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afford substantial gains in AAV
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Adeno-associated virus (AAV) gene therapy for neurological
disease has gained traction due to stunning advances in capsid
evolution for CNS targeting. With AAV brain delivery now in
focus, conventional improvements in viral expression vectors
offer a complementary route for optimizing gene delivery.
We previously introduced a novel AAV gene therapy to slow
amyloid aggregation in the brain based on neuronal release
of an AP sequence variant that inhibited fibrilization of wild-
type AB. Here we explore three coding elements of the virally
delivered DNA plasmid in an effort to maximize the produc-
tion of therapeutic peptide in the brain. We demonstrate
that simply replacing the Gaussia luciferase signal peptide
with the mouse immunoglobulin heavy chain signal peptide
increased release of variant AB by ~5-fold. Sequence modifica-
tions within the expressed minigene further increased peptide
release by promoting y-secretase cleavage. Addition of a cyto-
solic fusion tag compatible with y-secretase interaction allowed
viral transduction to be tracked by immunostaining, indepen-
dent from the variant AP peptide. Collectively these construct
modifications increased neuronal production of therapeutic
peptide by 10-fold upon intracranial AAV injection of neonatal
mice. These findings demonstrate that modest changes in
expression vector design can yield substantial gains in AAV ef-
ficiency for therapeutic applications.

INTRODUCTION

Recent advances in capsid evolution have transformed the potential
for adeno-associated virus (AAV) gene therapy in the adult brain.
Newly created serotypes now make it possible to deliver DNA
throughout the CNS from a single, peripheral injection.' These break-
throughs in viral delivery have perhaps overshadowed more straight-
forward improvements in plasmid design to optimize expression of
therapeutic payloads for improved efficacy. Here we examine three
elements of the packaged AAV genome that we created to slow A
aggregation in Alzheimer’s disease.

Alzheimer’s disease is characterized by the pathological aggregation
of amyloid B peptide (AB) into extracellular plaques and microtu-
bule-associated tau protein (MAPT) into intraneuronal neurofibril-

lary tangles.”” Extensive biochemical characterization has identified
multiple sequence variants in each protein that can slow fibrilization
of the wild-type monomer into neurotoxic aggregates; however, deliv-
ering these modified peptides into the brain has proven problem-
atic.*® In a recent study, we addressed this gap by vectorizing a small
fragment of the amyloid precursor protein (APP) encoding a
sequence variant of AP peptide, and showing that viral delivery of
this peptide slowed amyloid formation in a mouse model of Alz-
heimer’s disease.” Our work supported the potential of using virally
delivered A variants introduced directly into the brain before amy-
loid onset, but even small improvements to the vector would maxi-
mize our chance of success under the more challenging conditions
of peripheral delivery after pathology has appeared.

Extracellular delivery of our AP variant into the brain depended on
enzymatic processing of the APP fragment by endogenous y-secretase
within the plasma membrane.” Our original vector relied on the Gaus-
sia luciferase signal peptide (GLSP) for membrane insertion. This signal
peptide is derived from a marine copepod and although it is commonly
used to express the Gaussia luciferase protein in mammalian cell
lines,>1°
asours.''* Dozens of mammalian signal peptides and a growing num-
ber of synthetic versions have been identified, but finding the optimal
match between signal sequence and expressed protein ultimately relies
on empirical testing.'”* Two recent studies demonstrated efficient
expression of the APP C-terminal fragment using the mouse immuno-
globulin heavy chain V domain signal sequence (MolgH).">'® Since
our AP delivery vector was a shortened version of the APP C-terminal
fragment, we took advantage of Xu and Yan’s prior work to focus on
the MoIgH sequence for comparison against GLSP.

it may be suboptimal for expression of other proteins such

We also examined whether altering the amino acids located near the
y-secretase site of our minigene could enhance proteolytic processing
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to increase extracellular release of our therapeutic peptide. Earlier =~ RESULTS

studies discovered that an APP C-terminal fragment containing at
least three intracellular lysines (KKK) increased y-cleavage nearly
4-fold over a construct with just two lysines (KK).'® This finding
caught our attention as our initial APP minigene contained just two
intracellular lysines and we wondered if we might improve cleavage
efficiency—and increase AP release—by adding one more residue.
The same research team identified two adjacent mutations at the
membrane-cytosol boundary that further enhanced APP C-terminal
processing (i.e., L52A and K53R'>'®). We were keen to test whether
these sequence modifications might improve y-secretase processing
of our APP minigene to further boost extracellular release of our
AP variant peptide.

Finally, we wanted the new vector to provide some way of identi-
fying viral expression that would not interfere with y-secretase pro-
cessing. Our past work used antibodies against the human AB
sequence of our variant peptide to visualize viral spread in the
mouse brain; however, this strategy identified both unprocessed
APP minigene at the cell membrane and secreted AP peptide that
diffused away from cells. We sought a cytosolic tag that would selec-
tively identify viral expression. Based on the juxtamembrane charge
requirement for y-secretase cleavage determined by Xu et al.,'” we
ruled out flag, myc, and hemagglutinin tags which are all net nega-
tive sequences. Our final modification to the viral construct tested
V5 against YFP as cellular tags for viral expression. We further
examined whether an internal ribosome entry site (IRES) or self-
cleaving P2A peptide would be the better route for YFP co-
expression.

We show that these modest changes to the AAV expression vector

provided a 10-fold increase in the amount of therapeutic peptide
produced in the mouse brain.
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Transfer plasmid optimization focused on three coding

elements

Our original AAV vector for brain delivery of AB"“"" variant peptide
was based on a minigene encoding a small portion of full-length APP.
Extracellular release of variant AP from the expressed APP fragment
depended on two key design elements. First, the construct encoded an
ectopic signal peptide for delivery to the plasma membrane. Second,
the construct included the complete APP transmembrane domain
plus two cytosolic lysines (KK) as a recognition motif for cleavage
by endogenous y-secretase that would release variant A into the
extracellular space where it could engage wild-type AP and prevent
aggregation. Improving either of these elements should increase the
amount of therapeutic peptide released from each transduced cell,
and in theory should decrease the transduction threshold needed to
impact amyloid accumulation. Our original construct carried no

F20P

expression tag to see viral distribution. We could immunostain for
the expressed human A variant, but this did not formally distinguish
secreted AP from the uncleaved membrane-bound protein in cells.
Here we tested two well-used cytosolic tags to identify one that accu-
rately identified transfected cells and was compatible with y-secretase
cleavage. In all, we tested 10 new AAV constructs against our original
vector to identify the elements which maximized extracellular release
of variant AP and reliably labeled cells carrying the construct
(Figure 1).

Transient transfection provided comparison of secreted A
levels

We transfected 293T cells in triplicate with each of the 10 new
transfer plasmids plus the original vector as a control. One set
of cells was used for immunocytochemistry to determine how
transfection efficiency compared across the constructs and
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whether the expression tags faithfully reported cells that also pro-
duced human variant AB. We found no differences in qualitative
transduction efficiency or fluorescence intensity of human AP im-
munostaining between cells transfected with the original A F20P
plasmid and those expressing the same plasmid with a V5 tag
added to the cytosolic C terminus (Figure 2A, see KK vs. KK-
V5). Across all of the V5-tagged constructs we tested, we found
co-immunostaining for V5 showed good overlap with human AB
expression, suggesting that the V5 fusion tag accurately reported
localization and did not interfere with AP expression (Figure S1).
We next compared the fidelity and efficiency of V5 as a cellular tag
for plasmid localization against the two methods for YFP co-
expression based on IRES and P2A. Of the three, P2A-YFP showed
the highest transduction efficiency and good overlap with AB im-
munostaining (Figures 2B and S2). Unexpectedly, IRES-YFP did
not co-label well with AB: many cells reported YFP without AP,
and AP without YFP. Poor overlap between YFP and AP was
found for both IRES-YFP constructs we tested, eliminating these
constructs from final consideration.

A second set of cells was used to test protein expression in the cell
lysate by western blot and AP secretion into the media by ELISA.
All of the new constructs displayed an AP band at the expected size
of ~7-9 kD (Figure 2C). Relative to B-actin as a loading control, eight
of the 10 new plasmids expressed at higher levels than the original
vector (Figure 2D). Two notable exceptions were the P2A-YFP con-
structs: both had a strong AP band at ~35 kD that co-stained for
YFP, suggesting that much of the expressed protein had failed to
self-cleave (Figure 2D). Given the poor fidelity of IRES-YFP con-
structs and failure of P2A-YFP cleavage, we chose the V5 tag instead
of YEP for the final construct.

We next tested the concentration of secreted AP in the media.
ELISA testing for AB40 revealed that the MolgH signal peptide
constructs secreted several-fold more AP into the media than con-
structs made with the original GLSP peptide (Figure 2E, see
MolIgH-KKK-V5 vs. GLSP-KKK-V5). This
demonstrated that the V5 tag did not interfere with y-secretase
cleavage required for AP release (Figure 2E, see KK vs. KK-V5).
Finally, ELISA testing suggested that the double mutant L52A-
K53R-KK-V5 produced slightly more secreted AP than the other
V5 constructs relative to the amount of transfected protein de-
tected on western blot (Figure 2E compared with Figure 2D).

experiment also

We used the final well of transfected cells to ensure that AP secretion
depended on y-secretase processing to release mature peptide from
the cell as intended. We treated cells with 1 nM of y-secretase inhib-
itor LY411575 beginning 24 h after transfection and collected media
48 h later for AP ELISA. A release from nine of the 11 constructs was
reduced by >92%, with eight out of the 11 reduced by >96% (Fig-
ure 2E). The only constructs that were not inhibited by LY411575
were the two P2A-YFP plasmids, one of which was inhibited by
<7% and the other was out of range, suggesting a similar lack of
repression.

Taken together, these findings indicated that our final construct
should contain the MoIgH signal peptide, a C terminus sequence
ending in L52A-K53R-KK, and a V5 tag.

Neonatal brain transduction confirmed efficacy of the improved
transfer plasmid

We next needed to test in mouse brain the three design elements we
had shown to improve A release in 293 cells. We cloned the original
GLSP-AB™P-KK and the new MolgH-AB "-L52A-K53R-KK-V5
expression cassettes into an AAV transfer plasmid that contained
the human synapsin promoter for expression in neurons (Figure 3A).
Each plasmid was packaged into AAV8, and we injected each virus at
two concentrations into the lateral ventricles of wild-type mouse pups
shortly after birth (postnatal day 0, PO). AAV injection at this age al-
lows widespread cortical transduction by viral diffusion through the
immature ventricular lining."”'® This approach uses many-fold fewer
viral particles for the same level of neuronal transduction compared
with peripheral intravenous (i.v.) injection. Wild-type mice were cho-
sen instead of APP transgenic models so that virally derived A could
be isolated from endogenous AP using human-specific AB detection
kits and antibodies. Mice were harvested 3 weeks later and the brains
hemisected for immunostaining and AP quantitation. Tissue immu-
nostaining for AP revealed that the optimized construct expressed
somewhat more strongly than the original, even though both
viruses were injected at the same titers (Figure 3B). Co-immunostain-
ing for V5 and AB showed good overlap between the two markers in
mice treated with the optimized virus (Figure 3C). Cortical homoge-
nates from the opposite hemisphere largely confirmed the visual
impression from immunostaining. AR concentration was ~10-fold
higher in animals transduced with the new virus compared with the
original construct (Figure 3D). Both AB40 and AP42 were increased
without changing the overall ratio of 40:42.

DISCUSSION

We set out to determine if modest changes to our AAV delivery vector
might increase release of therapeutic peptide from transduced cells.
We also hoped to more accurately track viral expression using a
fusion tag, without diminishing any gains in peptide release afforded
from other changes to the sequence. Of the three modifications we
investigated, the change from GLSP to MolgH signal peptide had
the greatest effect on peptide delivery. The APP has a native signal
peptide that was not tested here,'” but past work has shown that
the native leader sequence is often not the optimal one for protein
'3 Despite considerable commercial interest and in silico
effort to create improved leader sequences, the efficiency of each
signal peptide must be tested empirically and can vary with the ex-
pressed protein. Our experiments examined only two possibilities,
but nevertheless increased peptide secretion 5- to 10-fold. This

secretion.

improvement should support better efficacy with less virus, or less
efficient viral uptake, than our original construct. These are important
considerations for viral gene therapy in humans where large quanti-
ties of virus are required for each patient, and transduction efficiency
will be lower and more variable than in rodent models tested in the
laboratory.
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Figure 2. Transient expression in 293T cells was used to compare expression tags, transmembrane sequences, and signal peptides

(A) Transfected 293T cells were co-immunostained for human variant Ap (6E10, red) and V5 (green). Addition of a V5 tag did not appreciably change the expression pattern of
variant AB. (B) V5 was compared with YFP for cytosolic labeling in 293T cells. YFP was introduced using an IRES or a P2A peptide. Co-immunostaining for variant Ap (6E10,
red) and V5 (green) or YFP (green) revealed that the P2A construct had strongest fluorescence and that P2A-YFP and -V5 consistently co-labeled with AB, but IRES-YFP did
not. (C) Western blotting of 293T cell lysates for A (6E10, red) and V5 or YFP (green) confirmed that all constructs produce a band at the size expected for membrane-bound
AP precursor and that all four YFP constructs produce a band at ~27 kD expected of free YFP, but that the two P2A-YFP constructs also produce an uncleaved AB+YFP
fusion protein at ~37 kD. (D) The blot shown in (C) was quantified to determine the relative expression of AB minigene, normalized to B-actin. (E) Secreted Ap was measured by
ELISA in the media collected from transfected 293T cells. The MolgH signal peptide had greatest impact on A release. Duplicate cultures were treated with y-secretase
inhibitor (GSI, black bars) and the media tested by AB ELISA. AB release was dependent on y-secretase activity in all but the P2A-YFP constructs. Data are shown as mean +

SEM. ND, not determined - out of range.
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A

Figure 3. The optimized viral construct improved A

delivery in the mouse brain
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illustrates the amino acid sequence of the APP minigenes
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optimized constructs were packaged into AAV8 and in-
jected intracerebrovascularly (i.c.v.) into wild-type neonatal
mice at a dose of 1 x 10'" genome copies (gc)/hemisphere
(hemi) or 2 x 10" gc/hemi. Mice were harvested 3 weeks
later. (B) Immunostaining for human AB (6E10, red) dem-
onstrates widespread viral expression of variant Ap in a
dose-dependent manner. Images show a portion of cortex
and underlying hippocampus from sagittal brain sections.
(C) Co-immunostaining for 6E10 (green) and V5 (red) in
mice injected with the optimized construct shows good
concordance between the two markers. Images show a
magnified view of transduced neurons in frontal cortex. (D)
Biochemical analysis of variant AB in cortical homogenates
shows a significant increase of AB40, AB42, and total AR
in the optimized construct without changing the Ap40:42
ratio. ANOVA, *p < 0.05, “*p < 0.01, ***p < 0.0001. Data
are shown as mean + SEM.
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While we also found a small gain by modifying the transmembrane-
cytosolic boundary sequence to improve y-secretase cleavage, the
other main outcome of our work was identifying a cytosolic tag
that was compatible with secretase processing, well tolerated in vivo,
and which accurately reported viral expression. We avoided several
common expression tags such as flag, myc, and hemagglutinin,
based on predicted incompatibility with y-secretase due to negative
charge.'” We also ruled out two approaches for YFP co-expression.
We found that the P2A-YFP cassette expressed strongly, but failed
to self-cleave effectively, resulting in a large fusion protein that
interfered with <y-secretase function. We tried a more traditional
IRES-YFP approach, and while this produced an independent
YFP protein, it did not accurately co-express with the AP variant.

While the trailing cistron following an IRES (YFP) is frequently
associated with lower expression levels than the upstream cistron
(AB),”® we also found cells that were YFP+ without AP. This
outcome was unexpected but has been reported previously for
some constructs carrying IRES-GFP, depending on the specific
gene encoded in the first cistron.”’ Other groups have found vari-
able co-expression between first and second cistrons, depending
on the IRES used, the genes encoded, the cell type studied, and
the relative position of each gene within the construct.”>** These
results reiterate the value in empirically testing each vector compo-
nent. By doing so we avoided potential pitfalls with YFP co-expres-
sion and simultaneously identified a much better signal peptide for
our AB minigene.
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MATERIALS AND METHODS
Materials and methods are provided in the online supplemental
information.

DATA AND CODE AVAILABILITY

All the data related to this study are available within the paper or can be obtained from the
corresponding author on request.
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