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Targeting toxicity associated with 3-amyloid (A 8) misfolding
and aggregation is a promising therapeutic strategy for prevent-
ing or managing Alzheimer’s disease. The BRICHOS domains
from human prosurfactant protein C (proSP-C) and integral
membrane protein 2B (Bri2) efficiently reduce neurotoxicity
associated with A B42 fibril formation both iz vitro and in vivo.
In this study, we evaluated the serum half-lives and permeability
into the brain and cerebrospinal fluid (CSF) of recombinant
human (rh) proSP-C and Bri2 BRICHOS domains injected
intravenously into WT mice. We found that rh proSP-C
BRICHOS has a longer blood serum half-life compared with rh
Bri2 BRICHOS and passed into the CSF but not into the brain
parenchyma. As judged by Western blotting, immunohisto-
chemistry, and ELISA, rh Bri2 BRICHOS passed into both the
CSF and brain. Intracellular immunostaining for rh Bri2 BRI-
CHOS was observed in the choroid plexus epithelium as well as
in the cerebral cortex. Our results indicate that intravenously
administered rh proSP-C and Bri2 BRICHOS domains have dif-
ferent pharmacokinetic properties and blood—brain/blood-
CSF permeability in mice. The finding that rh Bri2 BRICHOS
can reach the brain parenchyma after peripheral administration
may be harnessed in the search for new therapeutic strategies for
managing Alzheimer’s disease.

Many neurodegenerative disorders such as Parkinson’s dis-
ease, Huntington’s disease, and Alzheimer’s disease (AD)? are
strongly linked with the accumulation of specific misfolded
proteins (1). AD is the most common neurodegenerative dis-
ease, and it is characterized by the presence in the brain of
extracellular plaques of B-amyloid (AB) peptide and by intra-
cellular tangles of hyperphosphorylated tau proteins (2). The
causes of AD are not clear, but the “amyloid cascade hypothe-
sis” has been brought forward as one driving factor. The levels
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of A start to increase 20 years before onset of the disease and
lead to formation of B-sheet oligomers and fibrils that contrib-
ute to the onset of AD (3, 4). The A peptide is derived from the
AP precursor protein (ABPP), an integral membrane protein,
by sequential proteolytic processing by - and y-secretases.
The 7y-secretase cleaves ABPP in the transmembrane region,
resulting in A peptides of varying length, most commonly 40
or 42 residues, of which the AD-associated AB42 is the more
neurotoxic and aggregation-prone variant. Mutations in APP
and in the enzymatic component of y-secretase, presenilin 1,
increase the levels of AB42 and cause early-onset familiar AD.
Soluble oligomers of Af have been suggested as key compo-
nents for causing synaptic and cognitive dysfunction because
the correlation between synaptic loss and levels of soluble A3
species is stronger than the correlation with plaque levels (5).
To date, no curative therapies for AD exist; the current treat-
ments only alleviate the symptoms of the disease and are effec-
tive merely in the early stages (6).

The BRICHOS domain consists of about 100 amino acid res-
idues and has been found in more than 10 human transmem-
brane protein families, which are processed by proteolysis into
fragments with different biological functions (7, 8). The differ-
ent BRICHOS-containing proteins show overall low sequence
conservation but have a conserved architecture (9) consisting
of an N-terminal cytosolic part, a transmembrane part, a linker,
the BRICHOS domain, and, in all cases except prosurfactant
protein C (proSP-C), a C-terminal region that has a high pre-
dicted B-sheet propensity (8, 10). ProSP-C instead has a
uniquely B-prone transmembrane region (11). Recombinant
BRICHOS domains from the proteins associated with amyloid
lung disease (proSP-C) and brain amyloid and dementia (inte-
gral membrane protein 2B (ITM2B or Bri2)) efficiently delay
AB42 fibril formation in vitro (9, 12—15). The rh proSP-C
BRICHOS domain specifically blocks the surface-catalyzed sec-
ondary nucleation step during AB42 fibril formation (16),
whereas rh Bri2 BRICHOS inhibits both the secondary nucle-
ation and A 342 fibril elongation steps (17, 18). In recent in vivo
studies, overexpression of proSP-C or Bri2 BRICHOS delayed
AB42 aggregation and improved the lifespan and locomotor
function in a Drosophila melanogaster AD model (19, 20).

Although proSP-C is exclusively expressed in the alveolar
epithelium (21, 22), Bri2 is ubiquitously expressed, and in the
brain it is particularly abundant in CA1 pyramidal neurons (23,
24). Altered levels of Bri2 together with its processing enzymes
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Figure 1. Overview of the study. Timeline of rh proSP-C and Bri2 BRICHOS injections and sampling of blood, CSF, and brain tissue for the different

experiments.

and the homologue Bri3 (also called ITM2C) have been
detected in the hippocampus of post-mortem AD cases (25, 26).
Furthermore, the secreted Bri2 BRICHOS domain has been
found to be associated with amyloid plaques (25).

Based on these findings, the BRICHOS domain has emerged
as a new candidate among therapeutic strategies against AD.
However, the neuroprotective function of the blood— brain bar-
rier (BBB) together with the blood— cerebrospinal fluid barrier
(BCSEFB) represents a potential major obstacle for the delivery
of BRICHOS into the central nervous system (CNS). The BBB
consists of brain capillary endothelial cells joined together by
tight junctions and surrounded by pericytes, astrocytes, and
neuronal cells (27). Choroid plexus epithelial cells form the
BCSFB, which is more permissive than the BBB (28). The BBB
and BCSFB, as physical barriers, restrict the compounds that
reach the CNS and prevent many valuable therapeutic mole-
cules from reaching their targets in the CNS. However, several
peptides and proteins can cross the BBB by transendothelial
diffusion (29, 30, 31), and antibodies can cross the BBB after
peripheral injection by mechanisms related to adsorptive endo-
cytosis/transcytosis (32, 33).

In this study, we evaluated the serum half-life and BBB/
BCSFB permeability of rh proSP-C and Bri2 BRICHOS after
intravenous (i.v.) administration in WT mice. rh Bri2
BRICHOS forms different quaternary structures with
distinct chaperone functions (18), and here we investigated rh
Bri2 BRICHOS monomers, dimers, and oligomers individually.
Both rh proSP-C and Bri2 BRICHOS were detected in the CSF,
but only rh Bri2 BRICHOS domains reached the brain paren-
chyma after peripheral administration.

Results
Study design

The serum half-life and permeability through the BBB and
BCSEB of rh proSP-C and Bri2 BRICHOS domains was studied
by injecting them into the lateral tail vein of adult WT mice.
Blood and CSF samples were collected and analyzed at different
time points, as schematized in Fig. 1. The presence of injected
rh BRICHOS domains in the brain parenchyma was evaluated
by Western blots with or without prior immunoprecipitation,
ELISA, and immunohistochemistry. The penetrance of rh
BRICHOS domains into the CSF was assessed by Western blot-
ting. The detection of rh proSP-C BRICHOS in the brain was
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not expected to be affected by the presence of the endogenous
protein because proSP-C is exclusively expressed in the lungs
(21, 22).

To avoid the risk of interference with endogenous Bri2 pres-
ent in brain tissue, an AU1 tag was added to rh Bri2 BRICHOS.
The six-amino-acid-long AUI tag was placed at the C-terminal
end, and rh Bri2 BRICHOS-AU1 showed very similar chro-
matographic behavior and inhibitory effects against A 342 fibril
formation as WT rh Bri2 BRICHOS. In addition, Western blot
analysis showed that there is no cross-reactivity between rh
Bri2 BRICHOS and anti-AU1 antibodies (Fig. S1).

Serum half-lives of the rh Bri2 and proSP-C BRICHOS domains

The apparent serum half-lives of all tested rh BRICHOS
domains were evaluated based on relative band intensities from
Western blot analysis of blood samples withdrawn from the
injected mice. The half-lives were calculated from the disap-
pearance of the monomeric forms identified by reducing SDS-
PAGE at 18 kDa for rh proSP-C and 17 kDa for rh Bri2
BRICHOS-AUT1 (Fig. 2). rh proSP-C BRICHOS showed a half-
life of 68 min in serum, which is significantly higher compared
with 43 min for rh Bri2 BRICHOS-AU1 mixture and 32, 39, and
38 min for isolated rh Bri2 BRICHOS-AU1 monomers, dimers,
and oligomers, respectively (Fig. 2, A-F). The differences in
half-lives between the isolated rh Bri2 BRICHOS-AU1 forms
were not statistically significant (Fig. 2F). Calculation of the
half-lives from the disappearance of the monomer band but
from SDS-PAGE run under nonreducing conditions showed
shorter half-lives for all BRICHOS variants (Fig. S2). This sug-
gests that disulfide-dependent oligomerization of BRICHOS
monomers occurs in serum, as observed previously when rh
Bri2 BRICHOS was incubated in mouse serum ex vivo (18).

Detection of rh proSP-C and Bri2 BRICHOS in the brain by
Western blotting, immunoprecipitation, and ELISA

rh proSP-C BRICHOS was injected intravenously in doses
from 10 to 50 mg/kg, and BBB permeability was evaluated after
2, 6, and 24 h (Fig. 1). In none of the treated mice could rh
proSP-C BRICHOS be detected in the brain homogenate by
Western blotting or in brain sections by immunohistochemis-
try (Fig. 3, A and F, and Figs. S3-S5). Rh Bri2 BRICHOS was
injected in doses from 5 to 50 mg/kg, and brain samples were
collected and analyzed 1, 2, 6, and 24 h after injection. Western

J. Biol. Chem. (2019) 294(8) 2606-2615 2607


http://www.jbc.org/cgi/content/full/RA118.004538/DC1
http://www.jbc.org/cgi/content/full/RA118.004538/DC1
http://www.jbc.org/cgi/content/full/RA118.004538/DC1

Brain penetrance of different BRICHOS chaperone domains

A

B

(@)

1.007 proSP-C BRICHOS 1.004 Bri2 BRICHOS mixture 1.004 Bri2 BRICHOS monomer
c c C
Ke] Ke) 0
© 0.754 © 0.754 © 0.751
< c <
Q [0] [0]
2 g £
& 0.50 & 0.501 & 0.501
[&] o (&)
2 2 2
T 0.25] T 0.251 © 0.251
[0} (5] [0}
o o o
0.00 v v v \ 0.00 v v v 1 0.00 v T T )
30 60 90 120 30 60 90 120 30 60 90 120
Time (min) Time (min) Time (min)
5 min_ _30 min 1h 2h 5 min 30 min 1h 2h 5min_ 30 min 1h 2h
+ = + = + = + = + = + = + = + = + -+ = + - + =
40— ™. "- L 40— 40— -
= 35—
35— 35— s .-
25— 25= IR R e -
o8 o b d _— & 25—
15— -— — 16 — — o « 15— o - — —_ «
1.004 Bri2 BRICHOS dimer 1.007 e\ Bri2 BRICHOS oligomer 1004
c c
ke i)
© 0.751 © 0.751 e 801
< :1‘:: .
8 3 t,, =36 min <
& 0.501 & 0.50 E 60 %
2 & ; ol * *
[ [ = * % ¥
2 = o x o *
® 0.25 © 0.251 T 404 9
ko) 0] . T [
o o
20
0.00 v v v y 0.00
30 60 90 120 30 60 90 120
Time (min) Time (min) o
imm_ 30 min +1 h _ +2 h _ ?mm_ 3+0 min +1 h _ +2 h _ Q‘oc.: *}o@ @"(’ 6@(’ &é"
— 40— Q§: W S 3¢ §
40— ' ad 35— -3 L F NS &
35=|, '. e \ 25| o;_,Q °¢0 (Jbo QQ}O (;?‘0
. N N Ny
25— 9 PO
15| - = - - & 15— e e - ] ¢ &0 ¢ Q,{Q'Q

Figure 2. Serum half-lives of rh proSP-C and Bri2 BRICHOS after systemic injection. A-£, representative decay curves and Western blots of individual mice
for rh proSP-C BRICHOS (A), the rh Bri2 BRICHOS-AU1 mixture (B), and isolated rh Bri2 BRICHOS-AU1 monomers (C), dimers (D), and oligomers (E). The half-lives
were determined by densitometry of Western blot bands corresponding to the monomers (indicated by arrows). Bands corresponding to BRICHOS dimers and
oligomers, which resist complete reduction, in particular for oligomers of rh Bri2 BRICHOS-AU1, were observed. A nonspecific band between 25-35 kDa of
unknown origin was observed in B, D, and E. Western blot analysis was performed using an anti-S tag and anti-AU1 tag for the detection of rh proSP-C and Bri2
BRICHOS, respectively. The time points above the gels refer to minutes after injection, and lanes marked with + refer to samples from mice injected with 20
mg/kg rh BRICHOS; — denotes controls injected with PBS. F, summary of rh BRICHOS half-lives from two (rh Bri2 BRICHOS-AU1 dimers) or three (all other

groups) different mice. The error bars show mean values and standard deviations. **, p < 0.001; ***, p < 0.0001 versus proSP-C BRICHOS.

blot analysis of the brain homogenates from mice treated with
the rh Bri2 BRICHOS mixture revealed, in the majority of sam-
ples,aband corresponding to the molecular weight of the mono-
meric injected recombinant protein, whereas in control sam-
ples, the corresponding band was absent (Fig. 3B). Fig. 3C
shows representative Western blot results obtained with brain
samples collected 1, 2, and 6 h after injection of 20 mg/kg rh
Bri2 BRICHOS-AU1 mixture. The band seen after 2 h (Fig. 3C)
is detectable, although faint, after a short exposure time (Fig.
S3C). A semiquantitative analysis of the rh Bri2 BRICHOS-AU1
band in samples collected 2 h after injection compared with
an internal standard revealed a concentration of rh Bri2
BRICHOS-AUL in the brain homogenate of about 20 ng/mg of
total brain protein, which corresponds to 200 nm rh Bri2
BRICHOS-AUL. To increase the detection of the delivered rh
Bri2 BRICHOS-AUL in the brain homogenate, immunopre-
cipitation of the samples was performed prior to Western blot
analysis using an antibody against the AU1 tag. Western blot of
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the immunoprecipitated material showed a clear band corre-
sponding to rh Bri2 BRICHOS-AU1 in brains collected 2 h after
injection and a weaker band after 6 h (Fig. 3D). The entire gels of
Fig. 3, A—D, shown in Fig. S3, reveal the presence of unspecific
bands in samples from rh BRICHOS-injected mice and also in
the PBS controls, but in all cases, they migrated slower than rh
BRICHOS. In support of the immunoprecipitation data, analy-
sis of the brain homogenates by ELISA revealed the presence of
rh Bri2 BRICHOS-AUL in the brains 2 h after injection (Fig.
3E). The average concentration of BRICHOS detected by
ELISA was about 390 nwm, corresponding to 0.4—0.5% of the
total amount of rh Bri2 BRICHOS-AUI injected intravenously.
The range of rh Bri2 BRICHOS-AU1 amounts detected in brain
tissue by ELISA span 0.1% to 1% of the total amount. 1 and 6 h
after injection, about 70 and 90 nwm, respectively, of rh Bri2
BRICHOS-AUI were detected in brain homogenates (Fig. 3E).
Considering all mice treated with rh Bri2 BRICHOS or Bri2
BRICHOS-AUL, the injected protein was detected in the brain
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Figure 3.Rh Bri2, but not proSP-C BRICHOS, is detected in the mouse brain after intravenous injection. A-D, Western blot analysis of brain homogenates
collected 1, 2, or 6 h after injection of rh proSP-C BRICHOS using an anti-S tag (A) or rh Bri2 BRICHOS using an anti-Bri2 BRICHOS antibody (B) and an anti-AU1
tag antibody (Cand D) and PBS-injected controls. Rh Bri2 BRICHOS-AU1 (D) from the same sample as in C was immunoprecipitated. Lanes marked Rec indicate
the migration of purified rh proSP-C or Bri2 BRICHOS-AU1. E, sandwich ELISA quantification of rh Bri2 BRICHOS-AU1 in brain homogenates 1, 2, and 6 h after
injection of 20 mg/kg. Each point represents data from one mouse, and the error bar shows mean value and standard deviations. F, extent of detected rh
proSP-C BRICHOS, rh Bri2 BRICHOS, or rh Bri2 BRICHOS-AUT1 in the brain tissue of all injected mice. The dose ranges and times between injection and sampling
used are given in parentheses above each circle. For the 5-50 mg/kg injections, both rh Bri2 BRICHOS and rh Bri2 BRICHOS-AU1 were used, whereas for the 20
mg/kg injections chart, only rh Bri2 BRICHOS-AU1 was used. In the circles, the numbers in each sector refer to the total number of mice in which rh BRICHOS was
detected (black sectors) or not detected (white sectors) by Western blotting, immunoprecipitation, or ELISA in brain tissue. The percentages in parentheses refer

to the extent of rh BRICHOS detection in brain tissue. The entire gels for A-D are shown in Fig. S3.

parenchyma in 64% of all cases (Fig. 3F). A higher detection rate
(9 of 12 cases, 75%) was obtained in mice treated with 20 mg/kg
of rh Bri2 BRICHOS-AU1 and analyzed 2 h after injections (Fig.
3F). Of the nine positive cases, rh Bri2 BRICHOS-AU1 was
detected by ELISA in five mice, as reported in Fig. 3E, and by
Western blotting in four mice. ELISA, Western blotting, and
immunohistochemistry (see further below) were used for anal-
ysis of all three negative cases.

Last, to investigate the role of Bri2 BRICHOS oligomeriza-
tion in BBB passage, isolated rh Bri2 BRICHOS-AU1 mono-
mers, dimers, and oligomers were injected intravenously at a
dose of 20 mg/kg, and the presence of rh Bri2 BRICHOS-AU1
was analyzed in brain tissue. Rh Bri2 BRICHOS-AU1 was
detected by immunoprecipitation after injection of the mono-
mer and dimer (Fig. 4, A and B). A band corresponding to a
slightly slower-migrating species of unknown identity is seen in
mice injected with rh Bri2 BRICHOS monomer and also in one
of the two PBS controls (Fig. 4A4). In contrast, no rh Bri2
BRICHOS-AU1 was detected in brain homogenates after injec-
tion of oligomers (Fig. 4C). For Bri2 BRICHOS-AU1 mono-
mers, three mice gave positive detection on one occasion (Fig.
4A), but on another occasion, only a sample from one of these
mice showed a positive signal (Fig. 4B). This shows that, in
addition to the interindividual variability in observed passage
over the BBB (Fig. 3F), there is also intraindividual variability in
the extent of detection.
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Figure 4.Rh Bri2 BRICHOS-AU1 is detected in the mouse brain after intra-
venous injection of monomers and dimers but not oligomers. A-C,immu-
noprecipitation using rabbit polyclonal anti-AU1 antibody coupled with pro-
tein A-Sepharose beads followed by Western blotting analysis with a goat
polyclonal anti-Bri2 BRICHOS antibody of brain homogenates collected 2 h
after injection of rh Bri2 BRICHOS-AU1 monomers or dimers (A and B), oligo-
mers (C), or PBS-injected controls. A and B include results obtained for the
same three mice injected with monomeric Bri2 BRICHOS-AU1. Lanes marked
Rec show migration of rh Bri2 BRICHOS-AU1.

Detection of rh proSP-C and Bri2 BRICHOS in CSF by Western
blotting

The permeability through the BCSFB of both the rh Bri2
BRICHOS-AU1 and rh proSP-C domains was evaluated by
Western blot analysis of CSF. Three mice were treated with 20
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Figure 5. Rh proSP-C and Bri2 BRICHOS-AU1 are found in CSF after sys-
temic injection. A and B, Western blots of CSF collected 2 h after intravenous
injection of rh proSP-C BRICHOS in three mice using an anti-S tag antibody (A)
and rh Bri2 BRICHOS-AU1 mixture in four mice using an anti-AU1 tag antibody
(B) and PBS-injected controls. The small panel in A provides a higher-contrast
version of the area outlined as a dotted box. Lanes marked Rec show the
migration of purified rh proSP-C or Bri2 BRICHOS-AU1.

mg/kg rh proSP-C BRICHOS, and four mice were treated with
the same dose of rh Bri2 BRICHOS-AUI. As shown in Fig. 5,
proSP-C and Bri2 BRICHOS-AU1 were both detected in the
CSF of all samples analyzed, although the proSP-C BRICHOS
bands were on the border of detection in two cases (Fig. 54).
Potential blood contamination of CSF as a cause of BRICHOS
detection was evaluated by examining the presence of hemo-
globin, which should not be present in CSF (34). The results
showed lack of hemoglobin immunoreactivity in CSF samples
(Fig. S6A), which supports that rh BRICHOS domains perme-
ate the BCSFB. rh Bri2 BRICHOS-AUI was also detected in
brain homogenates by immunoprecipitation and Western blot
analysis of all four mice used for the CSF collection (Fig. S6B).

Immunohistochemical identification of rh proSP-C and Bri2
BRICHOS in the brain

Mouse brain slices from the prefrontal cortex, hippocampal
area, striatum, and cerebellum were analyzed by immunohisto-
chemistry to further evaluate and localize rh proSP-C and rh
Bri2 BRICHOS after i.v. injection. Rh Bri2 BRICHOS-AU1
immunoreactivity was observed in the choroid plexus and, in
most samples, in the cortex 2 h after i.v. injection (Fig. 6, A—L).
In some cases, immunoreactivity was also observed in the stria-
tum (Fig. 6, M—-0, and Fig. S6) and in the hippocampal sulcus
(Fig. 6P), whereas rh Bri2 BRICHOS immunoreactivity was
never detected in the hippocampus or cerebellum. Some of the
staining observed in the cortex and striatum was localized
intracellularly in the perinuclear area (Fig. 6, K and L, and Fig.
S7). Immunohistochemical staining for rh Bri2 BRICHOS-AU1
of mice injected with rh proSP-C BRICHOS was negative (Fig.
S5), showing that Bri2 BRICHOS-AU1 immunoreactivity is not
an artifactual result of injection of a recombinant protein puri-
fied from bacteria. In agreement with the immunoprecipitation
and Western blot results, rh proSP-C BRICHOS could not be
detected in any brain region, including the choroid plexus, after
i.v. injection (Fig. S5).

Interestingly, positive staining for rh Bri2 BRICHOS-AU1
was identified in the choroid plexus of mice treated with the
isolated dimeric species and also in one of the mice treated with
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Figure 6. Rh Bri2 BRICHOS-AU1 is found in the plexus choroideus, cortex,
and striatum after systemic injection. A-P, the lateral ventricle and sur-
rounding tissue (A-D), cortical coronal sections (E-L), the striatum area (M-0),
and fimbria/thalamic area (P) collected 1 or 2 h after injection of rh Bri2
BRICHOS-AU1 mixture (20 mg/kg) (B-D, G, H, K, L, and N-P) or PBS (A, E, F, I, J,
and M).Tissues in A-H and M—P were stained with a mouse anti-AU1 antibody,
followed by a secondary HRP-conjugated antibody and development with
DAB staining. Tissues in /-L were stained with a rabbit anti-AU1 antibody
followed by an AP-conjugated secondary antibody and development with
permanent AP red solution. All samples were counterstained with hematox-
ylin. The arrows and boxes highlight areas with positive staining. cp, choroid
plexus; Iv, lateral ventricle; csf, cerebrospinal fluid; fi, fimbria; hs, hippocampal
sulcus; th, thalamus. Scale bars = 50 um in A-H and M-P and 25 um in /-L.

the isolated monomers (Fig. 7, A—G). Staining was also found in
the cortex of mice treated with monomeric and dimeric Bri2
BRICHOS-AU1 (Fig. 7, H-N). No rh Bri2 BRICHOS-AU1 was
observed after injection of oligomeric species (data not shown).

Discussion

The long row of failed AD clinical trials emphasizes the
importance to develop new strategies that are able to counter-
act the onset and course of this disease (35). Protein therapeutic
agents, and in particular chaperones, could potentially be used
to treat AD and other neurodegenerative disorders that are
characterized by the accumulation of aggregated protein (36).
Unfortunately, many potential protein-based drugs cannot be
used in therapy, as they have low or no capacity to reach the
brain parenchyma after parenteral administration (37, 38).
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Figure 7. Rh Bri2 BRICHOS-AU1 is found in the plexus choroideus and
cortex after systemic injections of monomers or dimers. A-N, lateral ven-
tricle and surrounding tissue (A-G) and cortical coronal sections (H-N) col-
lected 2 h after injection of 20 mg/kg rh Bri2 BRICHOS-AUT monomer, dimer,
or PBS and stained with mouse anti-AU1 antibody followed by a secondary
HRP-conjugated antibody and development with DAB solution. The sections
show the results obtained from three mice treated with rh Bri2 BRICHOS-AU1
monomers and two mice treated with rh Bri2 BRICHOS-AU1 dimers. The
arrows highlight areas with positive staining in the choroid plexus. All sam-
ples were counterstained with hematoxylin. Scale bars = 50 um.

In this study, we examined the ability of two recombinant
chaperone-like domains, proSP-C and Bri2 BRICHOS, to cross
the BBB and BCSFB. When delivered by i.v. injection into WT
mice, the rh Bri2 BRICHOS mixture was found in the CSF in
100% of the injected mice and in the brain parenchyma in about
70% of the cases. Even though rh proSP-C BRICHOS showed a
longer serum half-life compared with rh Bri2 BRICHOS, it was
only found in the CSF and not in the brain parenchyma.

The BRICHOS domains of proSP-C and Bri2 are potent
inhibitors of AB40 and AB42 fibrillation and neurotoxicity in
vitro and ex vivo (9, 12-18, 39). Transgenic co-expression of
either the proSP-C or Bri2 BRICHOS domain together with
AB42 in the Drosophila CNS or eyes gives rise to an increase in
soluble AB42, less aggregated AB, and attenuation of the AD-
like phenotype, including improved locomotor function and
increased longevity (19, 20). A delay in amyloid plaque forma-
tion and complete absence of cognitive decline were observed
when a Bri2-AB42 fusion protein was used to express AB42 in
the mouse brain (40), suggesting that co-expression of Bri2
BRICHOS alleviates AB42 neurotoxicity (19). The rh Bri2
BRICHOS concentrations detected in brains after intravenous
injection (120 — 880 nMm) were higher than the soluble AB40 and
A 342 concentrations reported in different regions of AD post-
mortem brain tissues (30-120 pm) (41). AB42 aggregation is
extensively delayed (9), and most importantly, AB42 toxicity to
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hippocampal slice preparations is reduced in the presence of
substoichiometric concentrations of rh Bri2 BRICHOS (18); we
speculate that the amounts of rh Bri2 BRICHOS that reach the
brain after parenteral administration could effectively inhibit
A fibril formation and toxicity. Rh proSP-C BRICHOS was not
detected in brain tissue after i.v. injection, but it was found
in the CSF. The rh proSP-C BRICHOS domain forms a
homotrimer (15, 42, 43), a phenomenon that may influence the
ability to pass through the BBB. Likewise, larger oligomeric
assemblies of rh Bri2 BRICHOS (18), consisting of 20 —30 sub-
units, were apparently less prone to cross the BBB compared
with the monomer and dimer, further suggesting that the
assembly states affect the ability of BRICHOS to cross the BBB.
Rh Bri2 BRICHOS was not found in all brain samples analyzed,
which could be because the ratio of oligomers to monomers and
dimers is increased at higher total BRICHOS concentration
(Fig. S8), and the equilibrium could probably be altered after
injection because the monomeric Bri2 BRICHOS reformed
large oligomers in mouse serum (18). This might also explain
why higher doses of rh Bri2 BRICHOS (50 mg/kg) and longer
times between injection and analysis (24 h) did not result in
increased amounts of Bri2 BRICHOS in the brain. Notably, rh
Bri2 BRICHOS monomers potently prevent neuronal toxicity
of AB42, whereas dimers most efficiently suppress AB42 fibril
formation; high-molecular-weight oligomers are less efficient
in reducing A 342 aggregation and toxicity but are very efficient
inhibitors of nonfibrillar protein aggregation (18). Our results
suggest that the different assembly states of rh Bri2 BRICHOS
behave in different ways after in vivo administration because
monomers (17 kDa) and dimers (34 kDa) apparently pass the
BBB more efficiently than the larger oligomers (340 -510 kDa)
despite similar serum half-lives for all species. Further studies
are needed to clarify the underlying mechanism by which rh
Bri2 BRICHOS crosses the BBB.

A common view is that only molecules less than 400 -500 Da
in size can cross the BBB (44), but several examples of proteins
that are able to cross the BBB have been described, including
erythropoietin (34 kDa) (45), the exogenous tracer horseradish
peroxidase (44 kDa) (30, 31), and serum proteins (29). More-
over, anti-A B antibodies (about 150 kDa) are able to enter the
brain, bind to amyloid plaques, and cause a reduction in plaque
burden in AD mouse models (32, 33) and in AD patients (46).
BBB permeability is not the same throughout the brain, and
local mechanisms may specifically regulate the transport of dif-
ferent molecules and proteins (47). It has been shown that spe-
cialized brain regions, such as the choroid plexus, circumven-
tricular areas, and the subependymal zone, have higher
permeability than the rest of the brain (31). These facts justify a
brain region—specific distribution of exogenous protein-based
compounds (30, 31). Interestingly, positive staining for rh Bri2
BRICHOS was observed in the choroid plexus region. The cho-
roid plexus contains more permeable capillaries compared with
the rest of the brain and is involved in many aspects of blood—
CNS exchange, including drug penetrance (48). These proper-
ties of the BCSFB probably explain the presence of both rh
proSP-C and Bri2 BRICHOS in the CSF after systemic injec-
tion. A previous study has shown that CSF from AD patients
has lower levels of the extracellular chaperones clusterin, hap-
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toglobin, and a,-macroblobulin compared with healthy control
samples. AD CSF samples were toxic to neuroblastoma cells in
culture, and re-establishing the physiological concentrations of
extracellular chaperones in AD CSF protected neuroblastoma
cells from A toxicity (49). In addition, AD is associated with
morphological changes in choroid plexus epithelial cells and
compromised production of CSF (50). Intracerebroventricular
injection of AB42 oligomers in mice increased the levels of pro-
inflammatory cytokines in the CSF. This also affected choroid
plexus epithelial cell morphology and tight junction protein
levels. These changes were associated with loss of BCSFB integ-
rity, as shown by an increase in BCSFB leakage (50). Histologi-
cal alteration of the choroid plexus was observed in post-mor-
tem AD patients (51). The choroid plexus is considered to be a
possible target for AD treatment. The anti-A 342 toxicity prop-
erties of BRICHOS and the presence of rh proSP-C and Bri2
BRICHOS in the CSF after systemic administration lead us to
believe that recombinant BRICHOS domains, in particular rh
Bri2 BRICHOS, may have a beneficial impact on preventing
CSF toxicity and BCSFB dysfunction.

The BBB and the BCSEB are both rich in transport mecha-
nisms by which solute molecules move across membranes; only
small lipophilic molecules can be transported passively across
the cell. Some plasma proteins and other constituents can be
actively transported across endothelial cell membranes by car-
rier- or receptor-mediated transporters and transcytosis, but it
is thought that the majority of BBB transporters have yet to be
discovered (52). Bri2 is expressed in peripheral tissues and in
the brain, in particular in the hippocampus, cortex, and cere-
bellum (23, 24). The expression of Bri2 in both peripheral tis-
sues and CNS may suggest the existence of a system for cross-
talk between these sites. ProSP-C, in contrast, is expressed
exclusively in the alveolar epithelium, and rh proSP-C
BRICHOS could not be detected in the brain after systemic
administration. The presence of rh Bri2 BRICHOS in the
choroid plexus and CSF will contribute to the protein
detected by Western blots and ELISA of brain homogenates.
However, our immunohistochemical results indicate that
injected Bri2 BRICHOS is also localized in other brain
regions and intracellularly.

In conclusion, the results presented here provide a new
incentive to explore the BRICHOS domains, and in particular
rh Bri2 BRICHOS, as a potential therapeutic tool for the treat-
ment of neurodegenerative disorders. Systemic administration
of rh Bri2 BRICHOS in mouse models of AD will be necessary
to evaluate the potential of BRICHOS therapy.

Experimental procedures
Recombinant proteins

Rh proSP-C BRICHOS—Cloning, expression, and purifica-
tion were performed as described previously (15, 43). Briefly,
the cells were lysed for 30 min with 1 mg/ml lysozyme and
incubated with DNase and 2 mm MgCl, for 30 min on ice. The
cell lysate was centrifuged at 6000 X g for 20 min, and the pellet
was suspended in 20 mm Tris (pH 8.0) containing 2 M urea and
0.1 M NaCl and sonicated for 5 min. After 30 min of centrifuga-
tion at 30,000 X gat4 °C, the supernatant was collected, filtered
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through a 4.5-um filter, and poured on a nickel-agarose col-
umn (Qiagen, Ltd., West Sussex, UK). The column was washed
with 50 ml of 20 mm Tris (pH 8.0) containing 0.1 M NaCl and
urea with progressively decreased concentration; i.e. 2, 1,and 0
M. The target protein was finally eluted with 200 mm imidazole
in 20 mm Tris (pH 8.0) containing 0.1 M NaCl, dialyzed against
20 mmM Tris (pH 8.0) with 0.05 m NaCl, cleaved by thrombin for
16 h at 4 °C (enzyme/substrate weight ratio of 0.002), and then
reapplied to a nickel-agarose column to remove the released
His, tag. The cleaved-off protein was further purified using ion
exchange chromatography as described previously (53).

Rh Bri2 BRICHOS—The expression and purification of the rh
Bri2 BRICHOS domain, corresponding to residues 113—-231 of
full-length human Bri2, have been described previously (18,
20). To enable specific immunodetection of injected rh Bri2
BRICHOS, a six-residue AU1 tag (DTYRYI) was added C-ter-
minally by PCR amplification. The AU1l-tagged rh Bri2
BRICHOS was expressed in Escherichia coli Shuffle T7 cells as a
fusion protein with an N-terminal tag of His,-NT*. The cells
were grown at 30 °C in lysogeny broth medium containing 15
pg/ml kanamycin until A4, reached 0.7-0.9, and then the tem-
perature was cooled down to 20°C, and 0.5 mMm isopropyl
1-thio-B-p-galactopyranoside was added. After overnight
induction, the cells were harvested by centrifuge at 7000 X g for
20 min at 4 °C and resuspended in 20 mM Tris (pH 8.0). The cell
suspension was sonicated on ice for 10 min (2 s on, 2 s off, 65%
of the maximum amplitude) and centrifuged at 24,000 X g at
4 °C. The supernatant was collected and poured onto a nickel—-
agarose column equilibrated with 20 mm Tris-HCI (pH 8.0).
The column was washed with 20 mm Tris-HCI (pH 8.0), fol-
lowed by 20 mm Tris-HCI (pH 8.0) with 20 mm imidazole. The
fusion protein was eluted with 300 mm imidazole in 20 mm
Tris-HCI (pH 8.0) and dialyzed against 20 mm Tris-HCI (pH
8.0) containing thrombin (enzyme/substrate ratio of 0.001,
Merck) for 16 h at 4 °C. The cleaved protein was reapplied onto
the nickel-agarose column, and the cleaved-off rh Bri2
BRICHOS protein was collected. After concentration in a
5-kDa Vivaspin 20 column (GE Healthcare) at 4000 X g, sam-
ples were applied onto a PD-10 desalting column (GE Health-
care) and eluted with filtered and autoclaved 1X PBS (pH 7.4).
Endotoxins were removed using a 0.50-ml Pierce high-capacity
endotoxin removal column (Thermo Scientific). The final
cleaved-off proteins were filtered through a 0.2-um filter and
stored at —20 °C. Different rh Bri2 BRICHOS species were sep-
arated and analyzed by Superdex 200 PG, 200 GL, or 75 PG
columns (GE Healthcare) using an Akta prime system (18).

Animal procedures

8- to 10-week-old C57BL/6NTac (Taconic) male mice were
used. All mice were kept under controlled conditions of humid-
ity and temperature on a 12-h light-dark cycle. Animals were
group-housed (seven per cage) with food and water available ad
libitum. The animal procedures were approved by the ethical
committees of Sodra Stockholm’s Djurférsoksetiska Namnd
(dnr S6-15) and Linkoping’s etiska ndmnd (ID855). The exper-
imental scheme is shown in Fig. 1. Mice received a single i.v.
injection into the lateral tail vein by using a 0.3-ml syringe with
a 30-gauge needle. Rh proSP-C or Bri2 BRICHOS in PBS was
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injected in a dose range of 5-50 mg/kg, and control mice
received PBS only. The Rh proSP-C or Bri2 BRICHOS fractions
were kept frozen and not brought to room temperature until
about 30 min before the injection, and this procedure has been
shown not to cause significant formation of larger species (18).
Before the injection, mice were placed in a single cage and put
under a heat lamp for 5 min to dilate the tail veins. The mice
were anesthetized with ketamine (100 mg/kg) and xylazine (20
mg/kg) and perfused intracardially with 40 ml of saline (0.9%
NaCl) 1, 2, 6, and 24 h after injection. Brains were quickly
removed and divided into left and right hemispheres. All tissues
were snap-frozen in dry ice and stored at —80 °C until analysis.

Serum collection

Blood samples were collected from the tail vein at different
time points after rh BRICHOS proteins were injected (Fig. 1).
The lateral tail vein was punctured using a 27-gauge needle, and
50-100 ul of blood was collected at each time point. Blood
samples were centrifuged for 10 min at 3000 rpm (4 °C), and
then the serum was collected and transferred into tubes and
stored at —20 °C. Before analysis, the samples were diluted 1:5
in PBS.

CSF collection

CSF sampling was adapted from the method described by
DeMattos (54). The mice were anesthetized and placed in the
prone position in a stereotactic instrument. A sagittal incision
of the skin was made inferior to the occiput. Under the dissec-
tion microscope, subcutaneous tissue and neck muscles
through the midline were separated. The dura mater was
exposed, and the area was washed with PBS to remove blood
and tissue contamination. The dura mater was punched with a
27-gauge needle, and CSF was collected in a capillary tube. The
volume of CSF obtained was ~5—8 ul/mouse. All samples were
stored in polypropylene tubes at —80 °C until analysis.

Antibodies

For Western blotting, primary antibodies and dilutions used
were as follows: 1:3000 goat anti-proSP-C, 1:1000 rabbit anti-S
tag, 1:250 goat anti-Bri2 BRICHOS, 1:1000 rabbit anti AU1, and
1:1000 rabbit anti hemoglobin (all from Abcam). Secondary
antibodies conjugated with horseradish peroxidase (HRP) or
anti-rabbit (GE Healthcare) or anti-goat (Life Technologies) Igs
were diluted 1:5000. Fluorescently labeled secondary antibod-
ies (Li-Cor), anti-rabbit or anti goat, were diluted 1:10,000. In
the sandwich ELISA, goat anti-Bri2 BRICHOS was used as the
capture antibody, diluted 1:250, whereas, as detection antibody,
rabbit anti-AU1 diluted 1:2000 was used. Secondary HRP-con-
jugated antibodies were diluted 1:2000. In the immunohisto-
chemistry experiments, the antibody dilutions were 1:500 and
1:1000 for goat anti-proSP-C, 1:500 for rabbit anti-proSP-C
(ATLAS), 1:200 for rabbit anti-S tag, 1:500 for goat anti-Bri2
BRICHOS, 1:100 for mouse anti-AU1 (Biolegend), and 1:200
for rabbit anti-AU1. Secondary HRP-conjugated antibodies
were diluted 1:200.

SDS-PAGE and Western blotting

Mouse tissues were homogenized in 50 mm Tris-HCI (pH
7.4), 150 mm NaCl, 1.0% (v/v) Triton X-100, 0.1% (w/v) SDS,
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and 10 mm EDTA supplemented with protease inhibitors as
described previously (55). Brain samples were centrifuged for
30 min at 14,000 rpm (4 °C), and then the supernatant was
collected and stored at —20 °C. The protein concentrations
were determined by the Bradford method. Serum, brain, and
CSF samples were prepared in denaturing buffer containing 2%
SDS, 0.03 m Tris, 5% 2-mercaptoethanol, 10% glycerol, bro-
mphenol blue, and 2-mercaptoethanol (reducing conditions) or
without 2-mercaptoethanol (nonreducing conditions) and
heated for 10 min at 96 °C. The gel loading for serum and brain
homogenates was normalized so that 100 ug of total proteins
were loaded per well, whereas for CSF, the total sample amount
obtained was loaded. The samples were separated on 10% or
13.5% SDS-PAGE gels and blotted on nitrocellulose mem-
branes (GE Healthcare). After blotting, the membranes were
blocked in 5% milk/PBS for 1 h, followed by incubation with
primary antibody in 5% milk, 0.1% Tween/PBS for 1 h at room
temperature or overnight at 4 °C. The membranes were washed
three times with 0.1% Tween/PBS, and secondary antibodies in
5% milk and 0.1% Tween/PBS were added for 1 h at room tem-
perature. After washing, enhanced chemoluminescence detec-
tion reagent (GE Healthcare) was added according to the man-
ufacturer’s protocol, and images were acquired using a CCD
camera (LAS-3000) or a fluorescence imaging system (Li-Cor,
Odyssey CLx).

Immunoprecipitation

5 mg of mouse brain homogenate was adjusted to a total
volume of 400 ul in PBS and incubated by rotation at 4 °C over-
night in the presence of 1:100 rabbit anti-AU1 antibody. Pro-
tein A—Sepharose beads (100 ug/ml, GE Healthcare) were
added to the samples, incubated by rotation for 1 h at 4 °C,
centrifuged at 400 X g for 3 min, washed with PBS, and again
centrifuged twice. The pelleted material was boiled for 10 min
in SDS loading buffer with B-mercaptoethanol and PBS, the
supernatant was loaded on a 13.5% SDS-PAGE gel, and West-
ern blotting was performed as described.

ELISA

For the sandwich ELISA, the capture antibody (goat anti-
Bri2 BRICHOS) was loaded in 96-well (Nunc® MicroWell™)
plates and incubated overnight at 4 °C. The plates were washed
three times in 0.05% Tween/PBS and blocked with 1% BSA/PBS
for 2 h. The samples (250 pug/ml) were incubated at room tem-
perature for 2 h, followed by a primary antibody (rabbit anti-
AU1)in 1% BSA and 0.05% Tween/PBS for 2 h at room temper-
ature. The plate was washed, and a secondary anti-rabbit in 1%
BSA and 0.05% Tween/PBS was added for 2 h at room temper-
ature. After the washing step, 3,3',5,5'-tetramethylbenzidine
solution (100 ul/well) was added and incubated for 30 min at
room temperature in the dark. The reaction was stopped by
adding 100 ul/well of 0.5 M H,SO,. The absorbance was mea-
sured at 450 nm, using the values for ELISA of brain homoge-
nates from PBS-injected control mice as blank. A standard
curve was generated from analysis of rh proSP-C and Bri2
BRICHOS in a range from 0.1 to 64 ng. The amount of rh Bri2
BRICHOS-AUL that reached the brain was estimated by
assuming that the protein was evenly distributed in the whole
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brain. For these calculations, a brain density of 1.04 g/ml (56),
average brain weight of 486 mg, and average total protein in
brain homogenates of 75 mg were used.

Immunohistochemistry

Coronal cryostat sections (10-20 um) were thaw-mounted
onto Superfrost Plus microscope slides. Brain sections were
briefly washed in Tris-buffered saline prior to fixation in 4%
formaldehyde solution for 5 min at room temperature. Sections
were then incubated overnight at 4 °C with the primary anti-
bodies. After washing with Tris-buffered saline, sections were
incubated with HRP-conjugated secondary antibody for 45 min
at room temperature and developed using a DAB (3,3'-di-
aminobenzidine) substrate kit (Vector Laboratories). In some
experiments, slides were incubated with Mach 2 Double Stain2
containing conjugated secondary anti-rabbit alkaline phospha-
tase (AP) antibody (Biocare Medical). AP staining was visual-
ized with permanent red (Biosite) solutions. Slides were
counterstained in hematoxylin, dehydrated through graded
alcohols, cleared in xylene, and then mounted with Permount.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism
program. Data were analyzed using one-way analysis of vari-
ance followed by Tukey’s post hoc tests. Serums half-lives were
calculated after densitometric analysis of the BRICHOS mono-
meric band intensities with Image]. The concentrations were
expressed as relative intensities and normalized for each curve
to the sample intensity at 5 min. The apparent half-life was
obtained using GraphPad Prism by a nonlinear one-phase
decay analysis.
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