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Intravenous treatment with a molecular chaperone
designed against b-amyloid toxicity improves
Alzheimer’s disease pathology in mouse models
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Attempts to treat Alzheimer’s disease with immunotherapy
against the b-amyloid (Ab) peptide or with enzyme inhibitors
to reduce Ab production have not yet resulted in effective treat-
ment, suggesting that alternative strategies may be useful. Here
we explore the possibility of targeting the toxicity associated
with Ab aggregation by using the recombinant human (rh)
Bri2 BRICHOS chaperone domain, mutated to act selectively
against Ab42 oligomer generation and neurotoxicity in vitro.
We find that treatment of Ab precursor protein (App) knockin
mice with repeated intravenous injections of rh Bri2 BRICHOS
R221E, from an age close to the start of development of Alz-
heimer’s disease-like pathology, improves recognition and
working memory, as assessed using novel object recognition
and Y maze tests, and reduces Ab plaque deposition and acti-
vation of astrocytes andmicroglia. When treatment was started
about 4 months after Alzheimer’s disease-like pathology was
already established, memory improvement was not detected,
but Ab plaque deposition and gliosis were reduced, and sub-
stantially reduced astrocyte accumulation in the vicinity of
Ab plaques was observed. The degrees of treatment effects
observed in the App knockin mouse models apparently corre-
late with the amounts of Bri2 BRICHOS detected in brain sec-
tions after the end of the treatment period.
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INTRODUCTION
Age-associated decline of protective mechanisms leads to disruption
of protein homeostasis and accumulation of incorrectly folded poly-
peptides, which can be toxic to cells.1 To date, 36 proteins have been
linked to human amyloid diseases,2 and Alzheimer’s disease (AD) is
one of these, where b-amyloid precursor protein (APP) releases amy-
loidogenic b-amyloid (Ab) peptides after proteolytic processing.3

Histopathological characteristics of AD include extracellular amyloid
plaques consisting of fibrillated Ab and intraneuronal neurofibrillary
tangles consisting of tau, and clinical manifestations consist of
changes in personality and memory decline.4 The amyloid cascade
hypothesis states that excessive accumulation of Ab initiates and
drives the pathological changes in AD.5 Specifically, amyloidogenic
processing of APP and abnormal Abmetabolism have been proposed
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to be two of the main causes of AD, supported by the mutations that
cause increased Ab production, in particular of the aggregation-prone
Ab42, leading to early-onset AD,6 whereas a mutation that lowers Ab
production has a preventive effect.7 A recent genetic meta-analysis
implicated Ab as a major risk factor associated with sporadic AD.8

More than 130 agents are in clinical trials for treatment of AD, and
soluble and/or aggregated Ab is the most common target in disease
modification trials.9 There is a high rate of failure of compounds
developed for AD, and many tested compounds, in particular anti-
bodies, have poor permeability over the blood-brain barrier
(BBB),10 but recently a monoclonal antibody was approved by the
US Food and Drug Administration for AD treatment.11

Molecular chaperones play a critical role in maintaining cellular pro-
tein homeostasis12 and are attractive to harness for prevention or res-
olution of protein aggregation linked to neurodegenerative condi-
tions.13 BRICHOS is an about 100-residue domain found in 10
human protein families, and the name is derived from three of these,
Bri2 (associated with dementia and brain amyloid), chondromodulin
(chondrosarcoma), and prosurfactant protein C (proSP-C; interstitial
lung disease and amyloid).14 All BRICHOS-containing proproteins
have well-conserved regions that are prone to form b strands.15

The ability of BRICHOS to inhibit amyloid formation and toxicity
was unraveled by the observation that mutations in the BRICHOS
domain of proSP-C give rise to interstitial lung disease with amyloid
deposits.16,17 Recently it has been shown that this ability can be
extended to amyloidogenic proteins and peptides that are not physi-
ological clients.18 Recombinant human (rh) BRICHOS can inhibit
Ab40 and Ab42 fibril formation, and it also prevents neurotoxicity
of Ab42 in hippocampal slice preparations and in a Drosophila mel-
anogaster fly model.19–22 The neurotoxicity of Ab42 is prevented by a
unique mechanism: rh BRICHOS efficiently blocks monomer-depen-
dent secondary nucleation on the Ab42 fibril surface, the kinetic step
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that generates a major part of new nucleation units that can convert to
neurotoxic Ab42 oligomers.23–25 BRICHOS can also rescue already
established Ab42-induced deterioration of hippocampal neural
network activity in vitro.26 Although not expected considering the
size and polarity of the BRICHOS domain, intravenously injected
rh Bri2 BRICHOS without addition of any targeting tag passes the
BBB in wild-type mice.27,28

The ability of rh Bri2 BRICHOS to prevent Ab42 oligomer mediated
neurotoxicity in vitro and to pass the BBB warrant evaluation of its
potential ability to improve AD-like features in animal models, which
is the topic of the current study. Previous studies have demonstrated
that rh Bri2 BRICHOS is distributed between different quaternary
structures, where monomers are most potent in preventing Ab42
oligomer generation and neurotoxicity, and they also pass the BBB
more efficiently than larger oligomers.28,29 Therefore, we generated
a single point mutant (R221E) of rh Bri2 BRICHOS, which was de-
signed to interfere with intersubunit contacts and, thus, stabilize the
monomer. Rh Bri2 BRICHOS R221E was found to be overall more
efficient than wild-type (WT) rh Bri2 BRICHOS against Ab42-medi-
ated neurotoxicity in mouse hippocampal slices ex vivo.30 The corre-
sponding mutation in proSP-C BRICHOS resulted in stable mono-
mers that bind to small, secondary nucleation-competent Ab42
oligomers.25 We used two different App knockin AD mouse models
that have different genetic designs and pathology profiles31 in the cur-
rent study. One model (AppNL-F mice) harbors the Swedish (KM670/
671NL) and Beyreuther/Iberian (I716F) mutations and develops Ab
plaque pathology, astrogliosis, and microgliosis starting from an age
of about 9–12 months. The other model (AppNL-G-F mice) in addition
carries the Arctic mutation (E693G) and develops AD-like pathology
features from an age of about 2–4months because of the more aggres-
sive fibril formation of Arctic Ab. Both mouse models thus feature
robust Ab pathology, neuroinflammation, and synaptic alterations,
whereas APP levels remain physiological, but AppNL-G-F mice show
more pronounced behavioral impairments.31–33

We treated AppNL-G-F mice from the age of 3 months and AppNL-F

mice from the age of 19 months with intravenous injections of rh
Bri2 BRICHOS R221E monomer for 10–12 weeks. Effects on all
analyzed features, including improvements in cognitive functions,
were found in AppNL-G-F mice, whereas we found overall smaller
but significant effects on plaque burden and astrocyte and microglia
responses in AppNL-F mice. We also found that in vivo effects of
BRICHOS treatment correlate with amounts of Bri2 BRICHOS de-
tected in brain sections after the end of treatment.

RESULTS
Rh Bri2 BRICHOS R221E effects on Arctic Ab42 fibril formation

in vitro, serum half-life, and BBB passage in mice

Rh Bri2 BRICHOS R221E monomers were produced and purified as
described previously.30 SDS-PAGE under reducing and non-reducing
conditions showed that the preparations were pure, and the somewhat
fastermigration under non-reducing conditions (Figure 1A) confirmed
the presence of the conserved disulfide bridge. Effects of rh Bri2
488 Molecular Therapy Vol. 31 No 2 February 2023
BRICHOS R221E on WT Ab42 fibril formation and the mechanism
involved have been reported.30 Treatment attempts in AppNL-G-F

mice require that rh Bri2 BRICHOS R221E also affects Arctic Ab42
(Ab42Arc) fibril formation. Ab42Arc monomers at a concentration of
4.5 mM aggregated into amyloid fibrils with typical sigmoidal behavior
and a half-time of 0.3 ± 0.04 h (Figure 1B), which is much faster than
WT Ab42.34 The rh Bri2 BRICHOS R221E monomers showed a dose-
dependent progressive reduction of Ab42Arc fibril formation rate
already at substoichiometric concentrations (Figure 1B). To determine
rh Bri2 BRICHOS R221E passage over the BBB and its serum half-life,
rh Bri2 BRICHOS R221E monomers at a dose of 10 or 20 mg/kg were
injected intravenously into C57BL/6NTac mice, whereas control mice
received PBS, and half-life in serum and BBB permeability were evalu-
ated from western blots of serum and brain homogenates, respectively.
In vivo, the serum half-life of rh Bri2 BRICHOS R221E monomers is
about 55 ± 15 min (Figure 1C), which is somewhat longer than the
half-life of WT rh Bri2 BRICHOS monomers, dimers, or oligomers
(around 30–40 min).28 Rh Bri2 BRICHOS R221E could be detected
in brain homogenates by western blotting 2 h after injection (Fig-
ure 1D). Comparison of amounts detected in brain homogenates by
western blot indicates that rh Bri2 BRICHOS R221E permeates the
BBB to a similar extent as rh WT Bri2 BRICHOS linked to an AU1
tag for detection (Figure 1E).28 As observed previously for WT rh
Bri2 BRICHOS,28 there was some variability in the amounts of rh
Bri2 BRICHOS R221E detected by western blot of brain homogenates
(Figures 1D and 1E). Therefore, we analyzed BBB passage of rh Bri2
BRICHOS R221E by staining brain sections from treated AppNL-G-F

and AppNL-Fmice for Bri2 BRICHOS and Ab (Figure 2). Interpretation
of this experiment is complicated by the fact that endogenous mouse
Bri2 BRICHOS is also stained.28 Rh Bri2 BRICHOS R221E-treated
mice showed more abundant overall Bri2 BRICHOS staining in the
brain tissue, including neurons (Figures 2A and 2D, red/pink) and
around Ab plaques (Figures 2A and 2D, blue/green) compared with
PBS-treated mice. There is a significant increase in overall Bri2
BRICHOS staining, analyzed by mean intensity of Bri2 BRICHOS
(red/pink) between PBS- and rh Bri2 BRICHOS R221E-treated sam-
ples in AppNL-G-F and AppNL-F mice (Figures 2B, 2C, 2E, and 2F).
These results strongly support the hypothesis that intravenously
injected rh Bri2 BRICHOS R221E crosses the BBB in mice. Further
studies are warranted to explore whether upregulation of endogenous
Bri2 expression can contribute to the increased Bri2 BRICHOS staining
after rh Bri2 BRICHOS R221E treatment.

Treatment of AppNL-G-F and AppNL-F mice with intravenous rh

Bri2 BRICHOS is well tolerated

We administered rh Bri2 BRICHOS R221E at a dose of 10 mg/kg to
AppNL-G-F mice from 3 months of age every fifth day for 12 weeks,
totaling 17 injections (Figure 3A), and APPNL-F mice were given a
total of 20 injections of rh Bri2 BRICHOS R221E monomer at a
dose of 20 mg/kg during a 10-week period from 19 months of age
(Figure 3B). For AppNL-G-F mice, the treatment starts at about the
age when AD-like pathology is first observed.31 In contrast, treatment
of AppNL-Fmice was started at least 4 months after AD-like pathology
is well established.31 For both mouse models, the treatment period



Figure 1. Recombinant human Bri2 BRICHOS R221E monomer purity, effects on Ab42Arc in vitro, serum half-life, and BBB passage

(A) rh Bri2 BRICHOS R221E monomer analyzed by reducing (lane 1) and non-reducing (lane 2) SDS-PAGE.

(B) Aggregation kinetics of Ab42Arc alone and in the presence of different molar ratios of rh Bri2 BRICHOS R221E monomers.

(C) rhBri2BRICHOSR221E levels in serumup to6 h after injection andhalf-life in serumderived fromanalysis of intensities inwestern blots.Data are shown asmean±SEM (n=5).

(D) Representative western blot for rh Bri2 BRICHOS R221E in brain homogenates 2 h after i.v. injection of 10 or 20 mg/kg of body weight of rh Bri2 BRICHOS R221E (as

indicated), PBS, or pure recombinant protein. The gap between the rightmost R221E lane and the recombinant control lane denotes that they are not adjacent, but the

samples were run on the same gel. Red arrows indicate Bri2 BRICHOS R221E bands.

(E) Histogram showing permeability over the BBB, expressed as percent protein detected by western blots of brain homogenates, of the total amount of protein injected i.v.,

after injection of 10 (open circles) or 20 (crossed circles) mg/kg of rh WT Bri2 BRICHOS-AU1 (detected using an anti-AU1 antibody) or rh Bri2 BRICHOS R221E (detected

using an anti-Bri2 BRICHOS antibody). Quantification was made from band intensities compared with intensities of known amounts of recombinant protein controls. The

three highest data points for rh Bri2 BRICHOS R221E are replicates from the same mouse, and all other data points are from different mice. Ns, not significant. Data are

shown as mean ± SEM.
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was followed by behavioral testing for 2–4 weeks; thereafter the mice
were sacrificed and the brains analyzed for Ab plaque burden,
astrogliosis, and microgliosis (Figures 3A and 3B).

Treatment of AppNL-G-F or AppNL-F mice with intravenous rh Bri2
BRICHOSR221E resulted innomacroscopic signs of unwanted side ef-
fects or weight loss compared with PBS-injected controls (Figures 3C
and 3D). ForAppNL-G-Fmice, no differences inmean activity or velocity
were seen between rh Bri2 BRICHOS R221E-treated mice and PBS-
treated controls, and treatment of AppNL-F mice with rh Bri2
BRICHOS R221E somewhat improved physical activity compared
with PBS-injected AppNL-F mice (data not shown). These findings
further support the hypothesis that treatment with rh Bri2 BRICHOS
R221E is without negative side effects. Rh Bri2 BRICHOS R221E is
97% identical to the mouse counterpart, making it possible that no
immunological response was evoked, which is in line with the absence
of detectable negative reactions.
Improved recognition and working memory in rh Bri2 BRICHOS

R221E-treated AppNL-G-F mice

AppNL-G-F knockin mice, which carry the Arctic mutation in
addition to the Swedish and Iberian mutations, show a stronger
and earlier AD-like pathology, including behavior deficits,
compared with AppNL-F knockin mice31,32 (Figures 3A and 3B).
Recognition memory was evaluated by novel object recognition
(NOR) in rh Bri2 BRICHOS R221E- and PBS-treated AppNL-G-F

mice. Significant improvement in discrimination ability was
seen upon rh Bri2 BRICHOS R221E treatment compared with
PBS controls (Figure 4A). This indicates that rh Bri2 BRICHOS
R221E-treated AppNL-G-F mice exhibited improved recognition
memory compared with their PBS counterparts. A Y maze test
was used to evaluate short-term working memory in PBS- and
rh Bri2 BRICHOS R221E-treated AppNL-G-F mice, and the
results showed improvements in the number of spontaneous
alternations in rh Bri2 BRICHOS R221E-administered mice
Molecular Therapy Vol. 31 No 2 February 2023 489
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Figure 3. Study design and body weight of AppNL-G-F and AppNL-F mice

(A and B) Schematic of the overall design of the study, with time points for treatments and analyses indicated. b.w., body weight; NOR, novel object recognition. The lengths

of the time lines are not linear to the durations of intervals.

(C and D) B.w. of PBS or rh Bri2 BRICHOS R221E-treated AppNL-G-F and AppNL-F mice before each injection during the entire treatment periods. Data are represented as

mean ± SEM. Multiple unpaired parametric t test was used to calculate p values for b.w. analysis. (A) and (B) were created using BioRender.

www.moleculartherapy.org
compared with PBS control mice (Figure 4B). Although the
improvement was modest, the results support an improved
working memory response upon rh Bri2 BRICHOS R221E
treatment.
Figure 2. Bri2 BRICHOS in AppNL-G-F and AppNL-F mouse brains after repeated

(A–F) Representative sections (A and D) double stained with anti-Bri2 BRICHOS antib

Mayer (blue) in rh Bri2 BRICHOS R221E- or PBS-treated AppNL-G-F and AppNL-F mice. H

and cortex (C and F) of AppNL-G-F (B and C) and AppNL-F (E and F) mice. Data are sho

analyzed). Unpaired parametric two-tailed t test was used to calculate p values. Sca

panels in A and D). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Attenuation of Ab plaque burden in AppNL-G-F mice with rh Bri2

BRICHOS R221E treatment

We stained brain slices with thioflavin S dye or Ab antibody to
analyze plaque burden in rh Bri2 BRICHOS R221E- and PBS-treated
injections of rh Bri2 BRICHOS R221E

ody (red/pink) and 82E1 anti-Ab antibody (green) counterstained with hematoxylin

istograms represent mean intensity of Bri2 BRICHOS in the hippocampus (B and E)

wn as mean ± SEM (n = 3–4 mice/group, 4 histological sections from each mouse

le bars represent 400 mm (top four panels in A and D) and 100 mm (bottom two
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Figure 4. Improvements in recognition and workingmemory and reduced plaque count and plaque loadwith rh Bri2 BRICHOS R221E treatment inAppNL-G-F

mice

(A–F) Discrimination index (A) assessed during the NOR test to evaluate the recognition memory response in PBS- and rh Bri2 BRICHOS R221E-treated AppNL-G-Fmice. The

alternation frequency (B) during the Y maze test was assessed for working memory response in PBS- and rh Bri2 BRICHOS R221E-treated AppNL-G-Fmice (n = 11–12 mice/

group). Shown are representative images of PBS and rh Bri2 BRICHOS R221E-treated mice, stained with thioflavin S (C) or immunostained with 82E1 Ab antibody (E) for

amyloid plaques and histograms representing plaque count (D) analyzed from thioflavin S-stained brain slices and plaque load (F) analyzed from 82E1 anti-Ab antibody-

stained brain slices in the hippocampus and cortex regions. Data are represented as mean ± SEM (n = 4 mice/group, 4 histological sections per mouse for immunostaining).

Unpaired parametric two-tailed t test was used to calculate the p values. The scale bar represents 500 mm. A 0.40 value in the rh Bri2 BRICHOS R221E group was removed

as an outlier for (A). *p < 0.05, **p < 0.01, ***p < 0.001.
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mice. Rh Bri2 BRICHOS R221E-treated AppNL-G-F mice showed a
distinct reduction in Ab plaque count, as analyzed by thioflavin S
staining (Figures 4C and 4D), in the hippocampus and cortex. Ab pla-
que load, analyzed using Ab antibody immunostaining, was reduced
in rh Bri2 BRICHOS R221E-treated mice in hippocampus and cortex
regions (Figures 4E and 4F).
Reduced astrogliosis andmicrogliosis in AppNL-G-F mice after rh

Bri2 BRICHOS R221E treatment

Astrogliosis was evaluated by analyzing the expression of an astrocyte
marker, glial fibrillary acidic protein (GFAP), by immunostaining of
brain slices. In AppNL-G-Fmice treated with rh Bri2 BRICHOS R221E,
492 Molecular Therapy Vol. 31 No 2 February 2023
we observed a reduction in GFAP-positive astrocytes in hippocampus
and cortex regions compared with PBS controls (Figures 5A–5C).

Areas with GFAP-positive astrocytes often appeared as circular clus-
ters, indicating that they may surround the plaques. To address this,
we double-stained brain slices for GFAP and Ab, and the results show
abundant localization of GFAP-positive cells around Ab plaques. The
extent of colocalization was reduced in rh Bri2 BRICHOS R221E-
treated AppNL-G-F mice compared with PBS controls in hippocampus
and cortex regions (Figures 5D–5F).

Evidence from animal and human studies suggests involvement of
microglia in the pathological cascade of AD, and we used the



(legend on next page)
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microglial activation marker ionized calcium-binding adapter mole-
cule 1 (Iba1)35,36 to analyze rh Bri2 BRICHOS R221E- and PBS-
treated AppNL-G-F mice. A significant reduction in Iba1-positive mi-
croglia upon rh Bri2 BRICHOS R221E treatment compared with
PBS controls was seen in the hippocampus, whereas there was a trend
toward a reduction in the cortex (Figures 5G–5I).

Effects of rh Bri2 BRICHOS R221E treatment on aged AppNL-F

mice

Our results show that object recognition memory and short-term
working memory are improved in AppNL-G-F mice treated with rh
Bri2 BRICHOS R221E, paralleled by a robust reduction in Ab plaque
burden, astrocyte activation, and colocalization of GFAP and Ab,
whereas reduced microglia activation was observed in the hippocam-
pus but not in the cortex. Treatment ofAppNL-G-Fmice commenced at
about the same time as AD-relevant pathology started to develop,
making the approach difficult to translate to the goal of treating indi-
viduals with AD with already established pathology. We therefore
repeated that treatment schedule in AppNL-F mice but started the
treatment at an age when AD pathology is already well established
(Figure 3B). We also used a higher dose, 20 mg/kg intravenous rh
Bri2 BRICHOS R221E instead of 10 mg/kg used in the AppNL-G-F

mice, and the drug holiday period after the last dose until sacrifice
was 4 weeks instead of 2 weeks (Figures 3A and 3B).

InAppNL-Fmice, NORmemory and Ymaze tests showed no detectable
difference between the two treatment groups (Figures 6A and 6B).
Literature data on AppNL-F knockin mice show comparatively modest
behavioral and cognitive deficits compared with WT mice, also at old
age, which could make detection of behavioral improvements
difficult in this mouse model.31,32 However, we observed a lower
discrimination index in the NOR test in 22-month-old AppNL-F mice
than in 6-month-old AppNL-G-Fmice (Figures 4A and 6A). This differ-
ence could be explained by the difference in age between the mouse
models at the time of analyses, but it also suggests that the lack of effects
on NORmemory after rh Bri2 BRICHOS R221E treatment in AppNL-F

mice could be due to factors other than mild behavior and cognitive
pathology in this mouse model.

Regarding plaque burden, however, rh Bri2 BRICHOS R221E-treated
AppNL-F mice have lower thioflavin S-positive plaque counts
(Figures 6C and 6D) and a somewhat lower Ab-positive plaque load
(Figures 6E and 6F) in the cortex compared with PBS controls, but
in the hippocampus, no significant differences between the groups
were found (Figures 6C–6F). To evaluate the possibility that rh Bri2
Figure 5. Rh Bri2 BRICHOS R221E mitigates astrogliosis and microgliosis and

(A–I) Representative images of brain sections stained with anti-GFAP antibody (A and C

Shown are representative merged images of brain sections double stained using anti-Ab

and histograms representing percent colocalization of Ab and GFAP in the hippocamp

stained with anti-Iba1 antibody (G and I) and histograms showing Iba1-positive areas in th

BRICHOS R221E-treated AppNL-G-F mice (n = 4 mice/group, 4 histological sections pe

Scale bars represent 500 mm (A, D, and G) and 20 mm (C, F, and I). White arrows in (D

**p < 0.01.
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BRICHOS R221E treatment affects APP levels or processing, brain
cortex homogenates were analyzed for the amounts of full-length
APP and the ratio of APP derived C-terminal fragment a (CTFɑ)
and CTFb in rh Bri2 BRICHOS R221E-treated and PBS-treated con-
trol mice (Figure S1). No differences were seen in APP levels or ratio
of APP processing products between rh Bri2 BRICHOS R221E- and
PBS-treated mice, which supports the hypothesis that the reduced
Ab plaque burden (Figures 4 and 6) is the result of rh Bri2
BRICHOS R221E effects on Ab fibril formation.

Regarding effects on gliosis inAppNL-Fmice, GFAP immunostaining of
brain slices showed that activated astrocytes were reduced in rh Bri2
BRICHOSR221E-treatedmice compared with PBS controls in the cor-
tex but not in the hippocampus (Figures 7A–7C). The extent of GFAP
and Ab colocalization was, however, reduced in rh Bri2 BRICHOS
R221E-treated mice in cortex and hippocampus regions compared
with PBS controls (Figures 7D–7F). Microgliosis in AppNL-F mice, as
measured by Iba1 staining, was significantly reduced in the cortex,
and a trend toward reduction was seen in the hippocampus after rh
Bri2 BRICHOS R221E treatment compared with PBS controls
(Figures 7G–7I).

DISCUSSION
Intravenous administration of rh Bri2 BRICHOS R221E for 10–
12 weeks in App knockin mouse models results in apparent accumu-
lation of the protein in the brain, including in neurons (Figure 2), and
the treatment regimen is well tolerated (Figure 3) and improves mul-
tiple AD features in the mice (Figure 8). Treatment of AppNL-G-Fmice
with rh Bri2 BRICHOS R221E resulted in significant improvements
in all AD-relevant features measured, whereas for AppNL-F mice no
effects were seen on learning and memory, and reduced plaque
burden and gliosis were only seen in the cortex (Figure 8). These
differences can have several explanations, such as more aggressive
development of AD pathology in AppNL-G-F mice, different doses of
rh Bri2 BRICHOS R221E given, different durations between the last
dose and biochemical analyses, as well as more time elapsed after
AD-like pathology was established in AppNL-F mice until treatment
was started compared with AppNL-G-F mice. The Ab42 levels
increase almost two orders of magnitude from 9 to 19 months of
age in AppNL-F mice,31 and it is likely that AD pathology features
become treatment resistant with increasing age. The treatment
efficacy differences between the two mouse models correlate well
with the amount of Bri2 BRICHOS detected in brain tissue after
the end of treatment; AppNL-G-F mice show more robust Bri2
BRICHOS staining than AppNL-F mice, in particular in the
reduces colocalization of Ab and GFAP in AppNL-G-F mice

) and histograms showing a GFAP-positive area in the hippocampus and cortex (B).

and anti-GFAP antibodies and counterstained with Hoechst nuclear stain (D and F)

us and cortex regions (E). Also shown are representative images of brain sections

e hippocampus and cortex (H). Data are shown asmean ± SEM for PBS- and rh Bri2

r mouse). Unpaired parametric two-tailed t test was used to calculate the p values.

) identify examples of Ab and GFAP colocalized spots visible in yellow. *p < 0.05,



Figure 6. Reduced plaque counts and plaque load in the cortex region of the brain with no change in memory functions with rh Bri2 BRICHOS R221E

treatment in AppNL-F mice

(A–F) Discrimination index (A) assessed during the NOR test to evaluate the recognition memory response in PBS- and rh Bri2 BRICHOS R221E-treated AppNL-F mice. The

alternation frequency (B) during the Ymaze test was assessed for working memory response in PBS- and rh Bri2 BRICHOS R221E-treated AppNL-Fmice (n = 8mice/group).

Shown are representative images of PBS- and rh Bri2 BRICHOS R221E-treated mice, stained with thioflavin S (C) or immunostained with 82E1 anti-Ab antibody (E) for

amyloid plaques. Histograms represent plaque count analyzed from thioflavin S-stained brain slices (D) and plaque load analyzed from 82E1 anti-Ab antibody-stained brain

slices (F) in hippocampus and cortex regions (n = 5 mice/group, 4 histological sections per mouse). Data are represented as mean ± SEM. Unpaired parametric two-tailed t

test was used to calculate the p values. Scale bars represent 500 mm. *p < 0.05, **p < 0.01.
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hippocampus (Figure 2). AppNL-F mice received higher doses of rh
Bri2 BRICHOS R221E, but, on the other hand, the time period be-
tween the last dose and biochemical analyses was longer than in
AppNL-G-F mice (Figure 3). In AppNL-F mice, Bri2 BRICHOS staining
is more pronounced in the cortex than in the hippocampus (Figure 2),
which correlates with the biochemical effects seen in the cortex region
in this mouse model (Figure 8).

A growing body of evidence indicates that inflammatory reactions
have a crucial role in the pathogenesis of AD, and reactive astrocytes
and microglia are commonly found in proximity of Ab plaques in
AD.37–40 A recent study in AppNL-G-F mice and humans using spatial
transcriptomics and in situ sequencing showed that specific genes are
induced in the tissue surrounding plaques.41 With this in mind, it is
interesting that one feature that was robustly affected in AppNL-G-F

and AppNL-F mice in our study was astrocyte activation in the close
vicinity of Ab plaques (Figures 5D–5F, 7D–7F, and 8). This raises
the possibility that plaques provide surfaces for generation of
soluble toxic Ab species and that rh Bri2 BRICHOS R221E efficiently
interferes with the generation of such species.

Adenovirus-mediated transgenic overexpression of Bri2 BRICHOS in
transgenic APP/presenilin 1 mice for 8 months had qualitatively
similar effects on Ab plaque load and astrogliosis42 as the effects
observed here after intravenous administration of rh Bri2 BRICHOS
R221E to AppNL-G-F mice and AppNL-F mice. These observations
support the hypothesis that the treatment effects seen here are
mediated by the BRICHOS domain. For anti-Ab antibodies used in
clinical trials, reported effects in transgenic AD mouse models are
limited to reduced plaque burden, but passive immunization against
Ab in general has shown improvement in behavior as well.43,44 The re-
sults for rh Bri2 BRICHOS R221E and monoclonal antibodies have
Molecular Therapy Vol. 31 No 2 February 2023 495
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Figure 7. Rh Bri2 BRICHOS R221E mitigates astrogliosis and microgliosis and reduces colocalization of Ab and GFAP in AppNL-F mice

(A–I) Representative images of brain sections stained with anti-GFAP antibody (A and C) and histograms showing GFAP-positive areas in the hippocampus and cortex with

n = 5 mice/group, 4 histological sections per mouse (B). Shown are representative merged images of brain sections double stained using anti-Ab and anti-GFAP antibodies

and counterstained with Hoechst nuclear stain (D and F) and histograms representing percent colocalization of Ab and GFAP in hippocampus and cortex regions with n = 4

(legend continued on next page)
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Figure 8. Overview of results of rh Bri2 BRICHOS

R221E treatment of two App knockin AD mouse

models

Shown is a schematic of rh Bri2 BRICHOS R221E

treatment and effects obtained after treatment in AppNL-

G-F and AppNL-F mice. CTX, cortex; HP, hippocampus.

Arrows and signs indicate an increase, decrease, or no

change in the features measured after rh Bri2 BRICHOS

R221E treatment compared with PBS-treated controls.

The figure was created using BioRender.
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been obtained using different treatment schemes and different AD
mouse models, and they can therefore not be directly compared. The
recently reported higher efficiency of BRICHOS in reducing genera-
tion of Ab42 oligomers in vitro compared with antibodies used in
AD clinical trials 45 indicate that further comparative studies using
in vivo models are warranted. Several studies have shown that the
BRICHOS domain potently blocks Ab42-mediated reduction of g os-
cillations in mouse hippocampal slices in vitro.19,21,24,29,30 g Oscilla-
tions are reduced in individuals with AD and in AppNL-G-F mice, and
g stimulation ameliorates AD-associated pathology and improves
cognition in AD mouse models.46–49

This is the first study showing the effects of intravenous treatment
with rh Bri2 BRICHOS R221E in AD mouse models, and several fea-
tures were studied, including behavior, plaque burden, and gliosis, but
a few parameters were included for each feature (Figure 8). This lim-
itation can be addressed in future studies, in which additional mech-
anisms potentially mediated by the BRICHOS domain in vivo can be
revealed. For example, single-cell transcriptome sequencing50 of
BRICHOS-treated mice compared with controls can give valuable in-
formation on gene products and pathways that are associated with the
observed reduction in AD-like pathology.
mice/group, 4 histological sections per mouse (E). White arrows in (D) identify examples of yellow (i.e., Ab and GFAP

of brain sections stained with anti-Iba1 antibody (G and I) and histograms showing Iba1-positive areas in the hip

sections per mouse) (H). Data are shown asmean ±SEM. Unpaired parametric two-tailed t test was used to calcula

(A, D, and G) and 20 mm (C, F, and I). *p < 0.05, ***p < 0.001.

Molec
MATERIALS AND METHODS
Study design

Female AppNL-G-Fmice were treated for 12 weeks
with intravenous injections of PBS or rh Bri2
BRICHOS R221E (10 mg/kg, n = 12/group)
every fifth day (total of 17 injections) starting
from an age of 3 months. One mouse in the
R221E group died before the last injection. Fe-
male AppNL-F mice received PBS or rh Bri2
BRICHOS R221E (20 mg/kg of body weight,
n = 10/group) injections intravenously twice
every week for 10 weeks from the age of
19 months. Twomice from each group died after
receiving the 14th–16th injections. All mice were
caged in groups of 3–5 individuals, and the light-dark condition was
12:12 h (lights on at 08:00). Mice were randomly divided for PBS or
rh Bri2 BRICHOS R221E administration. The mice were anesthetized
using 2%–4% isoflurane and injected with PBS or rh Bri2 BRICHOS
R221E with slow infusion. The study used a battery of behavior and
biochemical assays to determine the treatment effects (Figures 2A
and 2B). The experimenters assessing the behavior and biochemical as-
says were blinded to the intervention group. The behavior experiments
were conducted during the light phase (10:00–18:00). The numbers for
all biological repeats are given in the respective section. Outliers were
detected using the Rout method (Q = 1%) or Grubbs method (alpha =
0.2) using Prism 8 (GraphPad, CA, USA) and removed as reported in
the respective figure legends. All animal handling and experimental
procedures were carried out in the animal facility, Huddinge Campus,
Karolinska Institutet, according to local ethics guidelines and approved
by Södra Stockholm’s Djurförsöksetiska Nämnd (dnr S 6–15) and
Linköping’s animal ethical board (ID 855).

Recombinant protein expression and purification

A gene fragment encoding rh NT*-Bri2 BRICHOS R221E fusion pro-
tein, where NT* is a solubility tag51 followed by human Bri2 residues
113–231, was cloned and expressed as described.30 The protein was
colocalized) spots. Also shown are representative images

pocampus and cortex (n = 4–5 mice/group, 4 histological

te the p value for all analyses. Scale bars represent 500 mm
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expressed in Shuffle T7-competent Escherichia coli cells that were
grown in lysogeny broth (LB) medium supplemented with
15 mg/mL kanamycin at 30�C. When optical density 600 (OD600)
reached �0.9, the temperature was lowered to 20�C, and overnight
protein expression was induced by addition of 0.5 mM isopropyl
b-D-1-thiogalactopyranoside (IPTG). Cells were harvested by centri-
fugation (3,000 � g, 4�C), and cell pellets were re-suspended in
20 mM Tris-HCl (pH 8.0), followed by 5-min sonication (2 s on,
2 s off, 65% power, on ice). The lysate was centrifuged (24,000 � g,
4�C) for 30 min, and the supernatant containing the target protein
was purified with an immobilized metal affinity chromatography
(IMAC) column (Ni Sepharose 6 Fast Flow; GE Healthcare, UK)
equilibrated with 20 mM Tris-HCl (pH 8.0). The fusion protein
was eluted with 300 mM imidazole in 20 mM Tris-HCl (pH 8.0)
and dialyzed (regenerated cellulose [RC], 6- 8-kDa membrane; Spec-
trum Lab) against 20 mM Tris-HCl (pH 8.0) overnight in a cold
room. To remove the His6-NT* part, the fusion protein was incubated
with thrombin (1:600 enzyme-to-substrate weight ratio, Merck) for
72 h at 4�C, and then the proteins were re-applied onto a second
IMAC column to remove the His6-NT* tag. After concentration using
a 10-kDa Vivaspin 20 column (GE Healthcare, UK) at 4,000 � g
(4�C), the monomeric rh Bri2 BRICHOS R221E fractions were iso-
lated by Superdex 75 PG column (GE Healthcare, UK) using an
ÄKTA system (GE Healthcare, UK). The final monomeric proteins
were dialyzed against filtered and autoclaved 1� PBS (pH 7.4),
concentrated in a 5-kDa Vivaspin 20 column (GE Healthcare, UK)
to the desired concentration, and filtered through a 0.2-mm Millex-
GV filter (Merck Millipore, Ireland). The final purity of rh mono-
meric Bri2 BRICHOS R221E was evaluated by Coomassie staining af-
ter SDS-PAGE.

Ab42Arc monomer preparation and fibrillization

The recombinant Ab(1–42) E22G mutant (Ab42Arc) was produced in
BL21(DE3) E. coli cells and purified using the same protocol as forWT
Ab42.34 Briefly, Ab42Arc was expressed fused to the solubility tag NT*.
Immobilized-metal affinity chromatography-purified NT*-Ab42Arc

was cleaved by tobacco etch virus (TEV) proteinase in a cold room
overnight and lyophilized. The lyophilized powder was re-dissolved
in 7 M Gdn-HCl, and Ab42Arc monomers were isolated by a Superdex
30 column 26/600 (GE Healthcare, UK) in 20 mM sodium phosphate
(pH 8.0) with 0.2 mM EDTA. The concentration of monomeric
Ab42Arc was calculated with an extinction coefficient of 1,424 M�1

cm�1 for (A280�A300).

For testing effects on Ab42Arc fibril formation, 20 mL solution con-
taining 10 mM thioflavin T (ThT), 4.5 mM Ab42Arc monomer, and
different concentrations of rh Bri2 R221E monomers at molar ratios
of 0%, 6%, 20%, 35%, 45%, or 65% relative to the Ab42Arc monomer
were added to each well of half-area 384-well microplates (Corning
Glass 3766, USA) and incubated at 37�C under quiescent conditions.
ThT fluorescence was recorded using a 440-nm excitation filter and
480-nm emission filter with a microplate reader (FLUOStar Galaxy;
BMG Labtech, Offenberg, Germany). For all experiments, fibrilliza-
tion traces were normalized and averaged using four replicates. A
498 Molecular Therapy Vol. 31 No 2 February 2023
detailed analysis of the effects of rh Bri2 BRICHOS on
Ab42Arc fibril formation was recently published.52

Analysis of serum half-life and BBB passage of rh Bri2 BRICHOS

R221E

Three-month-old C57BL/6NTac (Taconic, Denmark) mice and
11-month-old C57BL/6J mice (Janvier Labs, France) were kept under
controlled humidity and temperature on a 12-h light-dark cycle and
group housed (seven per cage) with food and water available ad libi-
tum. 3 mice received a single intravenous (i.v.) injection of rh Bri2
BRICHOS R221E monomers, 20 mg/kg, or an equal volume of
PBS, into the lateral tail vein by using a 0.3-mL syringe with a 30G
needle. Before the injections, the mice were placed in a single cage un-
der a heat lamp for 5 min to dilate the tail veins. The 3-month-old
mice were anesthetized with isoflurane and intracardially perfused
with 40 mL of saline (0.9% NaCl) 1, 2, or 6 h after the injections.
11-month-old mice received single i.v. injections of rh Bri2
BRICHOS R221E monomers or of rh WT Bri2 BRICHOS-AU1,28

10 or 20 mg/kg, or an equal volume of PBS. They were anesthetized
and perfused 2 h after the injections. Brains were quickly removed,
snap frozen in dry ice, and stored at �80�C until analysis.

Blood samples from 3-month-old mice (n = 5) were collected from
the tail vein 5, 30, 60, 120, and 360 min after rh Bri2 BRICHOS
R221E monomers were injected. The lateral tail vein was punctured
using a 27G needle, and 50–100 mL of blood was collected at each
time point. Blood samples were coagulated and centrifuged at 4�C
for 10 min at 3,000 rpm, and serum was collected and stored at
�20�C. Before analysis, the samples were diluted 1:5 in 1� PBS.

Mouse brains were homogenized in 50 mM Tris-HCl (pH 7.4),
150 mM NaCl, 1.0% (v/v) Triton X-100, 0.1% (w/v) SDS, and
10mMEDTA supplemented with protease inhibitors and centrifuged
at 4�C for 30 min at 14,000 rpm, and then the supernatant was
collected and stored at �20�C. The protein concentrations were
determined by the Bradford method. Serum samples were prepared
in denaturing buffer containing 2% SDS, 0.03 M Tris, 5%
2-mercaptoethanol, 10% glycerol, and bromophenol blue and heated
for 10 min at 96�C. The sample volume for serum was normalized so
that 100 mg total proteins were loaded per well. Samples were sepa-
rated on 10% SDS-PAGE gel under reducing conditions and blotted
onto a nitrocellulose membrane (GE Healthcare). Brain samples were
prepared in 5� SDS reducing buffer at a ratio of 1:5 and heated at
97�C for 10 min. The sample volume for brain homogenate was
adjusted to give 10.3 mg/mL, and 20–150 mg protein was loaded per
well. Samples were separated on 16.5% SDS-PAGE gel and blotted
onto a nitrocellulose membrane (GE Healthcare). After blotting, the
membranes were heated in PBS for 2 min and blocked overnight at
4�C in 5%milk/PBS for 1 h for serum samples and in Intercept block-
ing buffer for brain homogenates, followed by overnight incubation at
4�C with an in-house goat anti-Bri2 BRICHOS antibody (1:300) in
5% milk, 0.1% Tween/PBS for serum samples or (1:400) in Intercept
blocking buffer for brain samples incubated for 2 h at room temper-
ature (RT). The membranes were washed three times with 0.1%
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Tween/PBS and incubated for 1 h at RT with a secondary anti-goat
antibody (1:10,000) for serum samples or IRDye 800CW donkey
anti-goat immunoglobulin G (IgG) secondary antibody (LI-COR Bio-
sciences, USA) (1:10,000) for brain samples. After washing, images
were acquired using a fluorescence imaging system (LI-COR Biosci-
ences, Odyssey CLx), and band intensity was measured with ImageJ
software. For detection and quantification of rh WT Bri2
BRICHOS-AU1, see the procedures described by Tambaro et al.28

Serum half-lives were calculated after densitometric analysis of the rh
Bri2 BRICHOS R221E band intensities with ImageJ. The concentra-
tions were expressed as relative intensities and normalized for each
curve to the sample intensity at 5 min. The apparent half-life was ob-
tained usingGraphPadPrismby anon-linear one-phase decay analysis.

Bri2 BRICHOS and Ab double staining

Immunohistochemistry staining for Bri2 BRICHOS and Ab was per-
formed in 5-mm-thick coronal sections of paraffin-embedded rh Bri2
BRICHOS R221E-treated AppNL-G-F and AppNL-F mouse brain tissue.
The sections were de-paraffinized in xylene and re-hydrated in graded
alcohol series from 99% to 70%. Brain sections were pre-treated for
antigen retrieval in DIVA Decloaker 1� solution (Biocare Medical)
in a pressure cooker (Biocare Medical) at 110�C for 30 min. The
slides were cooled down at RT for 30 min, washed with Tris-
buffered saline containing 0.05% Tween 20 (TBS-T), and incubated
with peroxidase blocking solution (Dako) for 5 min. After washing
in TBS-T, brain sections were blocked with Background Punisher
(Dako) for 10 min. Subsequently, the slides were incubated with a so-
lution containing the primary antibodies (rabbit anti-Bri2 BRICHOS
antibody, 1:100 [Atlas], and mouse 82E1 anti-Ab antibody, 1:800
[IBL]) diluted in Dako (Agilent Technologies) antibody diluent over-
night at 4�C. After washing with TBS-T, the sections were incubated
for 30 min at RT with MACH 2 Double Stain 2 secondary cocktail
containing polymer alkaline phosphatase (AP)-conjugated goat
anti-rabbit antibody and polymer horseradish peroxidase (HRP)-
conjugated goat anti-mouse antibody (Biocare Medical). HRP immu-
noreactivity was detected by permanent green (Biosite), and AP was
visualized with permanent red kit (Biosite) solution. The sections
were counterstained in hematoxylin Mayer, de-hydrated, cleared in
xylene, and mounted with DEPEX mounting medium (Merck). Im-
ages were acquired using a Nikon Eclipse E800 light microscope
linked to a high-resolution camera using a 20� objective and 40�
objective and analyzed on ImageJ software (National Institutes of
Health, MD).

Behavior studies

Novel object recognition

The arena was a square plastic box (35 � 35) with 20-cm walls. Each
mouse was gently placed in a corner facing the opaque wall and allowed
to freely explore for 5 min for habituation. After a gap of 2 h, mice were
placed in same open box with two similar sample objects (Lego) placed
diagonally near the corners of the box and allow to explore them freely.
The next day, one of the objects was replaced with another object (egg
timer), andmice were allowed to explore the two objects for 5 min. The
behavior of each mouse was video monitored and analyzed using
EthoVision XT software (Noldus, Wageningen, the Netherlands). The
arena was cleaned with 70% alcohol after each session. The discrimina-
tion index was calculated by dividing the time spent exploring the new
object over the total time spent exploring both objects.

Y maze

The Y maze apparatus, made of gray plastic, consisted of three com-
partments (36 � 15 cm) that extended from a center platform
(15� 15� 15 cm). Each mouse was placed in one arm facing the cen-
ter of themaze and then allowed to explore freely for 5min. The appa-
ratus was cleaned with 70% ethanol to remove any odor cues between
each session. The alternation frequency was determined by dividing
the number of altered entries, i.e., not entering a recently visited
arm, by the total number of entries-1.

Thioflavin S staining

Coronal sections of 5-mm thickness at the level of the hippocampus
were obtained on Superfrost Plus microscope glass slides from
paraffin-embedded brain tissue using a microtome and allowed to
dry at 37�C overnight. Sections were deparaffinized by washing in
xylene and in decreasing (99–70%) concentrations of ethanol, fol-
lowed by staining with 1% filtered thioflavin S prepared in distilled
water for 1 h in the dark at RT. The sections were washed in 70%
and 95% ethanol, followed by washing with distilled water. The sec-
tions were then incubated with Hoechst nuclear stain, followed by
washing with PBS-T three times and covered with PermaFluor wa-
ter-soluble mounting medium. The sections (4 sections/mouse)
were then visualized with a Nikon Eclipse E800 confocal microscope
and imaged (Nikon DS-Qi2 camera) at 2� magnification. Plaques
were counted (by a blinded observer) from the total surface of the cor-
tex and hippocampus region.

Tissue preparation and immunofluorescence

Mouse tissue sections on glass slides were deparaffinized by washing
in xylene and in decreasing (99%–70%) concentrations of ethanol.
For antigen retrieval, slides were pressure boiled in citrate buffer so-
lution (0.1 M citric acid and 0.1 M sodium citrate) at 110�C for 5 min
and then washed with tap water, followed by PBS-T 0.05% for 5 min
each. Sections were then incubated with TNB blocking buffer (0.1 M
Tris-HCl [pH 7.5], 0.15 M NaCl, and 0.5% blocking reagent;
PerkinElmer, USA) or NGS (normal goat serum; Vector Laboratories,
USA) for 30 min at RT. The brain sections were then incubated with
anti-Ab (82� 101; IBL, USA) 1:2,000 in TNB buffer, anti-GFAP (Agi-
lent Technologies, USA) 1:500 in TNB buffer, or anti-Iba1 (Fujifilm
Wako, Japan) 1:250 in NGS at 4�C overnight. Thereafter, sections
were incubated with biotinylated anti-mouse or anti-rabbit antibodies
(Vector Laboratories, UK) 1:200 in TNB buffer or NGS for 2 h at RT
and then incubated with HRP-conjugated streptavidin (PerkinElmer;
USA) 1:100 in TNB buffer or NGS for 30 min. For signal amplifica-
tion, samples were incubated for 10 min in tyramide (PerkinElmer,
USA) 1:50 in amplification reagent. Finally, samples were incubated
for 15 min with slow agitation with Hoechst solution, 1:3,000, in
PBS-T, followed by mounting with PermaFluor aqueous mounting
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medium (Thermo Scientific, USA), and dried overnight. Between
each incubation step, samples were washed three times in PBS-T
for 5 min with slow agitation. The sections (4 per mouse) were
then visualized with a Nikon Eclipse E800 confocal microscope and
imaged with a Nikon DS-Qi2 camera at 2� and 10� magnification
for further analysis using ImageJ software (National Institutes of
Health, MD, USA).

Western blotting

Cortex tissue (n = 6/group) was homogenized in RIPA buffer
(Thermo Fisher Scientific, USA) with complete protease inhibitor
mixture (Sigma-Aldrich, USA). The supernatants obtained were sub-
jected to protein concentration determination using the Bradford
protein assay (Bio-Rad, USA). 50 mg protein was then loaded onto
4%–20% precast gels (Bio-Rad, USA) and transferred to a 0.2-mmpol-
yvinylidene fluoride (PVDF) membrane (Amersham Hybond, GE
Healthcare, Germany). Membranes were blocked with 5% skim
milk in TBS-T (0.05% Tween 20), probed with anti-Ab1–16 (6E10;
BioLegend, USA) 1:1,000, kept overnight at 4�C, and then incubated
with anti-mouse IgG HRP conjugated 1:5,000 (GE Healthcare, UK).
Membranes were washed with TBS-T three times after each incuba-
tion step. For CTF ɑ/b fragments of APP, cortex tissue was homoge-
nized in 4� PIPES buffer (Sigma-Aldrich, USA), followed by ultra-
centrifugation at 70,000 rpm for 30 min. The pellet obtained was
resuspended in PIPES buffer and measured for protein concentration
using a Bradford protein assay. 2.5 mg/mL protein was incubated at
37�C for 30 min, followed by chloroform/methanol 2:1 (v/v) and
extraction with gentle mixing for 30 min. To the white interface ob-
tained after centrifugation (15,000 rpm, 15 min), chloroform/meth-
anol 2:1 (v/v) was added with gentle mixing for 1 h, followed by
centrifugation (15,000 rpm, 15 min). The pellet was dried using
SpeedVac for 2min, resuspended in sample buffer (SDS sample buffer
containing 9 M urea), and kept overnight at RT. 40 mg protein was
then loaded onto 8%–16% precast gels (Bio-Rad, USA), transferred
to a 0.2-mm nitrocellulose membrane, and probed with anti-APP
C-terminal antibody (Sigma-Aldrich, USA) 1:5,000 for detection of
CTFɑ/b fragments of APP. Anti-b-actin (Sigma-Aldrich, USA)
1:3,500 was used as a loading control. Protein bands were visualized
using Amersham Imager 600 (GE Healthcare), and band intensity
was measured with ImageJ software and normalized with a loading
control.

Statistical analysis

Statistical comparisons were performed using Prism 8 (GraphPad,
CA, USA). Normality was checked using a Shapiro-Wilk test. Data
across different time points were analyzed by two-way ANOVA
with Bonferroni correction for multiple comparisons. All other data
were analyzed by multiple t test or two-tailed Student’s t test. In cases
where four different immunostained sections from the same mouse
were analyzed (Figures 2 and 4–7), individual variabilities were
considered, and the total variance was derived using a pooled variance
approach. Analysis of these data was also carried out in R v.4.1.153

with the added packages lme4,54 emmeans,55 and ggplot2.56 The ef-
fect of treatment on the amount of plaque was then analyzed using
500 Molecular Therapy Vol. 31 No 2 February 2023
a linear mixed-effects model with a fixed effect of treatment and
random intercept effects of mouse ID and slice number, using the
lmer function from the lme4 package. Variability of the estimates
was reported as standard error of the mean (SEM), and p < 0.05
was considered statistically significant.

SUPPLEMENTAL INFORMATION
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Supplementary Fig. S1. Full-length APP and its processed forms levels remain unchanged 

after Rh Bri2 BRICHOS R221E treatment in AppNL-F mice.  

Representative western blots (A) and histograms (B, C) showing levels of full-length APP (FL-

APP) and ratio of APP derived C-terminal fragments (CTFα and CTFβ) in cortex of PBS and rh 

Bri2 BRICHOS R221E treated AppNL-F mice (n=6-7 mice/group). Data are represented as Mean 

± SEM. Unpaired parametric two-tailed t-test was used to calculate the p-values. 

 


	Intravenous treatment with a molecular chaperone designed against β-amyloid toxicity improves Alzheimer’s disease pathology ...
	Introduction
	Results
	Rh Bri2 BRICHOS R221E effects on Arctic Aβ42 fibril formation in vitro, serum half-life, and BBB passage in mice
	Treatment of AppNL-G-F and AppNL-F mice with intravenous rh Bri2 BRICHOS is well tolerated
	Improved recognition and working memory in rh Bri2 BRICHOS R221E-treated AppNL-G-F mice
	Attenuation of Aβ plaque burden in AppNL-G-F mice with rh Bri2 BRICHOS R221E treatment
	Reduced astrogliosis and microgliosis in AppNL-G-F mice after rh Bri2 BRICHOS R221E treatment
	Effects of rh Bri2 BRICHOS R221E treatment on aged AppNL-F mice

	Discussion
	Materials and methods
	Study design
	Recombinant protein expression and purification
	Aβ42Arc monomer preparation and fibrillization
	Analysis of serum half-life and BBB passage of rh Bri2 BRICHOS R221E
	Bri2 BRICHOS and Aβ double staining
	Behavior studies
	Novel object recognition

	Y maze
	Thioflavin S staining
	Tissue preparation and immunofluorescence
	Western blotting
	Statistical analysis

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


