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ABSTRACT: Deposition of β-amyloid (Aβ) is considered an important early event in the pathogenesis of
Alzheimer’s disease (AD), and reduction of Aβ levels in the brain could be a viable therapeutic approach. A
potentially noninflammatory route to facilitate clearance and reduce toxicity of Aβ is to degrade the peptide
using proteolytic nanobodies. Here we show that a proteolytic nanobody engineered to cleave Aβ at its
R-secretase site has potential therapeutic value. The Asec-1A proteolytic nanobody, derived from a parent
catalytic light chain antibody, prevents aggregation of monomeric Aβ, inhibits further aggregation of
preformed Aβ aggregates, and reduces Aβ-induced cytotoxicity toward a human neuroblastoma cell line. The
nanobody also reduces toxicity induced by overexpression of the human amyloid precursor protein (APP) in a
Chinese hamster ovary (CHO) cell line by cleaving APP at the R-secretase site which precludes formation of Aβ.
Targeted proteolysis of APP and Aβ with catalytic nanobodies represents a novel therapeutic approach for
treating AD where potentially harmful side effects can be minimized.

Alzheimer’s disease (AD)1 is characterized by a progressive
decline in mental function, particularly memory and acquired
intellectual skills, the combination of which is known as dementia.
AD is the predominant form of dementia in the elderly, afflicting
13% of people over the age of 65 (1). Disruption of nerve cell
function in AD is associated with the accumulation of senile
plaques and neurofibrillary tangles in the brain. The principle
component of the extracellular plaques is the amyloid β pro-
tein (Aβ), while the neurofibrillary tangles are composed of the
protein tau (2, 3). Though themechanisms underlyingADpatho-
logy remain controversial, accumulation and deposition of Aβ
appear to play a critical role in the pathogenesis of AD, and
various strategies to reduce Aβ levels in the brain are being
actively pursued.

Antibody-based therapeutic strategies aimed at reducing Aβ
levels in AD have been widely pursued (reviewed in ref 4). Active
immunization of transgenic ADmice with aggregated Aβ as well
as passive immunization of similarmice by periodic injectionwith
antibodies generated against Aβ both delayed deposition of Aβ
and reduced existing Aβ deposits (5, 6). While human clinical
trials involving active immunization with Aβ showed that
clearance of Aβ has promise for decreasing cognitive decline
and neuronal loss (7), the studies had to be stopped due to
occurrence of inflammation in 6% of the patients (8). There is
considerable evidence that AD is an inflammatory disease
(reviewed in ref 9), and antibody-mediated clearance by phago-

cytosis may exacerbate brain inflammation and damage and
induce microhemorrhage in brain vasculature (10, 11).

Further evidence that clearance of Aβ is a promising ther-
apeutic strategy comes from studies using the metalloendopepti-
dases insulin degrading enzyme (IDE) and neprilysin (NEP) (12).
Concentrations of these enzymes are elevated inmousemodels of
AD, possibly to counter the overexpression of Aβ (13), and
transgenic overexpression of IDE or NEP decreased the overall
amyloid plaque burden and steady-state Aβ levels in transgenic
mouse models of AD (14, 15). Since these enzymes have other
natural substrates (16), however, increasing their levels in AD
therapy may induce unwanted side effects.

A potential route to reduce Aβ aggregation and toxicity
without initiating an inflammatory response or inducing other
side effects is to hydrolyze Aβ or its precursor form APP at the
R-secretase site using engineered proteolytic antibody fragments.
The catalytic activity of proteolytic single chain antibody frag-
ments can be tailored toward desired targets, and since they lack
theFc region, theywill not induce an inflammatory response (17).
We have previously identified an antibody light chain mk18 that
has R-secretase-like catalytic activity toward Aβ producing the
1-16 and 17-40 amino acid fragments from Aβ40 along with
other less predominant fragments (18). The single chain antibody
fragment (scFv) consisting of the proteolytic light chain was
generated, and its specific activity toward Aβ was improved by
affinity maturation, yielding a 6-fold increase in catalytic activity
(kcat/KM) toward the synthetic Aβ substrate respectively com-
pared to the original scFv (19).

Here we show that the affinity-matured proteolytic scFv or
nanobody, Asec-1A, may have potential therapeutic value for
treating AD. Asec-1A prevents aggregation of Aβ in vitro and
reduces Aβ-induced cytotoxicity toward SH-SY5Y neuroblas-
toma cells. The proteolytic nanobody can cleave early stage Aβ
oligomers which have been implicated as the toxic species in AD
but does not cleave late stage oligomers and fibrils. The proteolytic
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nanobody when incubated with mammalian cells that overexpress
human amyloid precursor protein (hAPP) reduces toxicity, sug-
gesting that the proteolytic nanobody can also cleave APP on cell
surfaces, reducing Aβ levels.

EXPERIMENTAL PROCEDURES

Expression and Purification of Soluble Nanobody. The
affinity-matured proteolytic nanobody Asec-1A was inserted
into the yeast expression vector, pPNL9, by gap repair after
cotransformation into the yeast Saccharomyces cerevisiae, and
protein expression was initiated essentially as described (19).
Briefly, an overnight culture of Asec-1A in 10 mL of SDCAA
plus Trp growth media was used to inoculate 200 mL of the same
media containing 100 units/mL penicillin G and 200 units/mL
streptomycin and grown for 16 h at 30 �C with shaking at 250
rpm. The cells were harvested and resuspended in 500 mL of
induction media consisting of yeast extract/peptone/galactose/
raffinose containing 2% galactose and 2% raffinose (YEPGR)
and induced for 48-72 h at 25 �Cwith shaking. After centrifuga-
tion to remove cells the supernatant was concentrated to a final
volume of 50 mL using a Pellicon tangential flow system with a
10 kDa cutoff filter and dialyzed against PBS.

Purification of the nanobody from the concentrated super-
natant was performed as previously described (20). The 6�His-
tagged nanobody was purified by mixing with 1 mL of nickel
NTA Sepharose beads (Qiagen, CA) for 2 h, followed by elution
with an imidazole gradient. Fractions containing the nanobody
were pooled and dialyzed into 1� PBS. Protein expression and
purity were checked with SDS-PAGE and Western blotting.
Bicinchonic acid (BCA) protein assay (Pierce, IL) was used to
determine nanobody concentration.
Aβ Aggregation. Lyophilized stock of β amyloid 1-40

peptide (Aβ40) stored as its trifluoroacetate salt at -20 �C was
prepared for aggregation as previously described (21, 22). Briefly,
Aβ40 was solubilized in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)
at a concentration of 1 mg/mL to avoid aggregates, air-dried, and
stored at -20 �C. Prior to use, the aliquots were resuspended in
dimethyl sulfoxide (DMSO) and diluted with Tris-HCl buffer
(20 mMTris, 150 mMNaCl, pH 7.5) to a concentration of 50 μM
and aggregated in a 37 �C incubator. Aliquots were removed at
selected time points for further analysis.
Thioflavin T (ThT) Fluorescence Assay. Aggregation of

Aβ into amyloid fibrils was monitored using a thioflavin T (ThT)
fluorescence assay essentially as described (21). Fluorescence
intensity was determined at an excitation wavelength of 450 nm
and an emission wavelength of 482 nm using a Shimadzu PF-
3501PC spectrofluorophotometer (Shimadzu, Japan) with 1 cm
light-path quartz cuvettes and excitation and emission band-
widths of 5 nm (23). All ThT fluorescence experiments were per-
formed in triplicate. The standard errors were analyzed with
Excel.
Atomic Force Microscope (AFM) Imaging. AFM was

used to analyze the morphology of the Aβ aggregates. AFM
analysis was performed as described previously (24). A 10 μL
aliquot of each sample was spotted onto freshly cleaved mica
surface, dried, and imaged in air using a MultiMode AFM
NanoScope IIIA system (Veeco/Digital Instruments, Santa Bar-
bara, CA) operating in tappingmode using silicon probes (model
OTESPA; Veeco, Santa Barbara, CA) (22, 23, 25). Size distribu-
tion analysis was performed by measuring particle heights using
SPIP software (Imagemetrology, CA) (24).

Cell Culture. The human neuroblastoma cell line SH-SY5Y
was obtained from the American Tissue Culture Collection
(USA). Cells were cultured essentially as previously described (25).
Aliquots of Aβ samples were added to the cells to a final con-
centration of 1 μM. Plates were incubated for an additional 48 h
at 37 �C.
Cytotoxicity Assay.Cytotoxicity wasmeasured after 48 h of

addition of samples to the cells by an LDH (lactose dehydro-
genase; Sigma) release assay as described (26). LDH release was
measured using an LDH cytotoxicity assay kit (Sigma) following
the protocol provided by the manufacturer essentially as de-
scribed previously (21). Data from three independent experi-
ments were analyzed using Excel software and reported as
mean ( standard error of the percentage of LDH release from
cells incubated with buffer alone.
Coincubation of Aβwith Proteolytic Nanobody.A 50 μM

solution of monomeric Aβ, prepared as described above, was
mixed with different concentrations of Asec-1A to test for
reduction in toxicity. Based on these studies Asec-1A to Aβ
molar ratios of 1/200 (250 nMAsec-1A)were used for subsequent
studies. Samples of Aβ coincubated with Asec-1A were analyzed
for aggregation and cytotoxicity as described above.

To determine whether the nanobody could hydrolyze pre-
formedAβ aggregates,Aβwas preaggregated for 1, 2, and 4 days,
respectively, before the addition of 250 nMAsec-1A, and further
aggregation of thismixture was then followed over a 7 day period
by AFM and ThT analysis described above.
Determination of Proteolytic Nanobody Specificity to

Aβ. A BLAST sequence search using the eight amino acid
sequence stretch encompassing the R-secretase site of Aβ
(HHQKLVFF) identified phosphoglucose isomerase (PGI) as
the top hit. PGI, a 120 kDa protein made up of two subunits (55
and 65 kDa) (27), contains a Lys-Leu sequence homologous to
the R-secretase site of Aβ along with several other lysine and
arginine residues which represent potential cleavage sites for
serine proteases. Hence, we selected PGI as a control protein to
test for off-target proteolytic activity of Asec-1A. Stock solutions
of PGI (Sigma) were prepared by dissolving 1 mg of PGI in
1 mL of ice-cold water to a concentration 4.06 μM. A 100 μL
aliquot of 100 nM Asec-1A in PBS was added to 100 μL of the
PGI stock and incubated at 37 �C. PGI was also incubated with
100 nM nonproteolytic control nanobody, as well as a commer-
cial serine protease, trypsin. Aliquots were removed after 0 and 1
day of incubation, and 30 μL of the sample was run on a
denaturing SDS-PAGE gel. Bands were detected using Silver
Staining kit II (Pierce) using the manufacturer’s protocols.
Presence of proteolytic activity is indicated by the disappearance
of the ∼55 kDa PGI band and appearance of 14 and 41 kDa
bands.
Effects of Proteolytic Nanobody on Cells Overexpres-

sing Amyloid Precursor Protein (APP). A Chinese hamster
ovary (CHO) cell line stably transfected with cDNA encoding
mutant human APP751 (7PA2) was a kind gift from Dr. Dennis
Selkoe (HarvardMedical School, Boston, MA). Cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum. Selection for mutant APP expressing
cells was performed using 1 mg/mL G-418 (Calbiochem), an
amyloglycoside antibiotic. After the cells reached 95% confluence,
the cells were plated onto sixwell plates and grownwith orwithout
50 nM Asec-1A or a control nanobody. Aliquots of cell culture
media were collected at selected time points and analyzed for
toxicity.
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To study the concentration dependence of Asec-1A on hAPP-
induced toxicity, a series of Asec-1A concentrations (50 nM,
100 nM, 250 nM, 500 nM, and 1 μM) was added to different
wells containing the same number of 7PA2 cells. Aliquots were
removed at selected time points and tested for cytotoxicity by
LDH assay.

To determine if Asec-1A could protect 7PA2 cells against
toxicity induced by APP overexpression, the Asec-1A in the cell
media was supplemented by adding 50 nM Asec-1A to the cell
media at 3 h, 6 h, and 1 day. Cell media were removed at each
time point, and the effect of proteolytic nanobody on hAPP-
induced cell toxicity was compared to the toxicity of cells
incubated with buffer alone.
Tris-Tricine SDS-PAGE and Western Blot. Western

blot analysis was used to determine how Asec-1A proteolytic
nanobody altered APP levels in 7PA2 cells. The 7PA2 cells were
cultured for 2 days with or without Asec-1A nanobody. The cell
culture media were removed, and the 7PA2 cells were homo-
genized in lysis buffer (100 mM Tris, 150 mM NaCl, 1% Triton
X-100, 1� mammalian protease inhibitor cocktail, pH 7.5) and
centrifuged at 14000 rpm to pellet the cell debris. Total protein
concentration was determined by BCA, and 25 μg of cell culture

media and lysate were separated on a 10% Tris-Tricine gel and
transferred onto a 0.2 μm nitrocellulose membrane (Bio-Rad). The
membrane was probed for 24 h with a 1/1000 dilution of mouse
monoclonal antibody 6E10 (Calbiochem, USA), and immunor-
eactivity was detected following a 1 h incubation with a 1/1000
dilution of a HRP-conjugated goat anti-mouse IgG as secondary
antibody to determine APP levels in the cell culture media and
lysate.

RESULTS

Expression and Purification of Soluble Nanobody. Asec-
1A was produced from S. cerevisiae, and the 6�His-tagged
nanobody was purified to homogeneity as verified by SDS-
PAGE (data not shown).
Aggregation and Toxicity of Aβ. Incubation of Aβ alone

showed a typical time-dependent increase in ThT fluorescence,
reaching a plateau after 7 days when fibrils are formed (Figure 1).
AFM analysis also shows the expected progression with time
from monomeric to small oligomeric aggregates to elongated
fibrillar aggregates when Aβ is incubated alone (Figure 2). SH-
SY5Y cells treated with Aβ alone showed an expected increase in
toxicity as measured by LDH release assay when incubated with
oligomeric Aβ but not with monomeric or fibrillar Aβ samples
(Figure 3). Maximum toxicity was observed with oligomers
obtained after aggregation for 2 days.
Degradation of Aβ by Asec-1A. Since the 2 day Aβ

aggregates were the most toxic Aβ species, we coincubated Aβ
with different concentrations of Asec-1A for 2 days and mon-
itored any changes in toxicity toward SH-SY5Y neuroblastoma
cells (Figure 4). Aβ-induced toxicity was completely eliminated
at Asec-1A ratios of 1/50, 1/100, and 1/200 (1 μM, 500 nM, and
250 nM) while partial protection was observed at Asec-1A Aβ
molar ratios of 1/500 and 1/1000 (100 and 50 nM). Therefore, a
1/200 Asec-1A/Aβ ratio was utilized for all further aggregation
studies since this is the lowest Asec-1A/Aβ ratio that provides
complete protection against Aβ-induced toxicity (Figure 4).

The parent mk18 light chain has been shown to have serine
protease-like activity (28) and cleaved Aβ not only at itsR-secretase

FIGURE 1: Aβ aggregationmonitored byThT.Aggregationof 50μM
Aβ incubated with and without 250 nM Asec-1A was monitored by
ThT fluorescence. Each experiment was performed in triplicate. The
error bars indicate standard error of the mean (SEM).

FIGURE 2: Aβ aggregation monitored by AFM image analysis. Aggregation of 50 μMAβ incubated (A) alone or (B) with 250 nMAsec-1A was
monitored by atomic force microscopy. Scale bar represents 1 μm.
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site but at other lysine and arginine residues as well (18). To
determine if Asec-1A has significant proteolytic activity toward
targets other thanAβ andAPP,we compared proteolytic activity of
Asec-1A toward Aβ and toward an analogous protein, phospho-
glucose isomerase (PGI). PGI has been shown to be susceptible to
proteolytic inactivation by serine proteases trypsin and chymotryp-
sin (29) and was selected based on its sequence similarity to amino
acids encompassing the R-secretase site of Aβ. While substantial
proteolysis ofAβ byAsec-1Awas observed, no proteolytic cleavage
of PGI was observed after 24 h (Figure 5). A commercial serine
protease, trypsin, completely cleaved both substrates, while a
nonproteolytic control nanobody had no effect on either substrate
(data not shown).
Proteolytic Nanobody Inhibits Aggregation of Aβ.While

incubation of Aβ alone shows a typical increase in aggregation

frommonomers to oligomers to fibrils, coincubation ofAβwith a
1/200 molar ratio of Asec-1A dramatically inhibited aggregation
(Figure 1). Image analysis of samples byAFMalso indicates that
fibril formation is inhibited by addition of Asec-1A (Figure 2).
Asec-1A Blocks Further Aggregation of Preaggregated

Aβ. Since the proteolytic nanobody cleaves Aβ monomers (19)
and inhibits fibril formation, we next determined whether Asec-
1A could hydrolyze or inhibit further aggregation of preformed
Aβ aggregates. We added aliquots of 1/200 molar ratio Asec-1A
to 1, 2, and 4 day preincubated Aβ samples, and in each case the
proteolytic nanobody inhibited any further aggregation of Aβ
but did not result in dissolution of existing aggregates as
determined by ThT (Figure 6). Image analysis by AFM confirms
these results, indicating that the preaggregated Aβ particles do
not increase in size when incubated with Asec-1A (Figure 7).
Proteolytic Nanobodies Block Aβ Induced Cytotoxicity

in SH-SY5Y Cells. We next determined whether Asec-1A
could reduce cytotoxicity of Aβ aggregates toward neuronal
cells.WhenmonomericAβwas coincubatedwith the 1/200molar
ratio of Asec-1A, no cytotoxicity was observed at the early time
points (6 hr, 1 day, and 2 days) although toxicity increased
somewhat at later time points (4 and 7 days) (Figure 3).

We then tested whether Asec-1A could block toxicity of
preaggregated Aβ aggregates. Addition of the 1/200 molar ratio
Asec-1A to the 1 day preincubatedAβ aggregate blocked toxicity
of the preformed toxic oligomeric species toward the SH-SY5Y

FIGURE 3: Effect of Asec-1A on Aβ-induced cytotoxicity. Coincuba-
tion of 50 μMAβwith 250 nMAsec-1A reduces Aβ-induced cytotoxi-
city toward SH-SY5Y human neuroblastoma cells. The final
concentrations of Aβ and proteolytic nanobody added to the cells were
1 μM and 1 nM, respectively. Cell viability was analyzed by LDH
cytotoxicity assay.The error bars indicate SEM.Line at 100%indicates
baseline LDH levels of cells incubated with buffer after 2 days.

FIGURE 4: Dilution effects of Asec-1A on Aβ-induced cytotoxicity.
50 μMAβ was incubated with different concentrations of Asec-1A for
2 days. Cell media were removed, and cell viability was analyzed by
LDH cytotoxicity assay. The error bars indicate SEM. Line at 100%
indicates baselineLDH levels of cells incubatedwith buffer after 2 days.

FIGURE 5: Enzyme specificity of Asec-1A toward the R-secretase site
of Aβ. Aβ and boiled PGI substrate (0.25 mg/mL each) were
incubated with Asec-1A for 24 h at 37 �C. The samples were run on
a SDS-PAGE gel and band intensities were visualized by silver
staining. Enzyme activity was determined by comparing the intensity
of the Aβ and PGI bands incubated for 0 and 24 h with Asec-1A.

FIGURE 6: Effect of Asec-1A on preaggregated Aβ as determined by
ThT fluorescence. Aβ was aggregated for 1 day (1D pre), 2 days (2D
pre), and 4 days (4D pre) and mixed with 250 nM Asec-1A.
Aggregation was followed for 7 days by ThT. The error bars indicate
SEM.
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cells (Figure 8). Addition of Asec-1A to the 2 day preformed
aggregates reduced toxicity from its peak value, and addition to
the 4 day aggregate had no effect on toxicity (data not shown).
Height Distribution Analyses. To better correlate Aβ ag-

gregate morphology and cytotoxicity, we determined the height
distribution of Aβ aggregate particle sizes from AFM images. A
previous study using cross-linked Aβ aggregates indicates the

heights of monomeric, dimeric, trimeric, and tetrameric Aβ species
are 0.24 ( 0.01, 0.53 ( 0.03, 0.94 ( 0.13, and 1.51 ( 0.30 nm,
respectively (30).Our results show thatwhenAβ is incubated alone,
the aggregates show a continual increase in height with time,
starting with heights <0.5 nm corresponding to monomeric Aβ,
and increasing steadilywith timewhere heights>4nmcorrespond-
ing to fibrillar Aβ predominate after 7 days (Figure 9A).

When Aβ is coincubated with Asec-1A, the particle heights
remain essentially constant between 1 and 2 nm over the first 2
days of aggregation (Figure 9B), which correspond to trimeric
and/or tetrameric forms of cross-linked Aβ (30). In agreement
with the Aβ only samples, particles in this height range show very
little if any toxicity toward SH-SY5Y neuronal cells as deter-
mined byLDHrelease assay (Figure 3).While the particle heights
of the Aβ samples incubated with Asec-1A did increase subse-
quently after 2 days, no fibril formation or significant increase
in toxicity was observed over the 7 day aggregation period
(Figure 7).

We also correlated the height distribution profiles of the pre-
aggregated Aβ particles incubated with and without addition of
Asec-1A. A 1/200 molar ratio of Asec-1A was added to the 1 day
preaggregated Aβ sample having a predominant particle height
between 1.5 and 2 nm. Aggregation was continued, and aliquots
were removed and analyzed after incubation for a further 1, 3, and
6 days. These time points correspond to the Aβ alone samples
incubated for 2, 4, and 7 days, respectively. While Aβ alone at 2, 4,
and 7 days had predominant particle heights of 2-2.5, 2.5-3, and
3.5-4 nm, respectively, the heights of the corresponding samples
incubated with Asec-1A were 1.5-2, 2-3, and 2.5-3.5 nm,
indicating the nanobody delays but does not block Aβ aggregation
at this concentration (Figure 10).
Proteolytic NanobodyReduces Toxicity Induced byOver-

expression of hAPP. The 7PA2 cell line which overexpresses

FIGURE 7: Effect of Asec-1A on preaggregated Aβ as monitored by AFM analysis. (A) 50 μM Aβ was preincubated for 1 day and mixed with
250nMAsec-1A.Aliquotswere removed, and aggregationwasmonitored at (B) 2 days, (C) 4 days, and (D) 7days byAFM.Scale bar represents 1μm.

FIGURE 8: Effect ofAsec-1A on toxicity of preaggregatedAβ. 50 μM
Aβ was preincubated for 1 day, followed by addition of PBS or
250 nMAsec-1A. Aliquots were removed at selected time points and
added to SH-SY5Y cells, and toxicity was monitored by LDH assay.
The final concentrations of Aβ and proteolytic nanobody added to
the cells were 1 μM and 1 nM, respectively. The error bars indicate
SEM. Line at 100% indicates baseline LDH levels of cells incubated
with buffer after 2 days.
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APPwas cultured inmediawith orwithout 50 nMAsec-1A.Cells
incubated withAsec-1A showed substantial reduction in intrinsic
toxicity at early time points after addition to cells (3 and 6 h) and
lesser protection at later time points (1 day and 2 days) (Figure 11).
This increased toxicity at the later time points could be decreased
by increasing the concentration of Asec-1A in the cell media
(250 nM, 500 nM, and 1 μM) (Figure 12) or by the serial addition
of Asec-1A to the cells at the later time points (Figure 13).
A control nanobody isolated against an unrelated antigen does
not afford any protection to the 7PA2 cells.
Proteolytic Nanobody Reduces APP Levels in 7PA2

Cells. Since APP also contains the targeted R-secretase site, we
next determined ifAsec-1A could alter levels of APP produced by
the 7PA2 cells. Incubation of 7PA2 cells with Asec-1A for 2 days
reduced APP levels in both the cell culture media and cell lysate
fractions compared to samples without Asec-1A (Table 1).
Incubation of 7PA2 cells with a control nanobody did not show
any change in APP levels.

DISCUSSION

One approach to reduce Aβ levels and associated toxicity in
AD is to hydrolyze Aβ by targeted proteolysis. Proteolytic
clearance of Aβ using metalloproteases such as neprilysin
(NEP) and insulin degrading enzyme (IDE) has shown promise
in reducing Aβ levels and Aβ toxicity (13, 14, 31). Studies in
transgenic mouse models indicated that while deficits in IDE and
NEP lead to increasedAβ levels (13), even a small increase in IDE

andNEP activity can lead to dramatic changes in steady-stateAβ
levels and in the overall amyloid plaque burden (14). Despite
these promising results these proteases have drawbacks as
therapeutics for AD because they preferentially cleave a variety
of other substrates (16). A more effective therapeutic would
specifically target Aβ over other substrates. One approach to
develop such specifically targeted proteolytic activity is to
engineer catalytic antibodies so that they possess the desired
proteolytic specificity. Proteolytic antibodies containing a serine
protease-like nucleophilic function are commonly found in hu-
mans (32) and can provide a good starting point to develop
therapeutic reagents that could specifically target and clear Aβ.
Proteolytic cleavage of Aβ by engineered antibody fragments or
nanobodies provides several advantages over other methods to
reduce amyloid plaque burden. A single proteolytic nanobody
can hydrolyze multiple target antigen molecules and can do this
without an inflammatory response or forming a stable complex

FIGURE 9: Height distribution analysis ofAβ coincubatedwithAsec-
1A. Aβ40 was incubated (A) alone or (B) coincubated with 250 nM
Asec-1A nanobody for 10 days. Particle height distribution analysis
calculated as average from fourAFM images of the same sample was
performed using SPIP software.

FIGURE 10: Height distribution analysis of preaggregated Aβ with
Asec-1A.Oligomeric Aβ aggregates were generated by preincubating
50μMAβ for 1 day.Asec-1Awas added to the preformed aggregates,
and aggregation was followed for a further 6 days. Particle height
distribution analysis calculated as average from four AFM images of
the same samplewas performed using SPIP software. Solid line refers
to Aβ alone; dotted line refers to preincubated Aβ incubated with
Asec-1A.

FIGURE 11: Effect of Asec-1A on LDH levels of hAPP overexpres-
sing cells. 50 nMAsec-1A or a control nanobody was added to 7PA2
cells. Aliquots were removed at selected time points, and toxicity was
measured byLDHassay. The error bars indicate SEM.Line at 100%
indicates baseline LDH levels of cells incubated with buffer at each
indicated time point.
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with Aβ, thus minimizing the risk of an immune response (33).
Also, given their smaller size the nanobodies can cross the blood
brain barrier more readily thanmonoclonal antibodies and could
be used to clear Aβ in the brain as well as peripheral Aβ in the
plasma (34). Therefore, proteolytic nanobodies represent a
potentially valuable therapeutic approach to control Aβ toxicity
in AD brains.

Here we show that the Asec-1A proteolytic nanobody that
has been affinity matured to have increased specificity for the
R-secretase site of Aβ can potentially inhibit aggregation of
monomeric and preaggregated Aβ forms. Whereas the parent

c23.5 proteolytic scFv was previously shown to increase aggrega-
tion ofAβ (35), the affinity-matured variant decreases aggregation,
suggesting that the increased aggregation previously observed with
the c23.5 scFv was likely due to coaggregation of Aβwith the scFv
itself. Themore traditional (Gly4Ser)3 linker utilized in the affinity-
matured nanobody variant increases the solubility and stability of
the nanobody compared to the parent scFv and decreases its
propensity to aggregate (19).

AFM height distribution analysis along with LDH cytotoxicity
assays indicates that toxicity of Aβ toward the SH-SY5Y neuro-
blastoma cells initially increases as the size of the oligomer increases,
with peak toxicity being observed when particle heights are 2.5-
3 nm. Incubation of monomeric or preformed aggregates of Aβ
with Asec-1A inhibits formation of the 2.5-3 nm aggregates and
inhibits subsequent toxicity toward mammalian neuronal cells. A
quantitative relationship between nucleation and toxicity of Aβ
oligomers has been suggested, where the relative toxicity of dimeric,
trimeric, and tetrameric Aβ are 3-fold, 8-fold, and 13-fold more
toxic compared tomonomericAβ, respectively (30). Since the larger
aggregates are increasingly toxic, inhibiting or delaying the forma-
tion of the larger oligomeric aggregates can significantly reduce the
toxicity induced by these species. Our results here indicate that
disrupting the aggregation process either by cleaving themonomers
or by directly hydrolyzing the small oligomeric aggregates before
they can associate into larger, more toxic aggregates using proteo-
lytic nanobodies can reduce Aβ-induced cytotoxicity.

The hydrophobic KLVFF sequence surrounding the R-secre-
tase site of Aβ (residues 16-20) has been shown to play a critical
role in its self-association and aggregation into β-sheet struc-
tures (36). Replacement of these hydrophobic amino acids with
hydrophilic ones has been found to inhibit Aβ aggregation (37).
Agents that can bind to this hydrophobic core have been shown
to be effective in blocking Aβ aggregation (38) and preventing
Aβ-induced cytotoxicity (39). Proteolytic cleavage of Aβ at its
R-secretase (residues 16-17) by Asec-1A disrupts the hydro-
phobic core, which further explains why the proteolytically
cleavedAβ fragments are less toxic and less prone to aggregation.
Asec-1A was engineered to have increased specificity for the
R-secretase site of Aβ compared to its parent proteolytic light
chain (19). Here we show that the proteolytic specificity of Asec-
1A for the R-secretase site of Aβwas increased since Asec-1A did
not show any detectable proteolytic activity toward the PGI,
which contains numerous lysine and arginine cleavage sites
including a Lys-Leu site analogous to the R-secretase site of Aβ.

One advantage of enzyme-based therapeutics is their ability to
act on multiple substrates. Asec-1A, even at 1/1000 (w/w) ratio,
effectively inhibits Aβ aggregation and toxicity in vitro. TheAsec-
1Aproteolytic nanobody also cleaves naturally occurringAβ and
APP in mammalian cells overexpressing human APP, decreasing
APP levels and associated toxicity. Increasing the nanobody
concentration either by adding a higher concentration initially or
by supplementing levels at selected time points can afford higher
protection for longer time periods. The proteolytic nanobody can
reduce toxicity both by cleaving APP at the R-secretase site
preventing generation of Aβ and by cleaving Aβ monomers and
low-n oligomers before they can aggregate into toxic species.

The studies described here provide further evidence that low-n
Aβ aggregates formed early in the aggregation process are a
highly toxic Aβ species (33-40) and strategies targeting these
low-order oligomers, e.g., dimers through hexamers, could be an
effective therapeutic option for AD. The Asec1A nanobody
described here both blocks aggregation of monomeric Aβ and

FIGURE 12: Concentration effects of Asec-1A on LDH levels of
hAPP overexpressing cells. 7PA2 cells were cultured with different
concentrations of Asec-1A in the cell media for 2 days. Cell media
were removed, and cell viability was analyzed by LDH cytotoxicity
assay. The error bars indicate SEM. Line at 100% indicates baseline
LDHlevels of cells incubatedwithbuffer at each indicated timepoint.

FIGURE 13: Supplementing Asec-1A decreases LDH levels in hAPP
overexpressing cells. 7PA2 cells were culturedwith 50 nMAsec-1A in
the cell culture media (CM). Aliquots were removed at each of the
indicated time points for analysis and replaced with equal volumes of
PBS (CMþ PBS) or 50 nMAsec-1A (CMþAsec-1A), respectively.
Toxicity was measured by LDH assay. The error bars indicate SEM.
Line at 100% indicates baseline LDH levels of cells incubated with
buffer alone at each indicated time point.

Table 1: Effect of Asec-1A on APP Levels (% of Control) in hAPP

Overexpressing Cell Line

sample

cell culture

media

cell culture

media þ Asec-1A

cell culture media þ control

nanobody

APP levels 100 66.34( 3.25 99.47( 0.35
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prevents further aggregation of small aggregate species, both of
which inhibit the formation of more toxic oligomeric Aβ aggre-
gates. Therefore, engineering proteolytic activity to hydrolyze the
R-secretase site of Aβ or APP could be an effective method to
reduced Aβ toxicity and has promise as a novel therapeutic
approach for treating AD.
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