
-3kDa Wt Tg2576 Tg2576+mAb
-42kDa B-actin
D
0.104 *% *
£ o
-100kDa S
&
2 0.05
-5
: ——
53
g 0.00 r T
14kDa Wit Tg2576 Tg2576+mAb
1.01 *% * %
0.8 1
-6kDa 6E10 2 o6
<
S o041
<
-3kDa 0.2 ’_—l—_l

-42kDa B-actin

Fig. 3 (Seelegend on previous page.)

Wt

Tg2576 Tg2576+mAb



Latina et al. Acta Neuropathologica Communications (2025) 13:121

immunization with 12 A12 mAb (one-way ANOVA fol-
lowed by Bonferroni’s post-hoc test; **p< 0.01 Tg2576
+mAb versus Tg2576) whereas no reciprocal change
was contextually in intensity of OC antibody (one-way
ANOVA followed by Bonferroni’s post-hoc test; p>
0.9999; among all the three experimental groups). Finally,
native immunoblotting with D54D2 antibody followed by
semiquantitative densitometry using GAPDH as internal
control (Fig. 5E, F) confirmed the signal pattern detected
under denaturating conditions with D54D2 and D9 A3 A
(compare Fig. 5E, F with Fig. 4A, B), indicating that the
changes in A11 and OC immunoreactivity actually arose
from oligomers of 1 mer 4kDa A peptide.

To better characterize the conformation(s) of Ap oli-
gomers, coronal hippocampal sections were analyzed by
immunoflurescence with A1l antibody (Fig. 6A, B). A
striking increase in A1l immunoreactivity was detected
in CA3 hippocampus of Tg2576 with diffuse pattern
appearing mainly in intracellular granular structures
when compared with wild-type littermates (one-way
ANOVA followed by Bonferroni’s post-hoc test; ****p <
0.0001 Tg2576 versus wild-type). As in other AD models
[50, 80, 81], the staining, intracellular rather than extra-
cellular, developed by A1l (Kayed et al., 2007) in hip-
pocampal layers was detected mostly distributed around
the nucleus and along the neuritic processes. This find-
ing is in line with previous studies showing that Ap oli-
gomers initially accumulate inside the neurons and only
at later stage of neuropathology, upon secretion, aggre-
gate into extracellular fibrils [81, 82]. Consistent with the
trend of dot-blots reported above (Fig. 5A, B), the fluo-
rescent signals were decreased in transgenic mice follow-
ing 12 A2 mAb treatment, indicating that immunization
reduces the intracellular All-positive AP oligomeric
deposits in CA3 neurons (one-way ANOVA followed by
Bonferroni’s post-hoc test; ****p< 0.0001 Tg2576 + mAb
versus Tg2576).

In order to evaluate the effect of 12 A12 mAb on the
distribution of different AP species according to their sol-
ubility, we took advantage of a multi-step ultracentrifuga-
tion fractionation protocol largely used to extract distinct
pools of AP with different aggregation properties from

(See figure on next page.)
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both AD and Tg2576 brains [26]. Hippocampi from the
three different experimental groups were fractionated by
means of sequential extraction to recover four fractions:
(i) the water-soluble (TBS extract, extracellular soluble
Ap), (ii) the detergent-soluble (TBST extract, intracel-
lular Ap), (iii) the SDS-stable (SDS extract, membrane-
associated AP) and (iv) the 70% Formic Acid-soluble (FA
extract, plaque-associated extracellular insoluble Ap) [26].
The amounts of total AP recovered from soluble (SDS
extract) and insoluble (FA extract) fractions were analyzed
by Western Blotting with D54D2 antibody followed by
semiquantitative densitometry. As shown in Suppl.Fig. 3,
the level of 4kDa signal band in SDS extract was higher in
Tg2576 + mAb group when compared to untreated trans-
genics (one-way ANOVA followed by Bonferroni’s post-
hoc test; ****p< 0.0001 Tg2576 +mAb versus Tg2576),
indicating that 12 A12 mAb treatment increases the solu-
ble pool of AP monomer(s) likely by interfering with the
mechanism of its aggregation. In support of this finding,
a diminution of 12kDa AP (SDS-stable trimer) level was
contextually detected in SDS extract from Tg2576 mAb
group when compared to not-immunized counterpart
(one-way ANOVA followed by Bonferroni’s post-hoc test;
*p< 0.05 Tg2576 +mAb versus Tg2576). More impor-
tantly, the level of soluble AB1-42 detected by probing
with specific D9 A3 A antibody was also increased in the
Tg2576 mAb group in comparison with not-immunized
counterpart (one-way ANOVA followed by Bonferroni’s
post-hoc test; *p< 0.05 Tg2576 +mAb versus Tg2576),
further corroborationg our results on unfractionated pro-
tein extracts. On the contrary, only a faint signal for 4kDa
AP was detected in FA extract in Tg2576 + mAb (one-way
ANOVA followed by Bonferroni’s post-hoc test; ****p<
0.0001 Tg2576 + mAb versus Tg2576) whereas an immu-
noreactivity smear centered at 4 kDa(monomers) and
50-60 kDa (larger oligomers) was contextually visible in
untreated transgenics.

Collectively, these biochemical results suggest that dis-
continuous immunization with 12 A12 mAb prevents in
Tg2576 mice the formation of toxic, possibly AB42, pre-
fibrillar oligomers recognized by conformational-selec-
tive All antibody without promoting their contextual

Fig. 4 The soluble pool of 4 kDa AB detectable in 9-month old Tg2576 mice after discontinuous immunization with 12 A12 mAb mainly consists
of monomeric AB42 peptide. A,CE Representative images of Western blotting analysis (n =8 animals per each group, 4 males and 4 females

for each experimental condition) carried out on whole protein lysates of hippocampi from animals of three experimental groups (littermate
wild-type, vehicle-treated Tg2576, 192576 +mAb) with three AB antibodies D54D2 (N terminus of human AB), D9 A3 A and D8Q7I (theAB42

and AB40 C-terminal neo-epitope, respectively) as indicated alongside the blots. Arrows on the right side indicate the molecular weight (kDa)

of bands calculated from migration of standard proteins. B,D,F Histograms show the semi-quantitative densitometry of the intensity signals

in immunoreactivity band of 4kDa peptide(s) by normalization with B-actin level used as loading control. Notice the increase of 1 mer 4kDa form
following immunization with 12 A12 mAb. p < 0.05 is accepted as statistically significant (one-way ANOVA followed by Bonferroni's post-hoc test
for multiple comparison among more than two groups *p < 0.05; **p < 0.01; ***p < 0.0005; ****p < 0.0001)
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Fig.5 Early and short-term delivery of 12 A12 mAb in symptomatic Tg2576 mice prevents later on the formation of most toxic soluble

prefibrillar AB oligomers recognized by conformational-selective A11 antibody without promoting their contextual conversion to OC-positive
fibrillar ones. A,C,E Native dot-blots of water-soluble AB conformers from hippocampi of animals (n =6 animals per each group, 3 males and 3
females for each experimental condition) of three experimental groups (littermate wild-type, vehicle-treated 192576, Tg2576 +mAb) probed

with the conformation-dependent antibodies A11 (specific for prefibrillar oligomers) and OC (specific for fibrillar oligomers) and with the

D54D2 antibody (specific for the N-terminus of AB). Ponceau staining is used to visualize the overall protein amount. B,D,F Histograms show

the semi-quantitative densitometry of the intensity signals of dots by normalization with GAPDH level used as loading control. p < 0.05 is accepted
as statistically significant (one-way ANOVA followed by Bonferroni’s post-hoc test for multiple comparisons among more than two groups. *p < 0.05;
**p < 0.07;**p < 0.0005; ***p < 0.0001)

conversion to OC-positive fibrillar ones. This suggests 12 A12 mAb treatment increases the level of less toxic A

that 12 A12 mAb might sustain a therapeutic action = monomer(s) without affecting the amyloidogenic APP

in vivo by involving an attenuation of the on-pathway processing

fibril aggregation of AP and/or an acceleration of the off- We have previously shown that acute (14 days) treat-

pathway non-fibril route. ment with 12 A12 mAb downregulates the steady state
expression levels of holoprotein APP and Beta-Secretase
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Fig. 6 The intracellullar load of A11-positive AR oligomers is greatly reduced into hippocampus of old Tg2576 APP/AB mouse model by preventive
treatment with 12 A12 mAb. A Immunostaining with A11 oligomeric antibody (green channel) on coronal hippocampal sections to visualize the AB
oligomers. Nuclei were counterstained with DAPI (blue channel). Representative microphotographers (20X) show the dot-like immunoreactivity
differences in A11-positive neurons in CA3 layers from all three experimental groups (littermate wild-type, vehicle-treated Tg2576, Tg2576 +mAb)
(n =4 animals per each group, 2 males and 2 females for each experimental condition). Scale bar =50um. Inserts at high magnification show

that punctate A11 labeling in Tg2576 mice is mainly localized into the cell bodies around the nucleus and along the neuritic processes (arrows).
Scale bar =20um. B Fluorescence intensity quantification of the A11 labeling in CA3 area from three experimental groups (sample size: analyzed
neurons/animal = 1250, n=5). Values are from at least three independent experiments and statistically significant differences were calculated

by one-way ANOVA followed by Bonferroni's post-hoc test for multiple comparisons among more than two groups. p < 0.05 was accepted

as statistically significant. (*p < 0.05; **p < 0.01; ***p < 0.0005; ****p < 0.0001)
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1 (BACE1) with consequent reduction of the 4kDa A
production into hyppocampus from 6-month-old Tg2576
mice. A probale underlying mechanism involves the
coordinated modulation of the endocytic (BIN1, RIN3)
and bioenergetic (glycolysis and L-Lactate) pathways [2,
21, 22]. Therefore, to get more insights into the APP/
AP processing under our experimental conditions, we
assessed the in vivo effect of 12 A12 mAb immunization
on the expression levels of APP full length and BACE1
that directs the holoprotein APP along the amyloidogenic
pathway with production of its C-terminal soluble frag-
ment B (B-CTF or C99). To this aim, whole hippocam-
pal lysates from 9-month-old animals of three cohorts
(littermate wild-type, vehicle-treated Tg2576, Tg2576
+mAb) were evaluated by Western blotting with 22 C11
(66-81aa of N-terminus of APP) and anti-pan-C-terminal
APP (751-770aa of C-terminus of APP) antibodies -rec-
ognizing the full-length APP and the C-terminal soluble
products (CTFs) respectively- and with BACE1 antibody
directed against the beta-site APP-cleaving endopro-
tease. Semiquantitative densitomeric analysis of signal
bands (Fig. 7A-F) showed a significant up-regulation
of APP, BACE1 and C99 (B-CTF) in Tg2576 mice when
compared to their non-transgenic littermates (one-way
ANOVA followed by Bonferroni’s post-hoc test; ***p<
0.0005; **p< 0.01 Tg2576 versus wild-type), confirm-
ing the occurrence of a preferential activation of amy-
loidogenic pathway in this strain. However, despite the
significant increase of 4kDa AP immunoreactivity band
detected with three specific antibodies (Fig. 3—4), no sig-
nificant change in the steady state expression levels of
APP, BACE1 and APP C99 (B-CTF) was found in trans-
genic animals following immunization with 12 A12 mAb
(one-way ANOVA followed by Bonferroni’s post-hoc
test; p> 0.9999 Tg2576 + mAb versus Tg2576). This indi-
cates that the discontinuous regimen with 12 A12 mAb
did not promote the BACEl-initiated amyloidogenic
APP pathway.

Taken together these results indicate that: (i) the acute
immunization with 12 A12 mAb in 6-month-old Tg2576
mice does not alter the amyloidogenic processing of
APP (APP, C99, BACE1) when animals reach 9 months

(See figure on next page.)
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of age; (ii) the great accumulation of 4kDa AP monomer
detected in their hippocampi is not due to an increased
production but, more likely, to 12 A12 mAb-mediated
inhibitory action on its time-dependent aggregation and
fibril maturation, even though an effect on clearance can-
not be ruled out.

Early and transient immunoneutralization of the NH,htau
in Tg2576 mice normalizes microgliosis and synaptic
derangement at more moderate/severe stage of AD
pathology

Extensive microglial stimulation and synaptic altera-
tions are tightly associated with AP deposition and tau
neuropathology being the strongest predictors of cogni-
tive impairment and dementia, both in AD models and
in humans [83-85]. Therefore, Western blotting analyses
followed by semi-quantitative densitometry were car-
ried out on whole homogenates of animals’ hippocampi
by probing with specific antibodies for Glial Fibrillary
Acidic Protein (GFAP) and Ionized calcium-Binding
Adaptor molecule 1 (Ibal), two well-established markers
of astrocytosis and microgliosis whose expression level
respectively increase with their activated state [86—89].
Moreover, the levels of some relevant both pre- and post-
synaptic proteins such as a-synuclein, Synaptosomal-
Associated Protein, 25kDa (SNAP25), synaptophysin,
syntaxin and PostSynaptic Density Protein 95 (PSD95)
were meausured.

As shown in Fig. 8A-D, the steady-state expression
level of Ibal -but not of GFAP (one-way ANOVA fol-
lowed by Bonferroni’s post-hoc test; p> 0.9999 among the
three experimental groups)- was elevated in 9-month-old
Tg2576 mice when compared to their non-transgenic
littermates (one-way ANOVA followed by Bonferroni’s
post-hoc test; **p < 0.01 Tg2576 versus wild-type). This is
consistent with the prominent microglial activation dis-
cernible in plaque-accumulating AD strains at late stage
of neuropathology [90]. Antibody treatment significantly
downregulated the intensity signal of Ibal immunore-
active band (one-way ANOVA followed by Bonferroni’s
post-hoc test; **p< 0.01 Tg2576 +mAb versus Tg2576),
confirming the finding that microglial activation is not

Fig. 7 The expression levels of full-length APP, BACET and BCTF are unchanged in hippocampi from 9-month-old Tg2576 mice

following discontinuous immunization with 12 A12 mAb. A,CE Representative images of Western blotting analysis (n =8 animals per each group,
4 males and 4 females for each experimental condition) carried out on whole protein lysates of hippocampi from animals of three experimental
groups (littermate wild-type, vehicle-treated Tg2576, Tg2576 + mAb) with 22 C11 (66-81aa of N-terminus of APP), BACE1 and anti-pan-C-terminal
APP (751-770aa of C-terminus of APP) antibodies, as indicated alongside the blots. Arrows on the right side indicate the molecular weight (kDa)
of bands calculated from migration of standard proteins. B,D Histograms show the semi-quantitative densitometry of the intensity signals

in immunoreactivity bands by normalization with B-actin level used as loading control. p < 0.05 is accepted as statistically significant (one-way
ANOVA followed by Bonferroni's post-hoc test for multiple comparisons among more than two groups *p < 0.05; **p < 0.01; ***p < 0.0005; ****p <

0.0001)



Latina et al. Acta Neuropathologica Communications (2025) 13:121 Page 18 of 31

A
Wt Tg Tg
2576 2576 B
+mAb
1.5
* % %k ns
£ 4 I
— - -100kDa 22C11 g 01
s
z 0.54 —_—
Wt Tg2576 Tg2576+mAb
D
C 1.5
* % ns
. =
P B | -62kDa BACE1 3 1.0 T
S‘" ——
=
< 0.5
[--]
| 2100 pcti
0.0 r r
Wt Tg2576 Tg2576+mAb
E
-140kDa
F
-98kDa 0.010-
- - - -E 0.008- % %k % ns
-62kDa g ——
& 0.0064
£
-49kDa L0004
=
3 0.0021
0.000 : :
-38kDa Wt Tg2576 Tg2576+mAb
-28kDa
0.010- * %
£ 0.008- ]
H
< 0.006-
E —_—
-17kDa < 0.0041
-14kDa 2
O 0.002
-C99 APP C-terminal
— o Wt Tg2576 Tg2576+mAb
-6kDa
S | 210: poactin

Fig. 7 (Seelegend on previous page.)



Latina et al. Acta Neuropathologica Communications (2025) 13:121

required for efficacy in passive immunization in Tg2576
that is not dependent on FcR-mediated phagocytic events
[91-93]. These results suggest that gradual removal of
tau aggregates, and an indirect clearance of AP deposits,
actually reduce microgliosis and, then, are not associated
with extensive gliosis.

By immunofluorescence analyses on coronal brain
sections (Fig. 8E-F), we observed a striking increase in
Iba-1-positive microglia immunoreactivity in CA2 paren-
chyma of Tg2576 hippocampi when compared to wild-
type controls (one-way ANOVA followed by Bonferroni’s
post-hoc test; ****p< 0.0001 Tg2576 versus wild-type), a
result in keeping with our Western Blotting analyses on
the corresponding protein extracts assessing its steady-
state expression levels (Fig. 8C, D). This finding is also
consistent with previous studies reporting a marked
microgliosis with pronounced changes in density and
morphological homeostatic shapes in different AD mice
models, including the current strain [94—98]. Interest-
ingly, an increment in volume of cell body (soma) and
reduction in ramification length were discernable in a
small part of reactive microglial population of Tg2576 in
comparison with their resting-state, not-transgenic coun-
terpart characterized by more elongated processes and
complex branching. Discontinuous immunization with
12 A2 mAb exerted an evident anti-inflammatory action
(one-way ANOVA followed by Bonferroni’s post-hoc
test; *p < 0.05 Tg2576 + mAb versus Tg2576), in line with
previous investigations reporting that a beneficial effect
on microglia following in vivo delivery of therapeutic
antibody is more likely to be secondary to its prevention
of tau-mediated neurotoxicity [2, 39].

Furthermore, as shown in Fig. 9A-], the immunore-
activity signals of PSD95, a-synuclein, SNAP25 were
increased in 9 month-old Tg2576 mice (one-way ANOVA
followed by Bonferroni’s post-hoc test; **p < 0.01 *p < 0.05
Tg2576 versus wild-type) whereas no significant change
was contextually detected for synaptophysin and syntaxin

(See figure on next page.)
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(one-way ANOVA followed by Bonferroni’s post-hoc
test; p> 0.9999). These results are consistent with the
observation that a synaptic derangement/imbalance/
remodelling, rather than an overall loss of synaptic den-
sity, takes place in AD patients and in aging Tg2576 mice
[99]. Interestingly and in agreement with our behavioural
results (Fig. 1), the synaptic imbalance was normalized in
Tg2576 mice following short-term immunization with 12
A12 mAb, even up to baseline level of their age-matched
wild-type controls (one-way ANOVA followed by Bon-
ferroni’s post-hoc test; **p < 0.01; *p < 0.05 Tg2576 + mAb
versus Tg2576).

After that, to investigate the effect of 12 A12 mAb
administration on tau hyperphosphorylation and micro-
tubule instability that also take place along with cerebral
B-amyloidosis in AD development, Western blotting
analyses followed by semi-quantitative densitometry
were performed on hyppocampal lysates from wild-
type, Tg2576 and Tg2576 + mAb by probing with a panel
of commercial antibodies against two key phospho-
dependent epitopes of tau (PHF13 P* Ser396; Tau-1 P~
189-207) known to reduce its affinity for microtubules,
acetyl-a-tubulin (stable) and tyrosinylated-a —tubu-
lin (instable). As shown (Suppl. Figure 4), no apparent
change in the phosphorylation state of tau at the two sites
analyzed was detected among the three experimental
groups (one-way ANOVA followed by Bonferroni’s post-
hoc test; p> 0.9999), possibly because developmentally-
regulated phospho-tau baseline is higher in this strain
[25]. Although tau neuropathology appears first in this
amyloidogenic model [60, 100], these findings are more
in line with the notion that a marked and extensive pro-
tein hyperphosphorylation at multiple residues becomes
more evident only at later stages (from 12—-18 months) in
concomitance with the manifestation of Congo red-pos-
itive plaques [28, 101, 102]. Consistently, neither acetyl-
a-tubulin (stable) nor tyrosinylated-a — tubulin (instable)
were affected (one-way ANOVA followed by Bonferroni’s

Fig. 8 Treatment with 12 A12 mAb reduces microgliosis but does not affect astrocytes in 9-month-old Tg2576 mice. A,C Representative images

of Western blotting analysis (n =8 animals per each group, 4 males and 4 females for each experimental condition) carried out on whole protein
lysates of hippocampi from animals of three experimental groups (littermate wild-type, vehicle-treated 792576, 192576 +mAb) with antibodies

for GFAP, Iba1 (as indicated alongside the blots). Arrows on the right side indicate the molecular weight (kDa) of bands calculated from migration
of standard proteins. B,D Histograms show the semi-quantitative densitometry of the intensity signals of bands by normalization with B-actin

level used as loading control. p < 0.05 is accepted as statistically significant (one-way ANOVA followed by Bonferroni's post-hoc test for multiple
comparisons among more than two groups *p < 0.05; **p < 0.01; ***p < 0.0005; ****p < 0.0001). E Microphotographers (20X) of Iba1*-stained (green
channel) microglial cells in hippocampal CA2 region from coronal sections of animals (n =4 animals per each group, 2 males and 2 females for each
experimental condition) of three experimental groups (littermate wild-type, vehicle-treated Tg2576, 792576 + mAb). Nuclei were counterstained

by DAPI (blue channel). Scale bar =20um. Arrows and asterisks show large and highly ramified (homestatic, resting state) versus small with high
circularity (reactive state) microglia morphology, respectively. F Fluorescence intensity quantification of the Iba1 labeling in CA2 area from three
experimental groups (sample size: analyzed cells/animal = 1150, n=5). Values are from at least three independent experiments and statistically
significant differences were calculated by one-way ANOVA followed by Bonferroni’s post-hoc test for multiple comparisons among more than two

groups. p< 0.05 was accepted as statistically significant
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post-hoc test; p> 0.9999 among the three experimen-
tal groups) indicating that alterations in tau-dependent
microtubule dynamics do not greatly contribute to AD
neuropathology in Tg2576 mice at least up to 9 months
of age.

Taken together, these results indicate that the long-
lasting, beneficial effect of discontinuous administration
of 12 A12 mAb in Tg2576 mice involves a modulation of
microglia-based inflammatory response along with syn-
aptic stabilization into their hippocampi.

Discussion

Three are the main findings of the present study: (i)
short-term neutralization of pathogenetic NH,htau fol-
lowing intravenuous delivery of 12 A12 mAb in sympto-
matic 6-month-old Tg2576 APP/AP mouse model leads
to durable (up to 90 days post-injection) and safe (no
vascular damage, excessive microglia overactivation) pro-
tective action on hippocampal-dependent cognitive func-
tions and associated synaptic pathology (Fig. 1,8,9); (ii)
therapeutically-targetable NH,htau early (at pre-deposit
stage) synergizes with soluble forms of A and its 12 A12
mAb-mediated depletion negatively interferes with its
aggregation pathway leading in older animals to decrease
of the most toxic, prefibrillar oligomers (All-positive)
formation (Fig. 5,6) with a concomitant inverse increase
of its unaggregated monomeric form (Fig. 3,4), in the
absence of any change of the APP expression level and
its amyloidogenic processing (Fig. 7); (iii) cleavage of
endogenous tau at its N-terminal region with produc-
tion of neurotoxic NH,htau does not reemerge into their
hippocampi beyond the period of discontinuous immu-
nization (Fig. 2), suggesting that this post-translational
modification, once started, can’t persist and/or progress
over time independently of AP maturation.

Overall, our behavioural, histological, biochemical and
morphological results provide additional evidence in
support of the bidirectional causality between cerebral
AP accumulation and tau neuropathology as main driver
of the AD continuum [14, 16, 18] (Fig. 10), advocating
for the development of multi-targeted approaches with
additive and/or synergistic therapeutic efficacy to halt
its progression [3, 103]. By showing for the first time that

(See figure on next page.)
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discontinuous immunization with 12 A12 mAb has an
impact on cerebral A amyloidosis at “pre-plaque” stage
(i.e. during the “lag phase” of amyloid aggregation), this
study extends previous in vivo investigations reporting
that both active [90] and passive immunization [60, 104—
106] against the neurotoxic species of tau, in particular
those encompass the protein’s N-terminal domain, sig-
nificantly ameliorates the “pre-established” AP pathol-
ogy (i.e. at post-deposit stage) in different lines of APP/
Ap-expressing AD mouse models. To this point, it’s note-
worthy that the “accumulation hypothesis” posits that
the plaques load in APP-overexpressing Tg2576 [107]
reflects the cumulative small excess of AB production
over its clearance that amasses in a time-dependent man-
ner. Indeed, the deposition of Af into insoluble plaque
-that typically starts at 10—11 months of age in this strain
and progresses onwards up to 23 months- is anticipated
by a slow and critical seeding mechanism from 6 to 10
months (aggregation in oligomers and intermediate
protofibrils with a sigmoidal kinetic) followed by a more
rapid fibrillogenesis into mature fibers [26, 27]. Once
the nuclei have formed, addition of extra Ap monomers
becomes thermodynamically favourable resulting in fast
growth. Therefore, it conceivable that agents that inter-
cept the nucleation of A in the initial stages of seeding
when the nuclei are unstable can block its further mat-
uration. In this framework, in line with the notion that
soluble AP pool has to accumulate (and oligomerize) to a
threshold level before plaques deposition [107], we pro-
pose that in vivo treatment with 12 A12 mAb negatively
interferes into hippocampus of 6-month-old Tg2576 mice
with gradual mechanism of AP aggregation, as demon-
strated by the reduction of the most toxic All-positive,
oligomeric conformers of AP (along with a reciprocal
increase of monomeric form) we found in older animals.
In support of the non-linear relationship existing in vivo
between AP load and plaque formation, acute antibody-
mediated targeting of pre-amyloid seeds in 3-month-old
APP23 mice (during the sigmoidal lag phase of amyloid
aggregation) is effective for prevention of cerebral amy-
loidosis and associated pathology up to 6 months, in spite
of the precocious interruption of the treatment [108].
Experimental evidence in cellular and animal models

Fig.9 Synaptic instability is relieved in aged Tg2576 mice following discontinuous immunization with 12 A12 mAb. A,CE,G,| Representative
images of Western blotting analysis (n =8 animals per each group, 4 males and 4 females for each experimental condition) carried out on whole
protein lysates of hippocampi from animals of three experimental groups (littermate wild-type, vehicle-treated Tg2576, 192576 +mAb)

with antibodies for PSD95, synaptophysin, syntaxin SNAP25 and a-synuclein (as indicated alongside the blots). Arrows on the right side indicate

the molecular weight (kDa) of bands calculated from migration of standard proteins. B,D,F,H,J Histograms show the semi-quantitative densitometry
of the intensity signals of bands by normalization with B-actin level used as loading control. p < 0.05 is accepted as statistically significant (one-way
ANOVA followed by Bonferroni’s post-hoc test for multiple comparisons among more than two groups *p < 0.05; **p < 0.01; **p < 0.0005; ****p <

0.0001)
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Fig. 10 Proposed mechanism(s) underlying the effect of 12 A12 mAb on toxic interplay between A3 and Tau truncation during the pathobiology
of AD. According to the the “Amyloid Hypothesis’, the abnormal amyloidogenic processing of Amyloid Precursor Protein (APP) triggers

the accumulation of Amyloid beta (AB) that, in turn, causes downstream several post-translational modifications of Tau protein, including truncation
with generation of the 20-22 kDa neurotoxic, N-terminal tau fragment(s)(NH,htau) that is targeted by 12 A12 mAb [1]. During the gradual
development of AD, the time-dependence aggregation AR takes place into the brain leading to formation of prefibrillar oligomeric intermediates
(ABO), mature fibrils (ARF) and, eventually, senile plagues. Treatment with 12 A12 mAb in 6 month old Tg2576 APP/A3 mouse model impacts

not only on tau but also on APP/AB pathology [2, 21, 22] exerting (up to three months later) a beneficial action on gliosis, cognitive impairment,

synaptic damage and neurodegeneration

have also shown that the toxicity of A is directly linked
to its aggregation state [84, 109] with the greatest clinical
efficacy for antibodies reducing the cerebral Ap amyloi-
dosis [110]. In particular, during the temporal progres-
sion of AD, the 4kDa A monomer slowly accumulates to
a critical limit and, then, undergoes sequential changes in
conformation and misfolding that cause its much faster
assembly from transient and structurally heterogeneous
intermediates, the so-called small oligomers and protofi-
brils, to mature high-molecular-weight insoluble fibrils

[111-116]. While the oligomers are synaptotoxic and can
induce tau hyperphosphorylation and cleavage [117], the
fibrillar senile plaques elicit proinflammatory responses,
contributing to oxidative stress, neuronal degenera-
tion and neuroinflammation [118]. Relevantly our data,
by showing that the prolonged protective effect of 12
A12 mAD involves a net increase of the total amount of
unaggregated AP without changing the expression level
of APP and its amyloidogenic processing, are more in
agreement with recent preclinical and clinical evidence
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suggesting that AD may be to a certain extent due to a
loss of function of the physiological levels of soluble Ap
monomer [119-123], in particular the longer and more-
aggregation prone AB1-42, which per se possesses sev-
eral biological functions, including regulation of synaptic
function, glucose metabolism and memory formation
[124-128]. Nevertheless, whether the acute immunoneu-
tralization of the NH,htau with 12 A12 mAb can delay or
even prevent much later in life the manifestation of the
full-blown, dense ThS-positive amyloid plaque deposits
becoming clearly detectable during lifespan of Tg2576
mice from 12-15-months of age onwards [27, 28, 60] is
still under investigation. Likewise, whether the anti-amy-
loidogenic effect of this antibody targeting the N-termi-
nal of tau is restricted to a precise and limited temporal
window during which antibody-mediated antagonizing
activity is most efficient in limiting the AD progression
requires to be better investigated. Finally, whether the
molecular mechanisms of neuroprotection involves
direct and/or indirect interactions of antibody with
protein(s) and its aggregates still needs to be clarified.
From a translational point of view, it is of particular
relevance that the peripheral administration of 4 doses
of 12 A12 mAb in vivo provides durable neuroprotec-
tion in the absence of any compound-related brain
microhemorrhage, deleterious microgliosis or other
pathologies. Two common side-effects of immuno-
therapy in aged APP-overexpressing preclinical mouse
models are the excessive inflammatory response and
the risk of vascular weakening and leakage in pial arter-
ies, penetrating arteries and arterioles [129-133] that
may be associated with capillary instability caused by
antibody-induced redistribution of target species, in
particular AP, in blood vessels or brain parenchyma
[134, 135]. Early/middle symptomatic patients suffering
from AD are assumed to require long-term and contin-
uous administration of treatments throughout the life
to prevent/hinder the cumulative build-up into their
brain of both AP and tau pathologies and related cog-
nitive decline with consequent potential side effects,
including hemorrhagic risk and encephalitis future
clinical applications, due to repeated injections and/or
high cost of multiple infusions [128, 136—138]. There-
fore, the optimization of the administration regimen
is of paramount importance in the pipeline of “candi-
date” therapeutic antibodies in order to achieve higher
clinical benefit, tolerability and safety with consequent
amelioration in compliance of affected patients [137—
139]. In this framework, our findings prospect that the
temporary, not-invasive administration of 12 A12 mAb
could be an effective intervention with low/moderate
risk/benefit ratio for clinical management of AD, in the
absence of unwanted secondary responses (vascular
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congestion and glial cell activation) that may compro-
mise its long-term therapeutic benefits.

Another important aspect is the apparent discrepancy
that arises between the prolonged (up to three months)
duration of therapeutic improvement detected in this
strain on brain pathologies/cognition and the prema-
ture interruption in delivery of brain-penetrating 12
A12 mAb. This counteritive observation cannot be fully
explained either by low penetrance and/or poor retention
of 12 A12 mAb into their hippocampi (Suppl. Figure 1B—
D) and by the half-life of mouse IgG ranging around 1
week in plasma [140-143]. To this point, we favour the
hypothesis that the greatest efficacy of “candidate” thera-
peutic antibody depends on the ability of intercepting/
engaging the co-pathogenetic link existing between Ap
and tau, especially in the preclinical phase of AD [144].
A dynamic and mutual interplay, rather than overall
amount at a certain point in time, of abnormal soluble
species of both AP and tau that accumulate and recip-
rocally influence over the years seems be more closely
associated with neuronal dysfunction in aging Tg2576
mice and in a way that is responsive to treatment with
12 A12 mAb. Consistent with the interpretation, acute
(only for 5 days) and specific targeting of pre-fibrillar A
seeds by intraperitoneal injection of Aducanumab offers
prolonged neuroprotection (up to 6 months) in APP23
mice by reducing not only the cerebral amount of con-
gophilic plaque but also p-tau (AT8)-positive neuritic
distrosphy [108]. A persistent therapeutic effect (up to 3
months after the last immunization) is detected follow-
ing discontinuous (6 doses) intravenous injection of 43D
(6-18aa) and 77E9 (184-195aa) antibodies targeting the
N-terminal domain of tau in 3X Tg AD mice in concomi-
tance with a reduction of APP and A production [105].
Besides, a direct/local [145-150] and/or long-range [65,
151] interaction between specific types of misfolded tau
(or its fragments) and A (cross-seeding, aggregation
and spreading) have been also described, further sup-
porting the finding that tau is interwined with amyloid
maturation during the development of AD. Accordingly,
we reported that the N-terminal half of tau binds and
co-localizes with AP species into hippocampus of AD
subjects [33, 152]. In addition, experiments of ThT fluo-
rescence and turbidimetric measurements have shown
that the extreme N-terminal tau fragment, including the
26—44 aminoacidic sequence that is specifically targeted
by 12 A12 mAb [34], strongly accelerates the AB1-42
aggregation in vitro with diminution in amorphous
assemblies and parallel generation of highly-ordered
amyloid fibrils [153, 154], in line with the in vivo action of
12 A12 mAb in inhibiting the Ap rate of aggregation and,
then, its proteotoxicity.
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This study is not without limitations. First, athough
mouse and human tau aminoacidic sequences are dif-
ferent in the N-terminal region (residues 17 to 28 of
human tau are not present in mouse) [155], 6 amino
acid residues (Y29,T30,Q33,D034,Q35,E36) are present
both in murine and primate tau sequence, as we previ-
ously discussed in another paper comparing side-by-
side the in vivo effects of 12 Al12 mAb targeting the
20-22kDa N-terminal tau fragments (NH,htau) in both
APP-overexpressing Tg2576 and 3xTg (APP Swedish,
MAPT P301L, and PSEN1 M146 V) mice [2]. Besides,
even though tau is an intrinsically disordered protein,
its N-terminal domain (1-50 residues) displays sev-
eral dynamic and local secondary structure elements
such as isolated B-bridges, a-helices and 3-helix [156,
157]. In line with this statement, candidate tau antibod-
ies tested for their therapeutic efficacy in clinical trials,
including those recognizing post-translational modifica-
tions of protein, bind to epitopes usually ranging from
1-3 to 8-10 aminoacids that can be contiguous or not
[158]. Experiments of alanine scanning mutagenesis and
structural analyses of antibody-antigen complexes, aim-
ing at clarifying whether the minimal sequence (antigenic
determinants) required for recognition by the 12 Al2
mADb involves a linear or conformational/discontinuous
stretch of aminoacids, are currently under way. Second,
interpretation of the reactivity of antibodies targeting the
linear sequence of A is not straighforward because of
different sequence lenghts and aggregation states of this
4kDa peptide and its proteolytic precursor (i.e. 12-14kDa
[B-secretase-derived APP fragment C99 or BCTF) with
different biochemical and biophysical behaviours [159].
Therefore, different specificities and reactivities towards
all the AD-relevant fragments generated by the APP
proteolytic system (4kDa AP and its 12kDa trimers ver-
sus 12-14kDa [-secretase-derived APP fragment C99
or BCTF) might account for differences in intensity of
immunoreactivity profile among multiple APP/Af anti-
bodies used in our assays. To overcome these limitations,
the use of multiple APP/Ap antibodies and methodolo-
gies (Western blotting, immunofluorescence and dot-
blot) have been selected within this experimental design.

Conclusions

Taken together, these findings highlight a therapeutically-
targeted crosstalk occurring between tau and AP in vivo,
opening up to future humanization of 12 A12 mAb for
clinical treatment and mitigation of AD progression in
humans.
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