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Abstract

The amyloid (3 (A3) peptide, correlated with development of Alzheimer’s disease (AD), is produced by sequential proteolytic
cleavage of the amyloid precursor protein (APP) by 3- and 'y-secretases. Alternative proteolytic cleavage of APP by «-secretase
prevents formation of A3 peptide and produces a neuroprotective protein, a soluble fragment of APPx (sAPPx). We previously
generated a single-chain variable domain antibody fragment (scFv) that binds APP at the (3-secretase cleavage site and blocks
cleavage of APP (iBsecl), and a second scFv which has been engineered to have x-secretase-like activity that increases «-
secretase cleavage of APP (Asecla) and showed that a bispecific antibody (Diab) combining both iBsec1 and Asecla constructs
protects mammalian cells from oxidative stress. Here, we show that the diabody is an effective therapeutic agent in a mouse
model of AD. An apolipoprotein B (ApoB) binding domain peptide was genetically added to the diabody to facilitate transfer
across the blood-brain barrier, and a recombinant human adeno-associated virus 2/8 (rAAV2/8) was used as a vector to express
the gene constructs in a APP/PS1 mouse model of AD. The diabody increased levels of sSAPP«, decreased A3 deposits and levels
of oligomeric Af3, increased neuronal health as indicated by MAP2 and synaptophysin staining, increased hippocampal
neurogenesis, and most importantly dramatically increased survival rates compared with untreated mice or mice treated only
with the (3-secretase inhibitor. These results indicate that altering APP processing to inhibit 3-site activity while simultaneously
promoting «-secretase processing provides substantially increased neuronal benefits compared with inhibition of (3-secretase
processing alone and represents a promising new therapeutic approach for treating AD.
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Introduction

Amyloid 3 (AP) accumulation has been strongly correlated
with AD. Therefore, both inhibiting A3 production and facili-
tating its clearance represent promising therapeutic strategies for
treating AD. Af3 peptide is produced by proteolytic cleavage of
the amyloid precursor protein (APP) [1]. Three proteases control
the processing of APP into A3: x-secretase cleaves APP be-
tween what would be residues 16(Lys) and 17(Leu) of A,
releasing a soluble o fragment of APP (sSAPPx) and leaving a
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non-amyloidogenic membrane-bound protein; alternatively, [3-
secretase can cleave APP to form the amino terminal of Af3,
releasing a slightly shorter soluble 3 fragment of APP molecule
(sAPPf) and leaving a potentially amyloidogenic membrane-
bound protein; y-secretase cleaves the membrane-bound frag-
ment at the C-terminal of A3 to release the amyloidogenic Af3
protein. The (3-site APP cleaving enzyme-1 (BACE-1) is the
predominant enzyme involved in 3-secretase processing of
APP and is a primary therapeutic target for treatment of AD.
Inhibitors of (3- or y-secretase are currently being pursued as
potential therapeutics for AD (reviewed in [2-5]).

Decreasing A production by inhibiting (3- or 'y-secretase
activity is a promising therapeutic approach though each of
these enzymes also has other biological functions than pro-
cessing APP. A recent clinical trial to inhibit y-secretase ac-
tivity using semagacestat was halted as it caused a decrease in
cognitive ability and an increase in skin cancer risk [6].
Inhibiting BACE-1 activity is also a promising avenue, and
numerous small-molecule inhibitors such as OM99-2 have
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been developed [7]. However, while decreasing BACE-1 ac-
tivity decreases processing of APP to Af3, it can also have
detrimental effects since BACE-1 has other substrates such
as (3-subunit of voltage-gated sodium channels [8], NRG-1
involving in myelination [9], and low-density lipoprotein
receptor—related protein (LRP) [10]. BACE-1 knockout mice
show signs of hypomyelination [11] and impaired synaptic
function [12]. A clinical trial of a BACE-1 inhibitor was re-
cently halted early because there were little benefit and in-
creased risk of unwanted side effects [13]. Since BACE-1
has physiologically important activity beyond APP cleavage,
a more effective therapeutic strategy for AD would be to se-
lectively block BACE-1 activity toward the APP cleavage site
without interfering with BACE-1 activity toward other sub-
strates. One way to accomplish this goal is to bind the APP
substrate at the BACE-1 cleavage site essentially blocking
BACE-1 processing of APP. Since the BACE-1 cleavage site
includes the N-terminal of A3, which is an immunodominant
epitope [14], binding to APP should ideally occur just up-
stream of the A3 sequence to avoid also binding soluble
Af. This was our rationale in the development of iBsecl, a
nanobody which selectively inhibits BACE-1 processing of
APP without binding A3 [15]. In cell models of AD, iBsecl
binds APP on the cell surface, reduces toxicity induced by
APP overexpression, and dramatically reduces both intracel-
lular and extracellular AP levels by over 50% [15]. The
iBsecl nanobody therefore represents a promising method to
inhibit A3 production from APP.

Increasing non-amyloidogenic processing of APP by pro-
moting «-secretase cleavage of APP is another promising
pathway to lower Af3 levels [16]. We engineered a proteolytic
nanobody to selectively cleave Af3 at its x-secretase site. The
proteolytic nanobody Asecla prevents aggregation of mono-
meric A3, inhibits further aggregation of pre-formed oligo-
meric A3 aggregates, and reduces Af-induced cytotoxicity
toward a human neuroblastoma cell line and in cells overex-
pressing APP [17, 18] and promotes non-amyloidogenic pro-
cessing of APP [17]. The Asecla proteolytic nanobody was
engineered to selectively cleave APP and not other substrates
with similar sequences [17].

Here, we propose an innovative therapeutic approach for
treating AD by combining the iBsecl scFv with the Asecla
proteolytic scFv to generate a bispecific construct or diabody
that is designed to very selectively decrease amyloidogenic
processing of APP by inhibiting BACE-1 activity toward
APP, while simultaneously promoting non-amyloidogenic
processing of APP by increasing o-secretase activity. The
two components should act synergistically since the nanobody
targeting the 3-secretase site of APP will position the proteo-
lytic nanobody very close to the «-secretase site, increasing its
activity by greatly increasing the effective APP concentration
surrounding the proteolytic nanobody. We showed that a
bispecific tandem scFv construct (Diab) expressing both

iBsec-1 and Asecla effectively lowered A3 levels and in-
creased sAPP«x levels in cell models of AD [19]. Here, we
show that the Diab construct also is an effective therapeutic for
treating a mouse model of AD. We added the LDLR-binding
domain of apoB to the construct to facilitate transfer across the
blood-brain barrier [20, 21]. The Diab and iBsecl construct
alone were both tested in an APP/PS1 mouse model of AD
using an AAV vector to express the gene construct. While
both the iBsecl and Diab constructs reduced plaque loads to
similar extents, the Diab also increased sAPPx levels, im-
proved neuronal health, and dramatically increased survival
compared with iBsec] by itself suggesting that tailoring APP
processing by simultaneously inhibiting (3-secretase process-
ing of APP and promoting o-secretase processing is a prom-
ising therapeutic approach for treating both AD and other
diseases such as Down’s syndrome which overexpress APP.

Materials and Methods

Construction of Recombinant Human Adenoid Virus Vectors
The cDNA constructs of the iBsecl and Diab genes were
amplified by PCR and then cloned into the pPFBAAVCAG
vector (G0345, Viral Vector Core Facility, University of
Iowa) including an ApoB domain producing the vectors
rAAV-scFv-Diab and rAAV-scFv-Bsec, with rAAV-GFP as
control. FLAG tag was placed at the C-terminal ends of
scFv as a marker.

Recombinant Adeno-associated Virus Preparation The vec-
tors AAV2/8 containing plasmids pAAV-scFv were generated
through triple transfection into HEK293 cells (Viral Vector
Core Facility, University of Iowa). The vector encoding
scFv iBsecl reacts with the (3-site of APP while the one
encoding the tandem scFv construct reacts with both 3- and
«-sites of APP. A control rAAV encoding GFP was similarly
prepared to the construct without ApoB gene. The viral parti-
cles were released and the titers of rAAV virions containing
the vector genomes were determined by a quantitative dot-blot
assay (Viral Vector Core Facility, University of lowa).

Experimental Animals and Administration of rAAV-scFvs
Female mice at 1-month age (wild type and controls) were
purchased from Jackson Laboratory (Bar Harbor, ME). The
transgenic mouse model is generated on a C57BL/6J genetic
background that expresses KM670/671NL Swedish mutation
of human amyloid precursor protein (APPswe) and
presenilinl lacking exon9 (PSEN1dE9) (APP/PS1 mice, cat-
alog: 34832) [22]. The mice showed cerebral amyloidosis
onset of 68 weeks and amyloid-associated pathologies in-
clude dystrophic synaptic buttons, robust gliosis, and microg-
lia number increase and reaction [23]. All protocols for animal
use were approved by the Institutional Animal Care and Use
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Committee (IACUC) of the Arizona State University at
Tempe, Arizona. Experiments described here were carried
out in accordance with good animal practice following NIH
recommendations. The littermates of APP/PS1 mice at age of
1 month were randomly assigned to three groups for the scFv
application: rAAV-GFP (as positive vehicles, n =20), rAAV-
scFv-Diab (n=10), rAAV-scFv-Bsec (n=10) as well as
rAAV-GFP in wild-type mice (n=10) as negative controls.
APP/PS1 mice were subjected to a single intraperitoneal in-
jection of rAAV-scFv (3.0 x 10'° vg/mouse). As controls, age-
matched APP/PS1 and WT mice received the same amount of
rAAV-GFP administration. The experimental mice survived
9 months as rAAV-GFP Tg mice (n = 10), rAAV-scFv-Diab
(n=9), and rAAV-scFv-Bsec (n=6) as well as rAAV-GFP
WT mice (n=10). The mice at the age of 10 month were
sacrificed and the tissues were harvested.

Level Analysis of scFv in the Brain Neocortical tissues were
harvested from the APP/PS1 mice receiving rAAV2/8 admin-
istration for 9 months (n =4 per group). The brain tissue was
homogenized in a homogenization buffer. Multiple tag (cata-
log: M0101, GenScript, Piscataway, NJ), a designed fusion
protein and molecular weight of ~40 kDa on SDS-PAGE,
contains FLAG sequence DYKDDDDK. Correspondingly,
the molecular weight was calculated as scFv Bsec FLAG ~
30 kDa and scFv diabody FLAG ~ 60 kDa. The protein con-
centration was measured using a capture ELISA protocol.
Monoclonal anti-FLAG antibody (Sigma-Aldrich, St. Louis,
MO) was applied. The readout values were normalized to
picogram per milligram of brain tissues.

Tissue Fixation and Section Nine months after the rAAV2/8
injection, mice were euthanized with isoflurane and perfused
with cold 0.1 M phosphate buffer (PB) including 10 U of
heparin sodium (AK3004, Akron Biotech). The brain tissues
were quickly removed and mid-incised. The right hemi-
spheres were frozen on dry ice following — 80 °C storage for
further biochemistry and the left ones were fixed in 4% (w/v)
paraformaldehyde in 0.1 M PB for 48 h at room temperature.
The fixed hemi-brains were then dehydrated with 30% su-
crose in 0.1 M PBS for 24 h at 4 °C. The brain tissues were
embedded in Tissue-Tek OCT compound and frozen — 18 °C
in a cryostat (Leica, CM3000). The blocks were sagittally
sectioned on a freezing stage (30 wm thick) at a temperature
of — 18 °C in a serial manner. The serial free-floating sections
were stored in 0.1 M PBS at 4 °C for further use.

Congo Red Staining Congo red (C6277, Sigma-Aldrich, St.
Louis, MO) was diluted in 70% ethanol with stirring over-
night. Prior to incubation, the solution was filtered. The sec-
tions were incubated for 20 min at room temperature. After
washing, the sections were counterstained to show cell nuclei
with hematoxylin (Sigma-Aldrich, St. Louis, MO).
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DAB Chromogenic Immunohistochemistry Immunostaining
was performed as described previously [24, 25]. To eliminate
endogenous peroxidase of the brain tissues, the brain sections
through the hippocampus at the interval of 480 um (n =10 or
11 serial sections for each mouse) were treated with 1% H,0,
in —20 °C methanol for 10 min. After washing with 0.1 M
PBS (pH 7.4), to prevent non-specific protein binding, sec-
tions were blocked with 10% normal goat or horse serum
(matching the secondary antibody host species) in 0.1 M
PBS with 0.05% Triton X-100 for 30 min at room tempera-
ture. For detection of A3 load, the sections were then incu-
bated with a monoclonal antibody 6E10 (1:2000, catalog:
S1G-39320, Covance) in 0.1 M PBS with slow shaking on a
horizontal shaker stage overnight at 4 °C. The sections were
rinsed in 0.1 M PBS and incubated with biotinylated second-
ary antibody of horse anti-mouse IgG in 10% horse serum for
1 h at room temperature. Following washing with 0.1 M PBS,
a Vectastain kit including avidin-biotin complex (ABC) per-
oxidase (Vector Laboratories, Burlingame, CA) was used for
30 min at room temperature. The amyloid plaques were visu-
alized with a kit of the 3,3’-diaminobenzidine (DAB) as a
substrate (Vector Laboratories). For negative controls, slices
were processed deleting primary antibody. These sections
were counterstained with hematoxylin (Sigma-Aldrich, St.
Louis, MO) and dehydrated with gradual degree of ethanol
at percentage of 50, 75, 90, and 100 and cleared with xylene
(catalog: 23400, Electric Microscopy Sciences) and coverslip
fixed with permount mounting medium (catalog: 17986-01,
Electric Microscopy Sciences).

Double Immunofluorescent Staining Immunofluorescent
staining was performed as described previously [25, 26]. To
prevent non-specific protein binding, the slices were blocked
with 10% normal goat in 0.1 M PBS with 0.05% Triton X-100
for 30 min at room temperature. To observe changes in neu-
roinflammation induced by scFv administration, the sections
were incubated with primary antibodies in 0.1 M PBS with
slow shaking on a horizontal shaker stage overnight at 4 °C:
rabbit anti-ionized calcium-binding adaptor molecule 1 (Ibal)
antibody (1:500, catalog: 019-19741, Wako, Richmond, VA),
rabbit anti-glial fibrillary acidic protein (GFAP, 1:10,000,
70334, Dako), monoclonal antibody 6E10 (1:2000, SIG-
39320, Covance), rabbit anti-adeno-associated virus capsid
VP3 (AAV2, 1:500, catalog: NB100-93575, Novus
Biologicals, Centennial, CO). The sections were rinsed in
0.1 M PBS and incubated with fluorescent-conjugated sec-
ondary antibody of goat anti-mouse or rabbit IgG in 10% goat
serum for 30 min at room temperature. Following washing
with 0.1 M PBS, to block non-specific fluorescence of the
endogenous lipofuscin, the sections were blocked with 0.3%
Sudan Black in 70% alcohol for 3 min at room temperature.
Finally, the slices were mounted on glass slides and coverslips
fixed with antifade Fluoro-Gel II including 4’,6-diamidino-2-
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phenylindole (DAPI) labeling all of cell nuclei (Electric
Microscopy Sciences).

Immunoblot Analysis The cortex tissue was homogenized in
PBS buffer (Sigma-Aldrich, St. Louis, MO), which contains
1% Nonidet P-40 (Calbiochem, Billerica, MA), and protease
and phosphatase inhibitor cocktails (Roche, Pleasanton, CA).
The homogenate was centrifuged at 14,000 rpm for 20 min.
The protein concentration of supernatants was assayed with a
BCA protein assay kit (Pierce Biotechnology, Rockford, IL).
The supernatants of the homogenates from the cortex (50 pg)
were mixed with 2x Laemmli sample buffer (Bio-Rad,
Hercules, CA) with 0.001% bromphenol blue. The samples
were heated at 75 °C for 10 min and loaded to 10% Tris-HCl
gradient SDS-PAGE. The isolated proteins were
electrotransferred to 0.45 wm of nitrocellulose membranes
(Millipore, Bedford, MA). APP fragment proteins on the
membranes were detected using mouse anti-soluble APP 3
fragment of Swedish mutation (sSAPP3-sw, clone: 6A1, cata-
log: 10321, IBL, Minneapolis, MN), mouse anti-soluble APP
« fragment of Swedish mutation (sSAPP«, clone: 2B3, catalog:
11088, IBL), rabbit anti-APP full length (clone: 22C11, cata-
log: MAB348, Burlington, MA), and rabbit anti-3-secretase 1
(BACEL, catalog: B0681, Sigma-Aldrich). The membrane
was then incubated with secondary antibodies conjugated
with horseradish peroxidase (Santa Cruz Biotechnology,
Santa Cruz, CA) and visualized by an enhanced DAB system
(Sigma-Aldrich) according to the manufacturers’ instructions.
Semi-quantification was used to analyze with a Versadoc XL
imaging apparatus (Bio-Rad). 3 actin levels were used as
loading controls.

Quantification of Immunostaining Structures The immuno-
stained structures such as amyloid 3 deposits, reactive/
activated glial cells, dendrites, and new neurons were mea-
sured [24]. The microscope BX51T-PHD-J11 (Olympus,
Tokyo, Japan) with objective x 20 and x40 PL FLUOTAR
was employed. Histomorphotometry images were captured by
a DEI-470 digital camera (Optronics, Goleta, CA, USA) with-
in the defined areas from each section. Ten to 11 serial sagittal
brain sections through the hippocampus per mouse, each sep-
arated by an approximately 480-um interval, were employed
from each mouse. Analysis for the quantification was per-
formed using the Imagel] analysis software (NIH). For
immunopositive structures, a semi-automated red-green-blue
color threshold was applied to determine the optimal segmen-
tation of threshold setting. Using deconvolution method, we
subtracted the background counterstain to determine the spe-
cific mean immunostaining. Both the cortex and hippocampus
were seen in all the sagittal brain sections. An average value of
immunostaining areas was expressed as a percentage of total
area in the cortex or the hippocampus. For amyloid plaque
number, we counted all of the positive staining of the cortex

and the hippocampus on each section and expressed as num-
ber per section. For the number of newborn neuron, we count-
ed all of doublecortin positive staining in the subgranular zone
of the dentate gyrus in the hippocampus on each section and
expressed as number per section. An average value was deter-
mined for each group and data were expressed as mean + SEM
(standard error of the mean) in the figures of the bar graph.

Statistical Analysis We performed statistical analysis using
SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). Two-
way repeated measures of analysis of variance (ANOVA)
and Student-Newman-Keuls ¢ or Dunnett ¢ test were used to
determine the intergroup significant difference. p <0.05 was
considered statistically significant.

Results
Brain Expression of Protein scFv

To exclude the possibility that the virus crossed the blood-
brain barrier into the brain, brain tissue sections were immu-
nostained with antibody against AAV2. Not surprisingly, neg-
ative staining of AAV2 was visualized in all of the rAAV2/8
vector administration groups (Supplemental Figure 1B).
These data indicate little if any active virus in the brain after
the IP injections. To verify the role of the ApoB fragment in
crossing the blood-brain barrier (BBB), we examined the
brain sections under a fluorescence microscope and found
negative fluorescence of GFP in WT and Tg mice receiving
rAAV-GFP without the ApoB gene (Fig. 1a). As expected,
negative results were observed in the Tg mice receiving
rAAV-scFv-Diab and rAAV-scFv-Bsec (Supplemental
Figure 1D).

Next, we observed whether scFv with apoB tag originating
in the liver could enter the brain tissue of mice receiving rAAV
delivery. The immunostaining was performed with antibody
against FLAG. We found that immunopositive FLAG was
localized in the cytoplasm and membrane of neuro-like cells
in the mice administered with rAAV-scFv-Diab and rAAV-
scFv-Bsec injections (Fig. 1b) but negative staining in WT
and Tg mice receiving rAAV-GFP injections (Supplemental
Figure 1F). We also measured scFv levels in the brain tissue.
A control protein containing the FLAG tag was diluted and
used as a standard. The scFv-FLAG levels were measured and
normalized to picogram/milligram of the cortical tissue. ScFv
levels were ~ 80 pg/mg of neocortex tissue of the mice admin-
istered with either rAAV-scFv-Bsec or rAAV-scFv-Diab, but
levels as expected were not detectable in WT and Tg mice
receiving rAAV-GFP (Fig. 1c). These results indicate that both
scFv-Diab and scFv-Bsec could successfully cross the BBB
into the brain.
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scFv-Diab Administration Elevated sAPPa Levels
in APP/PS1 Mice

The APP/PS1 mice were injected with either AAV-GFP, AAV-
Bsec, or AAV-Diab. After 9 months, the mice were sacrificed
and brain tissue harvested for analyses. To determine the ef-
fects of iBsecl and Diab administration on APP processing,
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Fig. 1 Protein level of scFv in the brains of mice with the rAAV delivery.
a Representative microphotoimages showed the brain localization of
green fluorescent protein (GFP) in the brains of mice receiving the IP
injection of rAAV-GFP. Counterstaining by DAPI (blue). b
Representative microphotoimages showed the brain localization of scFv
labeled with FLAG tag (red) in the brains of mice receiving the IP
injection of rAAV-scFv-Diab-FLAG and rAAV-scFv-Bsec-FLAG. ¢
scFv concentration was measured by rabbit anti-FLAG antibody by
ELISA. Data were expressed as pg/mg of the cortex tissue following
the application of scFv-Diab (n=4), scFv-Bsec (n=4), Tg-GFP (n=4),
and WT-GFP (n=4)
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APP cleavage fragments were measured by Western blot
(Fig. 2a). There were not any significant differences in expres-
sion of human APP levels in the transgenic mice with or
without scFv application and no expression of human APP
in the WT mice (Fig. 2b). The sAPPx levels were elevated
in both the iBsec1- and Diab-treated mice compared with GFP
control (Fig. 2a, b, **p <0.01 and ***p < 0.001), and statisti-
cally higher in the Diab-treated mice compared with the scFv-
Bsec-treated mice (Fig. 2b, ¥“%p < 0.001). There was also a
significant decrease in sAPPf3 levels in both the scFv-Bsec-
and scFv-Diab-treated mice compared with the GFP control
group (Fig. 2a, b, *p <0.05). The decrease in SAPPf3 levels
was not due to change in expression of BACE1 enzyme levels
as this remained constant in the different treatment groups

(Fig. 2).
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Fig. 2 Soluble APP fragments in the brains of APP/PS1 mice. a
Representative data showing APP, sAPP«x, sAPPf3, and BACELI levels
in the cortex by Western blot. b Normalized to age-matched WT, semi-
quantification showed the total amount of APP, sAPP«, sAPPf3 and
BACE! in the cortex among the mice following the application of
scFv-Diab (n=35), scFv-Bsec (n=5), Tg-GFP (n=35), and WT-GFP
(n=75). *p<0.05, **p<0.01, ***p<0.001 to vehicle Tg-GFP mice;

&&&1, <0.001 to Tg-GFP mice administering scFv-Bsec



Mol Neurobiol (2019) 56:7420-7432

7425

a WT-GFP

&
”

cortex

Tg-scFv-Diab

Tg-scFv-Bsec

4 "
Q
£
©
8 »
o - g
%
= | 200um
I & = gy, —
c
b c s
~ X 300 =
] o n 40
[~ * % [ ]
2 0 200 » o 30 *
€ o : 1S *
3 c o g 20
= 100 o 9
o € €9 10
S S -]
S8 o c _% 0
= @
B8 RS E S L LG
’ ’ 2 X c' R Q 2 X
A9 o g RO
d A > A 3 o «Q’ «Q’
WT-GFP Tg-GFP Tg-scFv-Diab Tg-scFv-Bsec
‘/———“ /\//—’—-—v\_ - ‘ P e ——
/ f | y o
x |
(] I
t
o
o
. |
y \ A 100um
. ; L —
(]
=]
Q
£
[v]
o
1<)
%
2
I
200um

e
3 300
23
5L 200
-g o
S £ 100
cc
o
SE 0
‘_c"- b & & &
o .Aé\QA' QAO
K3 L L
PO

Fig. 3 Amyloid 3 deposits in the brain sections of APP/PS1 mice. a
Representative microphotoimages showed A3 deposits demonstrated
by specific antibody 6E10 staining in the cortex (upper) and the
hippocampus (bottom). Counterstaining by hemotaxylin. b The number
of 6E10-positive deposits was counted and shown per section in the
cortex tissue. ¢ Similar to b, the data was shown per section in the
hippocampus. d Representative microphotoimages showed fibrillar
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deposits demonstrated by Congo red histostaining in the cortex (upper)
and the hippocampus (bottom). Counterstaining by hemotaxylin. e The
number of Congo red—positive deposits was counted and shown per
section in the cortex. f Similar to e, the data was shown per section in
the hippocampus. Data are based on the following group sizes: scFv-Diab
(n=9), scFv-Bsec (n=6), Tg-GFP (n=10), and WT-GFP (n=3).
*p < 0.05 to vehicle Tg-GFP mice
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Both scFv-Diab and scFv-Bsec Decrease AB Deposits
in APP/PS1 Mice

The amyloidogenic pathway for processing APP generates
A3 which ultimately accumulates in the parenchyma [22].
Amyloid plaque accumulation is observed in the cortex and
the hippocampus in the transgenic mice but not the wild-type
mice (Fig. 3a). The number of 6E10-positive plaques was
decreased in the cortex and the hippocampus of mice treated
with scFv-Bsec or scFv-Diab compared with the GFP control
group (Fig. 3b, *p < 0.05). The number of Congo red—positive
water-insoluble fibril plaques in the cortex of the control GFP-
treated transgenic mice (Congo red positive, 185.6 £21.0)
was lower than the number of 6E10-stained amyloid plaques
(6E10 positive, 230.8 £21.5) (Fig. 3b, d) as was the number
of Congo red deposits (Congo red positive, 15.7+1.1) in the
hippocampus compared with 6E10-stained amyloid deposits
(6E10 positive, 30.8 +2.1) (Fig. 3¢, f). Treatment with scFv-
Bsec or scFv-Diab did not significantly decrease the number
of Congo red—positive deposits in the cortex (Fig. 3e,
p>0.05) or the hippocampus (Fig. 3f, p > 0.05), indicating
that the scFv-Bsec and scFv-Diab reduce formation of soluble
amyloid aggregates but not insoluble fibrillar formation.

Both scFv-Diab and scFv-Bsec Lowered Oligomeric A
Levels in APP/PS1 Mice

Since the scFv-Bsec and scFv-Diab reduced generation of
soluble amyloid (3, we next determined if the treatments could
reduce generation of toxic oligomeric A3 species. We used
two different scFvs previously generated in our lab, A4 [27]
and C6T [28], to assay for the presence of different oligomeric
A species as described previously [29—-31]. Results showed a

BWT-GFP
31 BTg-GFP
OTg-scFv-Diab
BTg-scFv-Bsec
i oPBS

Cortex

A4-recognized oligomers (fold)

Hippocampus

Fig.4 Oligomeric A3 levels in the brain of APP/PS1 mice. a Oligomeric
A levels were measured using antibody scFv A4 by ELISA. b
Oligomeric AP levels were measured using antibody scFv C6T by
ELISA. Data was expressed as ratio to wild-type (vehicle WT-GFP
mice) in the cortex and hippocampus, respectively. The numbers of
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significant elevation in the levels of A4- and C6T-specific
oligomers in the cortex and the hippocampus of transgenic
vehicle mice compared with age-matched WT mice
(Fig. 4a, b, #¥p <0.001). Treatment with scFv-Bsec and
scFv-Diab lowered A4-reactive oligomeric A3 levels in the
cortex and the hippocampus, compared with vehicle transgen-
ic mice (Fig. 4a, *p <0.05). Similarly, C6T-recognized oligo-
meric AP levels were reduced in the mice treated with scFv-
Diab and scFv-Bsec (Fig. 4b, *p <0.05).

Both scFv-Diab and scFv-Bsec Decrease Gliosis
and Microgliosis in APP/PS1 Mice

High levels of A burden may be cytotoxic, activate glial
cells, and lead to altered inflammatory responses [22, 23].
To assess the effects of scFv-Bsec and scFv-Diab treatment
on inflammation, we assayed levels of GFAP-positive reactive
astrocytes. The presence of activated astrocytes correlates
with the presence of Congo red—positive plaques in the cortex
(Fig. 5a) and there is a significant increase in activated astro-
cytes in transgenic vehicle mice compared with age-matched
WT mice (Fig. 5b, #*p <0.001). Similar results were ob-
served in the hippocampus (Fig. 5c¢, d, *p <0.001). Neither
treatment with scFv-Bsec or scFv-Diab resulted in a signifi-
cant decrease in reactive astrocytes in the cortex (Fig. 5b,
p>0.05) though both treatments did reduce activation in the
hippocampus (Fig. 5d, *p <0.05).

Microglia activation is another response to toxic substrates
[22, 23]. The double immunostaining was performed using
antibody Ibal, a microglial marker, and 6E10 as an A3 mark-
er. Representative images showed a correlation of Ibal-
positive cells with 6E10-labeling AP plaques (Fig. Se). A
significant increase in the number of activated microglia was

BWT-GFP
BTg-GFP
OTg-scFv-Diab
mTg-scFv-Bsec
mPBS

o]

Cortex

C6T-recognized oligomers (fold)

Hippocampus

mice used for each study were as follows: scFv-Diab (n=9), scFv-Bsec
(n=06), Tg-GFP (n=10), and WT-GFP (n=3). PBS was considered as a
blank sample control. **p <0.001 to age-matched WT-GFP mice;
*p < 0.05 to vehicle Tg-GFP mice



Mol Neurobiol (2019) 56:7420-7432

7427

Fig.5 Gliosis reaction responsive a

to A3 in the brain of APP/PS1
mice. a Representative
microphotoimages showed
reactive astrocytes
immunostained by antibody
against GFAP. Fibrillar A3
deposits were visualized by
Congo red staining (red). The
nuclei were counterstained with

WT-GFP

15

10

——

hematoxylin (blue). b The %:cFv-Diab, .
positive staining of reactive o N
astrocytes was expressed as a

percentage of total area. ¢ Similar

to a, representative

microphotoimages in the

hippocampus. d The positive

staining of reactive astrocytes was

expressed as a percentage of total

area. e Representative c
microphotoimages showed

reactive microglia immunostained

by antibody Ibal (green). A3

deposits were visualized by

antibody 6E10 (red).

Counterstaining by DAPI (blue). .
The positive staining of microglia
was expressed as a percentage of
total area. Group size tested:
scFv-Diab (n =5), scFv-Bsec
(n=5), Tg-GFP (n=5), and WT-
GFP (n=3). #p<0.01,

###) < 0.001 to age-matched WT-
GFP mice; **p <0.01 to
littermate Tg-GFP vehicle group

P

WT-GFP

Tg-scFv-Diab

Tg-scFv-Diab

observed in transgenic vehicle mice compared with age-
matched WT mice (Fig. 5f, **p < 0.001). Treatment with both
scFv-Bsec and scFv-Diab significantly reduced reactive mi-
croglia in the cortex (Fig. SF, **p <0.01).

scFv-Diab But Not scFv-Bsec Reversed Dendrite Spine
Loss and Synaptic Aggregates

The number of the dendrites of pyramidal neurons de-
creases in APP-based transgenic mouse models of AD

e

Tg-scFv-Bsec

-

GFAP staining area(%)

ESE a ol -

Tg-scF\i-Bsec

| ¥
GFAP staining area (%)

Tg-scFv-Bsec* .

¢

Iba1 staining area (%)

S
<% <9

[23, 32, 33]. Dendritic density and organization were im-
aged using MAP-2 staining. Compared with WT mice,
the transgenic GFP-treated mice had higher staining of
MAP2 and a decreased number of MAP2-positive den-
drites and spines (Fig. 6a, b, p <0.01). Treatment with
scFv-Diab rescued dendritic organization similar to the
vehicle WT mice and increased the number of MAP2-
positive staining compared with the transgenic vehicle
mice (Fig. 6B, “p<0.05). Treatment with scFv-Bsec
however did not rescue dendritic organization or increase
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Fig. 6 Changes in dendritic a
spines and synapses in the brain
of APP/PS1 mice. a
Representative
microphotoimages showed
neuronal dendrites in the cortex
visualized by an antibody against
MAP2 (green). AP deposits were
visualized by antibody 6E10
(red). Counterstaining by DAPI
(blue). b The area of positive
MAP2-]abeled dendrites was
expressed as a percentage of total
area. ¢ Representative
microphotoimages showed
synapses labeled by an antibody
against SYP (green). A3 deposits
were visualized by antibody 6E10
(red). Counterstaining by DAPI
(blue). d The area of positive SYP c
staining was expressed as a

percentage of total area. e

Representative data showing SYP

levels in the cortex by Western

blot. Group size tested: scFv-Diab

(n=5), scFv-Bsec (n=95), Tg-

GFP (n=5), and WT-GFP (n=

3).#p <0.01, " p <0.001 to age-

matched WT-GFP mice;

" <0.01 to littermate Tg-GFP

vehicle group

WT-GFP

g-scFv-Diab

MAP2/6E10/DAPI

Tg-scFv-Diab

SYP/6E10/DAPI

MAP?2 staining (Fig. 6a, b, p >0.05). Synaptic changes in
the treated mice were also characterized using
synaptophysin (SYP, a pre-synaptic marker). Strong
staining of neuritic aggregates close to 6E10-positive
plaques was observed in the cortex of transgenic GFP
control mice compared with wild-type mice (Fig. 6c¢, d,
#p<0.01). Treatment with scFv-Diab significantly de-
creased the number of SYP aggregates (strong staining)
around A3 plaques (Fig. 6¢, d, *p <0.05). Treatment
with scFv-Bsec however did not significantly change
the number of SYP-positive aggregates close to Af3
plaques (Fig. 6¢, d, p>0.05). In total, synaptophysin
levels were not unchanged in the different treated groups
as determined by Western blot (Fig. 6e).
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MAP2 staining area (%)
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ScFv-Diab Improves Neurogenesis

Processing of APP can affect neurogenesis as evidenced by
the decline in neurogenesis in APP transgenic models of
AD [34]. We tracked changes in neurogenesis using
doublecortin (DCX), a classical marker for immature neu-
rons [34, 35]. Positive staining was observed in the
subgranular zone (SGZ) of the dentate gyrus of the hippo-
campus (Fig. 7a) where the transgenic vehicle treated mice
showed a significant decrease compared with similarly
treated WT mice (Fig. 7b, *p <0.01). Treatment with
scFv-Diab increased the number of DCX-positive cells in
the SGZ to levels much higher than even the WT mice
(Fig. 7b, ***p <0.001). Treatment with iBsecl also



Mol Neurobiol (2019) 56:7420-7432

7429

increased the number of immature neurons compared with
WT mice (Fig. 7b, **p <0.01) but the levels were signifi-
cantly lower than the mice treated with scFv-Diab (Fig. 7b,
&&&p, <0.001).

ScFv-Diab But Not scFv-Bsec Rescues Survival
in APP/PS1 Mice

All mice were purchased at an age of 1 month and housed
following standard IACUC protocols. While 10 WT mice
were housed for 9 months with no loss of mice, the APP/
PS1 mice have a high mortality rate, around 40% by the age
of 12 months [36]. Consistent with these reports, 20 APP/PS1
mice were randomly chosen and injected with rAAV-GFP at
age of 1 month old as a vehicle group but only 10 mice had
survived after 9 months (Fig. 8). The iBsecl-treated mice
showed a slight delay but no change in total mortality, whereas
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Fig. 7 Neurogenesis in the brain of APP/PS1 mice. a Representative
microphotoimages show immature neurons in SGZ of the hippocampus
using an antibody against DCX (red). Counterstaining by DAPI (blue). b
DCX-positive cells were counted and averaged per sections. Group size
tested: scFv-Diab (n=9), scFv-Bsec (n=06), Tg-GFP (n=10), and WT-
GFP (n=5). " <0.001 to age-matched WT-GFP mice. *¥p <0.01,
s < 0.001 to littermate Tg-GFP vehicle group; ““%p <0.001 to Tg-
GFP mice administering scFv-Diab

the Diab-treated mice quite strikingly increased survival levels
to nearly wild-type levels, where only one mouse died
(Fig. 8).

Discussion

We previously generated two scFvs, Asecl and iBsecl, which
respectively promote «-secretase activity and block f3-
secretase activity toward APP by binding to APP at either
the o-site or the (3-site [15, 18, 37]. We generated a tandem
bispecific scFv (diabody or Diab) that combines the Asecl
and iBsecl scFvs into a single construct and showed that it
elevates levels of sAPP«, a soluble «-secretase-associated
APP fragment, and decreases levels of A3 and sAPPf, a
soluble 3-secretase-associated fragment in cell models of
AD [19]. Here, we added an LDL receptor which can facilitate
transfer across the blood-brain barrier (BBB) [20, 38, 39] to
the Diab and iBsec1 constructs for their use in animal models
of AD. Using recombinant human adeno-associated virus
(rAAV) as a vector infective to hepatic cells, the tagged con-
structs could be secreted into the blood and then cross the
BBB into the brain. We found high levels of both scFv-Diab
and scFv-Bsec in treated mouse brain tissue. The constructs
were tested as therapeutics in an APP/PS1 AD model.
Treatment with scFv-Bsec reduced levels of sSAPPf3 as expect-
ed and treatment with scFv-Diab also increased sAPP« levels
significantly higher than in the control mice and the scFv-
Bsec-treated mice (““*p < 0.001), indicating that the diabody
simultaneously inhibits (3-secretase processing and promotes
«-secretase activity.

Consistent with the decreased levels of sSAPP{3, we found
decreased 6E10-positive A3 deposits in both the scFv-Bsec-

Survival Times after Injection
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Fig. 8 Survival comparison among the mice. Mice with scFv-Diab had a
higher survival rate, similar to WT-GFP vehicle mice, compared with the
mice in scFv-Bsec administration and Tg-GFP vehicle group
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and scFv-Diab-treated mice, although insoluble Congo red—
stained amyloid deposits did not decrease. To further study
how soluble aggregates were affected by the treatments, we
measured levels of two conformationally distinct oligomeric
A3 variants using the A4 and C6T scFvs previously generated
by our group [27, 28]. It is not clear why soluble A[3 aggre-
gates are decreased with treatment, but not insoluble aggre-
gates, though various scenarios such as different aggregation
pathways or locations could account for the difference.
Astrocytosis- and microgliosis-based inflammation in the
brains correlates strongly with the neurodegenerative process
in AD [40] and the presence of activated astrocytes and mi-
croglia around neuritic plaques is one of the hallmarks of A 3-
related neuropathological progression [41, 42]. An increase in
GFAP-positive astrocytes was also observed with clustering
of hypertrophic Ibal-positive microglia around amyloid de-
posits [22, 23]. Treatment with scFv-Diab and scFv-Bsec sig-
nificantly decreased the number of astrocytes in the hippo-
campus but not in the cortex. This difference may reflect re-
gional differences in A3 deposition which was shown to start
earlier in the cortex (1.5 months) than in the hippocampus
(4 months) [23].

Dendritic spine loss and synaptic pathology are common
characteristics of APP/PS1 mice [23, 32, 33] as is clustering of
SYP-labeled synaptic buttons [23, 32]. Treatment with scFv-
Diab restored MAP2-labeled dendrite spine density and syn-
apse organization in the cortex compared with vehicle treated
mice, although treatment with iBsecl did not improve either
MAP2 or SYP organization. Treatment with scFv-Diab also
greatly elevated neurogenesis in the hippocampus of APP/PS1
mice. Most dramatically however, the high mortality rate of
the APP/PS1 was rescued in the scFv-Diab-treated mice, but
not the iBsecl-treated mice. Both scFv-Bsec and scFv-Diab
reduce f3-site cleavage of APP, resulting in similar decreases
in SAPPf3, A4- and C6T-recognizing A3 oligomers, 6E10-
positive A3 deposit, and microgliosis. However, the Diab also
promotes «-secretase cleavage generating higher levels of
sAPPo which was shown to protect hippocampal neurons
from excitotoxicity and A3 toxicity [43, 44], stimulate prolif-
eration of adult progenitor cells [45, 46], reduce deregulation
of NMDA receptor [47], and antagonize dendritic degenera-
tion and neuron death [48]. It is likely that the increase in
sAPPx production at least partially accounts for the increased
neuronal health and dramatically increased survival rates in
the scFv-Diab-treated mice.

A clinical trial testing verubecestat, a BACE1 inhibitor, as a
treatment in mild to moderate AD patients was recently can-
celed due to futility [13]. Our results here provide encouraging
evidence that while inhibiting BACE activity may not be ef-
fective, altering APP processing is still a promising therapeu-
tic strategy. Treatment with scFv-Bsec, which inhibits BACE
processing of APP, showed a decrease in plaque deposition
and inflammation, but did not improve neuronal health nor

@ Springer

increase survival rates. However, treatment with scFv-Diab,
which simultaneously decreases amyloidogenic processing by
inhibiting (3-secretase activity while also promoting neuropro-
tective processing by promoting «-secretase activity, similarly
decreased plaques and inflammation, and also restored neuro-
nal health and dramatically increased survival rates.
Simultaneously inhibiting (3-secretase activity while promot-
ing «-secretase activity has promise as a novel therapeutic
approach for treating AD and other APP-related disorders
including Down’s syndrome.
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