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A B S T R A C T

Amyloid-beta 42 (Aβ42) aggregates represent a prominent histopathological feature in Alzheimer's disease (AD);
thus, immunotherapy against oligomeric Aβ42 aggregates is considered to be a potentially safe and specific
therapeutic strategy. In this study, we identified an anti-oligomeric Aβ42 aggregate single-chain variable frag-
ment (scFv) antibody, HT6, that is capable of efficiently binding to medium-sized Aβ42 aggregates (mainly
18–45 kDa) in vitro with an equilibrium dissociation constant (KD) of 3.0× 10–6 M, whether they were derived
from Aβ42 monomer, larger Aβ42 oligomers, or even fibrils. This ability allowed scFv HT6 to induce the gradual
disassembly of large Aβ42 aggregates into small Aβ42 oligomers while simultaneously effectively inhibiting the
further development of Aβ42 aggregates. Moreover, the scFv HT6-targeted conformational region on Aβ42
aggregates was found to be more local and relatively close to the N-terminus of Aβ42; thus, scFv HT6 sig-
nificantly delayed or even prevented the aggregation of Aβ42 protofibrils, while significantly reducing the cy-
totoxicity of Aβ42 oligomers. Overall, this study demonstrate that even though the decrease in the cytotoxicity of
Aβ42 aggregates might be closely related to the reduction in Aβ42 aggregates and vice versa, the reduction in
Aβ42 aggregates might not necessarily be accompanied by or followed by the reduction or even elimination of
the cytotoxicity of Aβ42 aggregates. This insight enriches the diversity of anti-oligomeric Aβ42 antibodies,
further providing a new understanding into the relationship between their binding pattern to Aβ42 aggregates
and the efficacy against their formation, offering a therapeutic strategy to delay the progression of AD.

1. Introduction

Several signaling pathways are known to be impaired in patients
with Alzheimer's disease (AD), and there is sufficient evidence that each
mechanism can explain some aspects of the pathogenesis. However, the
amyloidogenic mechanism, namely the toxic aggregation and deposi-
tion of amyloid-β (Aβ), and the amyloid-β oligomers (AβOs) me-
chanism are considered to be the most primary pathogenic causes of the
disease [1,2].

Neurotoxic Aβ are peptides of 40–42 amino acids, and oligomeric
Aβ1–42 (Aβ42) aggregates are considered to be relatively more toxic to
nerve cells in vivo and in vitro than other forms. Therefore, formation of
Aβ42 aggregates is considered to be the main causative initiator of AD

[3]. Although other proteins such as tau protein have also been im-
plicated in AD pathogenesis, there is evidence of a role of oligomeric
Aβ42 in this mechanism as well, which can induce tau dysfunction
[4–6]. Given that Aβ42 oligomers cause serious damage to human
hippocampal neurons, they are an important therapeutic target for AD,
especially at the early stage of the disease. Over the past three decades,
immunotherapy against toxic Aβ42 targets has become an important
part of AD treatment. Despite the lengthy, challenging, and laborious
process of developing antibodies against neurotoxic Αβ42 targets, nu-
merous studies have confirmed that anti-oligomeric Aβ42 antibodies,
particularly anti-oligomeric Aβ42 single-chain variable fragment (scFv)
antibodies, show therapeutic promise, with safety and specificity results
indicating their potential suitability for clinical application in the
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relatively near future.
Despite this progress, some key details concerning anti-oligomeric

Aβ42 antibodies have not yet been revealed or remain to be elucidated,
and it is clear that the detailed pathogenic role of oligomeric Aβ42 may
be much more complicated than current models suggest. In order to
break through the bottleneck of realizing an effective antibody-based
treatment of AD, research efforts should focus on the diversity of anti-
oligomeric Aβ42 antibodies to gain a more in-depth scientific under-
standing of the protective efficacy of antibodies. One of the main bot-
tlenecks to resolve involves the variation in efficacies for inhibiting
Aβ42 aggregation or cytotoxicity in vitro as well as cognitive protection
in vivo among different conformation-recognized anti-oligomeric Aβ42
antibodies, i.e., monoclonal antibodies or scFv antibodies that show
similar specificity and affinity for toxic Aβ42 oligomers. In other words,
even if anti-oligomeric Aβ42 antibodies have high specificity and affi-
nity for Aβ42 aggregates, the properties may not be sufficient for in-
hibiting or eliminating their toxicity to brain neurons.

We previously reported the development of two anti-oligomeric
Aβ42 scFv antibodies, designated scFv AS and scFv MO6, respectively,
which can both specifically recognize oligomeric Aβ42 aggregates (AS:
25–55 kDa, MO6: 18–37 kDa) [7,8]. More importantly, both antibodies
were shown to significantly attenuate the cytotoxicity of Aβ42 ag-
gregates in vitro with similar binding characteristics to oligomeric Aβ42
aggregates in spite of their different primary structures. To further ex-
pand the diversity of Aβ42 antibodies, in the present study, we char-
acterized another potent anti-oligomeric Aβ42 scFv antibody, HT6,
which possesses the same heavy-chain variable domain (VH) as scFv
MO6 but has a very different light-chain variable domain (VL) than scFv
AS or scFv MO6. We characterized the unique efficacy and mode of
action of scFv HT6 with the ultimate goal of providing new insight into
the correlations between the structure or binding pattern and function
of anti-toxic Aβ42 antibodies, which is expected to promote their
clinical application.

2. Materials and methods

2.1. Aβ42 species and cells

Three Aβ42 aggregates (oligomers, protofibrils and fibrils) were
prepared from Aβ42 monomer (Nanjing Peptide Biotechnology
Industry Co., Ltd., Nanjing, China), and confirmed by electron micro-
scopy as described previously [9,10]. The human neuroblastoma cell
line SH-SY5Y (ATCC® CRL-2266™) was used and cultured as described
previously [7].

2.2. ScFv HT6 antibody and anti-Aβ42 antibody

Aβ42 oligomer-specific scFv clones were screened by using the
human scFv antibody library we previously reported [8]. Clone HT6
was selected by its higher reactivity toward Aβ42 oligomers and was
prepared using previously described methods [8]. The purity of scFv
HT6 exceeded 96% as determined by 12% SDS-PAGE. Mouse anti-
human-β-amyloid monoclonal antibody (B4) (sc-28365) was purchased
from Santa Cruz Biotech, Inc. (Shanghai, China).

2.3. Examination of scFv HT6 recognition specificity to four Aβ42 species
by dot blot and Western blot analyses

The recognition specificity of scFv HT6 for four Aβ42 species
(monomers, oligomers, protofibrils and fibrils) was analyzed by dot-
blot and Western blot procedures as described previously [8]. Briefly,
for dot-blot analysis, all Aβ42 species were directly spotted onto ni-
trocellulose membrane and were probed with scFv HT6, then with
primary anti-His antibody (1:1000 dilution) (sc-8036, Santa Cruz Bio-
tech, Inc., Shanghai, China) and secondary HRP-conjugated goat-anti-
mouse IgG (1:5000 dilution) (bs-0296G, Beijing Biosynthesis

Biotechnology Co., Ltd., Beijing, China). The recognition specificity of
scFv HT6 for four Aβ42 species was evaluated based on the color in-
tensities of four Aβ42 dots by visual comparison or was semi-quanti-
tatively determined by gray scanning analysis of dot images. For Wes-
tern blot analysis, four Aβ42 species were resolved by 12% native-PAGE
and then transferred to polyvinylidene difluoride (PVDF) membrane,
and finally probed as described above.

2.4. Determination of scFv HT6 binding capacity to Aβ42 oligomers

The antigen binding capacity of scFv HT6 was evaluated according
to the minimum amount of Aβ42 oligomers bound by scFv HT6 using
sandwich ELISA as described previously [8]. Briefly, scFv HT6 was
added into the wells of a 96-microwell plate at final concentrations of
1.7, 3.4× 10−2, 8.5× 10−3, 2.1× 10−3, 1.7× 10−3, 1.1× 10−3,
and 5.5× 10−4 μM and incubated overnight at 4 °C, then incubated
with Aβ42 oligomers at 5.0× 10−3 μM for 1 h at 37 °C, and finally
probed with B4 antibody as described previously [8]. An scFv HT6
sample was considered positive if its OD value at 450 nm was greater
than the sum of 0.2 plus the OD value of the control at 450 nm, and also
2.1-fold greater than the OD value of the control at 450 nm. Experi-
ments were performed in triplicate.

2.5. Measurement of scFv HT6 binding affinity to Aβ42 oligomers

The binding affinity of scFv HT6 for Aβ42 oligomers was evaluated
using the equilibrium dissociation constant (KD) between scFv HT6 and
Aβ42 oligomers according to the method established by Bertrand
Friguet [11,12]. The KD value between scFv HT6 and Aβ42 oligomers
was measured by indirect competitive ELISA as described previously
[7]. Briefly, Aβ42 oligomers at 10−10 to 10−4 M in 10-fold serial di-
lutions were respectively mixed with scFv HT6 (1.0×10−7 M) and
incubated for 1 h at 37 °C. Then, 100-μL mixture per well was trans-
ferred into another well that was pre-coated with 10 μg/mL Aβ42 oli-
gomers for 12 h at 4 °C, and incubated for additional 1 h at 37 °C. After
washing with PBST buffer (PBS containing 0.1% Tween-20), the
amount of the bound scFv HT6 was probed with anti-His antibody as
described previously [7] and the absorbance of each well was measured
at 450 nm. Experiments were performed in triplicate. KD value equals
the initial concentration of free Aβ42 oligomers (M) at which half of the
scFv HT6 was bound to the fixed Aβ42 oligomers.

2.6. Measurement of Aβ42 aggregates by thioflavin T fluorescence assay

Based on the positive correlation between the fluorescence intensity
of the ThT reagent and the content of cross β-sheet structure, the main
supersecondary structure in Aβ42 aggregates, the extent of the ag-
gregation of the four Aβ42 species (monomers, oligomers, protofibrils
and fibrils) was measured using the thioflavin T (ThT)-fluorescence
assay (ThT-F) as described previously [7].

2.7. Assessment of the protective efficacy of scFv HT6 against Aβ42-
induced cytotoxicity by cell viability and lactate dehydrogenase release
assays

Human neuroblastoma SH-SY5Y cells were seeded in 96-well plates
(Corning) at approximately 1000 cells per well and cultured for 24 h in
a 5% CO2 atmosphere at 37 °C to allow attachment to the bottom of the
wells, then incubated with each of four Aβ42 species and scFv HT6 for
an additional 24 h at 37 °C. The cytoprotective effects of scFv HT6 were
assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) cell viability and lactate dehydrogenase (LDH) release as-
says as described previously [7]. The cytotoxicity-inhibiting and cyto-
toxicity-neutralizing efficacies of scFv HT6 were analyzed by using
target cells treated simultaneously or sequentially with each of four
Aβ42 species and scFv HT6 as described previously [9,10].
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2.8. Molecular docking

The crystal structure of Aβ42 was downloaded from the Protein
Data Bank (PDB) (PDB ID: 1Z0Q). 3D structures of scFv HT6 and the
molecular docking of the Aβ42 to scFv HT6 were built [13,14]. The
structural integrities of the docking models were visually examined
using Discovery studio (DS) Visualizer 3.1 (http://accelrys.com/
products/discovery-studio/visualization-download.php), and were
used to generate images of the complex structure.

2.9. Statistical analysis

Data were obtained from at least three independent measurements
for each experimental condition and expressed as the means ± SD.
Their statistical significance was analyzed by one-way ANOVA for
multiple groups. p value < 0.05 was considered statistically sig-
nificant.

3. Results

3.1. Preparation of scFv HT6

Aβ42 oligomers were used to screen Aβ42 oligomer-specific clone(s)
from the human scFv antibody library constructed in our previous study
[8]. A particular effective clone, named HT6, was selected by an in-
direct enzyme-linked immunoassay (ELISA) technique as described
previously [7]. The amino acid sequence deduced from the nucleotide
sequence of the HT6 clone indicated the complete structure of a con-
ventional scFv antibody, which was composed of a VH domain (amino
acids 1–126) and a VL domain (amino acids 142–249) joined by a 15-
amino acid linker (amino acids 127–141). The scFv HT6 sequence has
been submitted to the GenBank database under accession number
MG385839.

We compared the amino acid sequences of scFv HT6 and scFv MO6
and found that scFv HT6 showed approximately 94% amino acid se-
quence identity with scFv MO6 (GenBank accession number:

AIX97363), sharing the same VH domain but distinct VL domains. As
shown in Fig. 1a, the alignment of VL amino acid sequences, the ad-
ditional alkaline C-terminal region in scFv HT6 allows it to carry more
positive charges than scFv MO6. The two VL domains showed only 84%
sequence identity.

Like scFv MO6, scFv HT6 is also a monovalent antibody, as con-
firmed by our previously described method (data not shown) [7], which
indicates that the VH and VL domains coordinate for the recognition
and binding of oligomeric Aβ42. Thus, we hypothesized that the in-
teraction of scFv HT6 with Aβ42 oligomers would show different fea-
tures, including binding patterns, compared to scFv MO6, considering
its longer and more alkaline C-terminal fragment located adjacent to
the third complementarity-determining region of VL (VL-CDR3). The
purified scFv HT6 had a molecular weight of approximately 31 kDa
(shown in Fig. S1).

3.2. Binding specificity of scFv HT6 to four Aβ42 species

The binding specificity of scFv HT6 to four types of Aβ42 species
(monomers, oligomers, protofibrils, and fibrils) was examined by dot
blot and Western blot analyses, respectively. The dot blotting patterns
(as shown in Fig. S2) showed that scFv HT6 preferably bound to Aβ42
oligomers and protofibrils and only weakly bound to Aβ42 fibrils and
Aβ42 monomers, whereas B4 antibody (positive control) could bind to
all four Aβ42 species relatively equally. Quantification of these inter-
actions according to the relative gray scale values (Fig. 1b) showed that
scFv HT6 has the strongest binding to Aβ42 oligomers. Similar results
were obtained by Western blotting, which further clarified that scFv
HT6 specifically recognizes and binds to Aβ42 aggregated from small
oligomers to immature protofibrils (mainly 18–45 kDa), whereas B4
antibody could bind to all Aβ42 species without size distinction
(Fig. 1c). This indicated that scFv HT6, like scFv MO6, is a conforma-
tion-dependent anti-oligomeric Aβ42 scFv antibody. However, the two
antibodies would recognize different epitopes given that they recognize
Aβ42 aggregates of different molecular weights (HT6: 18–45 kDa, MO6:
18–37 kDa) and also have distinct VL domains.

Fig. 1. Amino acid sequence alignment and specificity
analysis of HT6. a: Comparation of the amino acid se-
quences of the VL domains of scFv HT6 (142–249 aa) and
scFv MO6 (142–236 aa) (from reference [8]). Different
amino acids were marked with black dots. The additional
amino acids in the C-terminus of scFv HT6 were marked
with asterisks. b: Semi-quantitative analysis of the dot
blot images probed with scFv HT6. ** p < 0.01. c:
Western blotting of the mixture of four Aβ42 species
(monomers, M; oligomers, O; protofibrils, P; and fibrils,
F) probed with B4 antibody (positive control).
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The fact that scFv HT6 was able to recognize larger Aβ42 oligomers
compared with scFv MO6 suggested that in high-molecular-weight
Aβ42 oligomers, the conformational epitope recognized by scFv HT6 is
more readily exposed or presented than that recognized by MO6.

3.3. Binding capacity of scFv MO6 to Aβ42 oligomers

Given the high specificity of scFv HT6 for Aβ42 oligomers, its
binding capacity to Aβ42 oligomers could be assessed by determining
the threshold concentration at which scFv HT6 bound effectively to
Aβ42 oligomers. According to the definition of Section 2.4 in Materials
and methods, the results (as shown in Fig. S3) verified that scFv HT6
could recognize and bind to Aβ42 oligomers at nanomolar concentra-
tions, as low as 1.1 nM. However, scFv HT6 exhibited slightly weaker
binding capacity to Aβ42 oligomers than scFv MO6, with a threshold
concentration of Aβ42 oligomers of 0.625 nM [8].

3.4. Binding affinity of scFv HT6 for oligomeric Aβ42

In general, the binding affinity of an antibody for its antigen can be
assessed by the equilibrium dissociation constant (KD) between them.
After establishing a series of equilibrium states between scFv HT6 and
both the immobilized and free Aβ42 oligomers, the amounts of scFv
HT6 bound to the immobilized Aβ42 oligomers on the plates were
determined by indirect competitive ELISA, and the absorbance was
measured at 450 nm to obtain the KD values. The absorbance reached
50% of the maximum value at an Aβ42 oligomer concentration of ap-
proximately 3.0×10–6 M (as shown in Fig. S4), indicating that the KD

value for scFv HT6 was approximately 3.0× 10–6 M. This value is
smaller than the KD value (5.2× 10–6 M) of scFv MO6, indicating that
scFv HT6 has higher binding affinity for Aβ42 oligomers.

3.5. ScFv HT6 reduces Aβ42 aggregation in vitro

To examine the ability of scFv HT6 to inhibit Aβ42 aggregation/
Fibrillization, the extent of the aggregation of the four Aβ42 species
(monomers, oligomers, protofibrils and fibrils) was monitored over 48 h
using the thioflavin T-fluorescence (ThT-F) assay (shown in Fig. 2) and

electron microscopy observation (shown in Fig. 3) in the presence or
absence of scFv HT6. As shown in Fig. 2, in the presence of scFv HT6,
the aggregation extents of all four Aβ42 species were distinctly reduced.
Aβ42 monomers gradually aggregated into small Aβ42 oligomers
(Fig. 2a), which would be recognized and captured by the co-incubated
scFv HT6 to suppress the chance of any further aggregation of these
nascent small Aβ42 oligomers. This finding confirmed that scFv HT6
effectively interacts with smaller Aβ42 oligomers rather than Aβ42
monomers, in line with the results of the specificity assay (Fig. 1b, c). In
addition, the reduction profile of the aggregation of Aβ42 monomer
using scFv HT6 was similar to that obtained using scFv MO6, indicating
that these two antibodies have the same or similar efficacy for small
Aβ42 oligomers.

Similarly, scFv HT6 not only suppressed the further aggregation of
Αβ42 oligomers but also reversed their formation to some extent during
the first 3 h of the reaction (Fig. 2b). This indicated that the specific
binding of scFv HT6 to Aβ42 oligomers not only effectively inhibited
the development of Αβ42 oligomers but also induced their disassembly
into smaller Αβ42 oligomers. However, scFv HT6 showed the greatest
efficacy in terms of both inhibiting development and inducing dis-
assembly of aggregates in the Aβ42 protofibrils system within the first
3 h, despite a light increase in their aggregation after 3 h (Fig. 2c).

Finally, scFv HT6 had a similar but weaker effect on Aβ42 fibrils as
observed on Aβ42 oligomers (Fig. 2d), suggesting that scFv HT6 could
also slightly inhibit the growth of Aβ42 fibers or even induce a slight
decrease in their aggregation, especially during the first 12 h.

The shapes and states of these Aβ42 above were further examined
by electron microscopy after incubation of the four Aβ42 species with
scFv HT6 for 24 h and the results were showed in Fig. 3. Aβ42 particles
derived from co-incubation of Aβ42 monomers or oligomers with scFv
HT6 (Fig. 3b or d) were much smaller than their corresponding controls
(Fig. 3a or c), indicating that scFv HT6 effectively repressed Aβ42 ag-
gregation while inducing the disassembly of the aggregates into smaller
oligomers to a certain extent. Similar to the results of the ThT-F assay,
even shorter or finer Aβ42 protofibrils, along with some Aβ42 oligo-
mers, were observed when Aβ42 protofibrils were co-incubated with
scFv HT6 (Fig. 3f) compared to the unique state of the corresponding
controls (Fig. 3e). This further demonstrated the greater efficacy of scFv

Fig. 2. ThT-F assay of four Aβ42 spe-
cies (10 μM final concentration) after
incubation with or without scFv HT6
(10 μM final concentration) at 37 °C for
3, 12, 24, or 48 h. Fluorescence in-
tensity was measured at excitation and
emission wavelengths of 450 nm and
482 nm, respectively. Each experiment
was performed in triplicate. Values are
presented as the means ± standard
error of the mean (SEM). M, mono-
mers; O, oligomers; P, protofibrils; F,
fibrils.
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HT6 in preventing the formation and stability of Aβ42 protofibrils.
However, a mixture of diffuse and shorter or fine fibrillar states was
observed when the Aβ42 fibrils were co-incubated with scFv HT6
(Fig. 3h) compared to their corresponding controls (Fig. 3g). These
diffuse Aβ42 fibrils might represent the larger Aβ42–scFv HT6 com-
plexes, from which the small Aβ42 oligomers might be subsequently
dissociated out.

3.6. ScFv HT6 reduces the cytotoxicity of Aβ42 aggregates

Although an anti-Aβ42 antibody can exert its protective efficacy in
many ways, Aβ42 antibodies are generally considered to protect their
target cells in vitro and in vivo via their cytotoxicity-inhibiting and
-neutralizing efficacies. To assess the physiological significance of scFv
HT6, its Aβ42 cytotoxicity-inhibiting and -neutralizing efficacies
against the four Aβ42 species were determined by MTT cell viability
(shown in Fig. 4) and lactate dehydrogenase (LDH) release assays using
SH-SY5Y cells.

The results in Fig. 4a demonstrated that scFv HT6 could reduce the
cytotoxicity of all four Aβ42 species to varying degrees in a con-
centration-dependent manner. When the final concentration of scFv
HT6 reached 10 μM, equal to that of Aβ42, 82% of the cells in the Aβ42
protofibrils system to 94% of the cells in the Aβ42 monomers system
retained their viability compared to control cells (set to 100% cell
survival). The LDH release of the target SH-SY5Y cells was monitored
simultaneously with and without treatment of the four Aβ42 species
and scFv HT6, which showed similar inhibition of Aβ42 cytotoxicity by
scFv HT6 in each Aβ42 system (data not shown). This further confirmed
that scFv HT6 could ameliorate or attenuate Aβ42-induced cell damage
in vitro in a concentration-dependent manner.

The neutralization effect of scFv HT6 on Aβ42 cytotoxicity was also
examined and compared to its inhibitory effect. As shown in Fig. 4a,

scFv HT6 was more effective at inhibiting the Aβ42-induced cytotoxi-
city caused by the nascent Aβ42 oligomers resulting from Aβ42
monomers or Aβ42 fibrils (Fig. 3). In contrast, scFv HT6 showed almost
identical inhibition and neutralization effects on the cytotoxicity of
Aβ42 oligomers and Aβ42 protofibrils.

Furthermore, with increasing concentration of scFv HT6
(0.2–10 μM), the viability of cells in the Aβ42 oligomer or protofibril
system increased much faster than that of cells in the Aβ42 monomer or
Aβ42 fibril system, although the overall viability was consistently lower
in the former two systems (Fig. 4a). This might be due to the higher
binding affinity of scFv HT6 for Aβ42 oligomers and protofibrils
(Fig. 1b, c) and the greater efficacy of scFv HT6 in inducing the dis-
assembly of Aβ42 oligomers and protofibrils (Fig. 2). Therefore, there
was no significant difference in the cell viability between the four Aβ42
systems when the concentration of scFv HT6 was increased to 10 μM
(Fig. 4b), equimolar with Aβ42, although the protective effect of scFv
HT6 in all four Aβ42 systems exhibited concentration dependence.

The protective efficacy of scFv HT6 was also reflected in main-
taining the morphology of target cell in vitro (Fig. 4c). The cell images
showed that scFv HT6 at a final concentration of 10 μM could effec-
tively protected the morphology of target cells incubated with each of
the four Aβ42 species (10 μM final concentrations, each), although the
damage to target cell morphology induced by Aβ42 oligomers or pro-
tofibrils looked severe at a final concentration of 0.2 μM scFv HT6
(Fig. 4c). Furthermore, the results in Fig. 4c, particularly in the rows of
Aβ42 oligomer and Aβ42 fibril of it, indicated that the protective effect
of scFv HT6 on target cell morphology is also concentration dependent,
which was consistent with the cases in Fig. 4a or in Fig. 2.

The results described above demonstrate the overall efficacy of scFv
HT6, which is likely attributed to its robust and prolonged ability to
capture Aβ42 owing to a good spatial fit (size and shape) and electrical
matching. To obtain visual information about the interaction between

Fig. 3. Examination of shapes and states of four Aβ42 species (a, b: monomers, M; c, d: oligomers, O; e, f: protofibrils, P; g, h: fibrils, F) (10 µM final concentration
each) by negative-stain electron microscopy after incubation with (bottom panels) or without (top panels) scFv HT6 (10 µM) at 37 °C for 24 h. All electron mi-
crographs were recorded at a nominal magnification of 40,000× (scale bar, 100 nm).
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scFv HT6 and Aβ42, molecular docking simulations were performed.
The binding configuration of the scFv HT6–Aβ42 complex with the
lowest energy was selected and further optimized by energy mini-
mization. The final configuration of the docking complex of scFv HT6
and Aβ42 is shown in Fig. 5.

The docking model of the scFv HT6–Aβ42 complex clearly showed
that the N-terminal half of the Aβ42 molecule (mainly amino acids
1–21) is embedded in the groove between the VL and VH domains of
the scFv HT6 molecule (Fig. 5b to e) and lies close to the longer C-
terminus of the VL domain (asterisks in Fig. 1a). However, the middle
region of Aβ42 (mainly amino acids 22–30) immediately adjacent to
the VH domain, and the C-terminal region of Aβ42 (mainly amino acids
31–42) are located outside of the complex entity. The C-terminal region
(amino acids 29–42) of Aβ42 belongs to the transmembrane region, and
thus its extension beyond the scFv HT6–Aβ42 complex (Fig. 5b, d, and

e) indicated that the hydrophobic C-terminal regions in a small Aβ42
oligomer were close each other and formed their stable supersecondary
structure. This configuration can explain the difference in that the
pattern of interaction between Aβ42 and scFv HT6 from that observed
between Aβ42 and scFv MO6 (Fig. 5f and g) [8].

This model further revealed that in addition to the van der Waals
attraction between scFv HT6 and Aβ42, their interaction is mainly
achieved by seven single and four double intermolecular hydrogen
bonds (Fig. 5a), most of which (i.e., three single bonds and four double
bonds) were formed between the N-terminal region of Aβ42 (amino
acids 1–14) and scFv HT6 (Fig. 5a). Furthermore, the participation of
Gly241 and Lys244 of the longer C-terminus of scFv HT6 (Fig. 1) in the
hydrogen bond network contributes to stabilizing the balance of in-
teractions between Aβ42 and the VH domain and between Aβ42 and
the VL domain. These interactions not only enable the N-terminal

Fig. 4. Determination of the effect of
scFv HT6 on Aβ42 cytotoxicity by MTT
cell viability assay. a: Four Aβ42 spe-
cies (10 μM final concentration each)
with or without scFv HT6 (final con-
centration, 0.2-10 μM) were added to
the wells pre-coated with SH-SY5Y
cells. After 24 h of incubation, cell
viability was measured by the MTT
assay. b: Comparison of the neu-
tralization and inhibition of Aβ42 cy-
totoxicity by scFv HT6. In the cyto-
toxicity-inhibiting groups, each Aβ42
sample and scFv HT6 were simulta-
neously added to each well (equal mo-
larity), and the cells were cultured for
6 days. In the cytotoxicity-neutralizing
groups, each Aβ42 sample was first
added to each well and the cells were
cultured for 3 days; the plates were
then replenished with scFv HT6 (10 µM
final concentration) and the cells were
cultured for an additional 3 days. In the
toxicity-control group, each Aβ42
sample was added to each well and the
cells were cultured for 6 days. The
blank control value was set to 100%.
Each experiment was performed in tri-
plicate. Values are presented as the
means ± SEM. c: Morphologies and
states of SH-SY5Y cells treated with
four Aβ42 species (10 μM final con-
centration, each) or and scFv HT6 (0.2-
10 μM final concentration) for six days.
In toxicity control group, cells were
cultured with each of the four Aβ42
species (10 μM final concentration)
alone for 6 days. Bar, 100 µm. M:
monomers, O: oligomers, P: proto-
fibrils, F: fibrils, Inh: inhibiting, Neu:
neutralizing, Ctrl, control.
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region of the Aβ42 molecule to be anchored well in the groove between
the VL and VH domains of the scFv HT6 molecule but also allow for the
Ala21-Glu22 and Glu11-Val12 fragments and the Ala2 residue of Aβ42
to be very close to the VL-Gly182, VH-Gly43, and Linker-Ser136 re-
gions, respectively, of scFv HT6 via the overlapping of electron clouds
of their bonding electrons (Fig. 5c). This in turn results in very tight
binding at the three sites (VL-Gly182, VH-Gly43, and Linker-Ser136) to
consequently enhance the binding strength between scFv HT6 and
Aβ42, surpassing that observed between scFv MO6 and Aβ42, as evi-
denced by their different KD values (scFv HT6: 3.0× 10−6 M; scFv
MO6: 5.2× 10−6 M).

4. Discussion

Through a series of in vitro experiments and simulations, we have
confirmed scFv HT6 as a novel conformation-dependent anti-oligomeric
Aβ42 scFv antibody. Although scFv HT6 has the same VH domain and a
similar sequence to the VL domain of our previously reported Aβ42
scFv antibody MO6, they showed different properties and efficacies
against oligomeric Aβ42 aggregates, which suggested that the VL do-
main might play a unique and important role in the recognition and
binding to oligomeric Aβ42 aggregates. For example, scFv HT6 had a
slightly weaker effect on the aggregation of Aβ42 oligomers but had a
stronger effect on the aggregation of Aβ42 protofibrils or even fibrils
(Fig. 1c, Fig. 2) compared with scFv MO6. This further suggests that in
addition to low-molecular-weight Aβ42 oligomers, scFv HT6 could
target slightly higher-molecular-weight Aβ42 oligomers or protofibrils
compared to scFv MO6, demonstrating that scFv HT6 and MO6 re-
cognize different conformational epitopes.

Based on the principle of protein–protein interactions, the re-
cognition and binding between scFv HT6 or scFv MO6 and oligomeric
Aβ42 aggregates, especially oligomers and protofibrils, should be based
on their conformation complementarity in addition to their linear
chemical interaction. Therefore, besides targeting different conforma-
tional epitopes on oligomeric Aβ42 aggregates, the scFv HT6-targeted
region of Aβ42 might also be more local, uncovered on larger Aβ42
aggregates (up to 45 kDa), and thus more accessible. According to
others and our previous reports [15–17], the N-terminal region (mainly
amino acids 1–14) of Aβ42 is exposed to the outside of Aβ42 ag-
gregates, while the hydrophobic C-terminal regions (mainly amino
acids 30–42) of Aβ42 are closer to each other and form the hydrophobic
core of the Aβ42 aggregates. Therefore, the scFv HT6-targeted region
on oligomeric Aβ42 aggregates might be relatively closer to the N-
terminus of Aβ42 than the scFv MO6-targeted region. This speculation
was supported by the molecular docking simulation. In particular,
comparison of Fig. 5d and f or Fig. 5e and g shows that the scFv MO6-
targeted regions of Aβ42 are relative broader, which would not be
conducive to the proximity and binding to larger Aβ42 aggregates.

Moreover, scFv HT6 had greater potency than scFv MO6 in re-
straining the development of Aβ42 aggregates, although both anti-
bodies reduced the aggregation of Aβ42 monomer with the same effi-
cacy [8]. In particular, scFv HT6 more effectively suppressed the
development of Aβ42 protofibrils rather than Aβ42 oligomers, in-
dicating that the hydrophobic interaction between the C-terminal re-
gions of smaller Aβ42 oligomer subunits (such as the trimer (3-mer))
was stronger for larger Aβ42 oligomer particles (such as octadecamer
(18-mer)) than in Aβ42 protofibrils. Consequently, separation of the
smaller Aβ42 oligomer subunits induced by scFv HT6 was more readily

Fig. 5. Molecular docking model of an Aβ42 molecule to scFv HT6. a: Spatial arrangements and hydrogen-bond interactions (dashed lines) between amino acid
residues of scFv HT6 (open circles and three-letter abbreviations) and Aβ42 (solid circles and single-letter abbreviations), and the tight interactions (light black solid
lines) between residues A21-E22 and VL-Gly182, E11-V12 and VH-Gly43, and A2 and L-Ser136. Lys244 and Gly241 in the elliptical circles belonged to the C-terminal
region of the VL domain. b: Surface representation of scFv HT6 in a or e with Aβ42 shown in ribbon mode. c: Enlarged image of the boxed area in b, showing the
overlapping electron clouds between A21-E22 and VL-Gly182, E11-V12 and VH-Gly43, and A2 and L-Ser136. d and e: Ribbon display mode showing Aβ42 in dark
color, scFv HT6 in light color, and the longer C-terminal region of the VL domain between two single asterisks (as marked with asterisks in Fig. 1a). f and g: Ribbon
display mode of scFv MO6 with Aβ42 (from the reference [8]). N: N-terminus of Aβ42, C: C-terminus of Aβ42, H: hydrogen bond, L: linker.
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achieved from Aβ42 protofibrils than from larger Aβ42 oligomers be-
cause the scFv HT6-targeted region is relatively further from the C-
terminus of Aβ42, even though scFv HT6 exhibited higher binding af-
finity for Aβ42 oligomers than scFv MO6. Furthermore, the results
suggested that the C-terminal regions of the smaller Aβ42 oligomer
subunits are buried inside the large Aβ42 oligomer particles, although
this did not appear to be the case in Aβ42 protofibrils.

Like scFv MO6, scFv HT6 is a monovalent antibody, and thus its VH
and VL domains together determine its recognition specificity and
binding affinity. Accordingly, scFv HT6 and scFv MO6 would be ex-
pected to cause different changes in the properties or biological activ-
ities of Aβ42 aggregates due to their different VL domains. Indeed, scFv
HT6 could effectively reduce the cytotoxicity of various Aβ42 species in
vitro, particularly Aβ42 oligomers and Aβ42 protofibrils, by inhibiting
and neutralizing Aβ42 cytotoxicity in a concentration-dependent
manner. However, the efficacy of scFv HT6 against the cytotoxicity of
Aβ42 oligomers was higher, albeit not much higher, than its efficacy
against the cytotoxicity of Aβ42 protofibrils, which was inconsistent
with its corresponding efficacy against Aβ42 aggregation. This implies
that the scFv HT6-targeted site on Aβ42 aggregates has different asso-
ciations with Aβ42 aggregation and cytotoxicity, respectively. Thus, it
could be proposed that the critical conformational elements on Aβ42
aggregates responsible for Aβ42 aggregation and for Aβ42 cytotoxicity,
respectively, might be different or at most only partially overlapping.
This phenomenon is similar to the mechanism of enzyme inhibition.
Competitive inhibitors of an enzyme directly inhibit the activity of the
enzyme, whereas the non-competitive inhibitors indirectly inhibit the
activity by inducing a conformational change in the non-active site or
the regulatory site of the enzyme.

Many studies have suggested that specific sites on Aβ oligomers are
involved in their cytotoxicity [18–21]. We previously reported that
serum antibodies induced by Aβ1–28 or even Aβ1–9 fragments exerted
a significant protection and restoration effect on target cells in vitro by
inhibiting and neutralizing Aβ42-induced cytotoxicity. Based on all of
the above analyses, judgments, and related reports
[9,10,16,18,19,22,23], the N-terminal fragments of Aβ42 aggregates
could be regarded as a neurotoxicity-inducing region, which could
cause neuronal damage through one or more transmembrane signal
transduction pathways [1,24]. To illustrate the relationship between
the architectures of Aβ42 oligomers and protofibrils, antibody-targeting

sites on Aβ42 aggregates, and the antibody's efficacies, we propose a
rational model, which is depicted as a schematic diagram in Fig. 6, to
show the distinct functional mechanisms of anti-oligomeric Aβ42 an-
tibodies.

Aβ42 monomers (Aβ42-M in Fig. 6) tend to first form small Aβ42
oligomers such as Aβ42 trimers, which further aggregate to form larger
Aβ42 aggregates under certain conditions. The architecture of a large
Aβ42 oligomer (Aβ42-O in Fig. 6), similar to formation of a micelle by
phospholipids, showed that the C-terminal fragments of small Aβ42
oligomers located inside interacted more strongly than those in Aβ42
protofibrils (Aβ42-P in Fig. 6), another subset of small Aβ42 oligomers.
In addition to the hydrophobic interaction between the C-terminal
fragments of small Aβ42 oligomers, the cross-linking between their N-
terminal fragments might play an important role in stabilizing the ar-
chitecture of protofibrils, similar to the base stacking forces in DNA.

In the Aβ42-O-antibody complex, the regions targeted by the anti-
body likely differs at the positions shown in Fig. 6a, b, or c, or further in
the ranges indicated by the numbers 1, 2, and 3 in Fig. 6a, b, or c. Thus,
the closer the antibody-targeted region is to the functional site or toxic
site (responsible for Aβ42 cytotoxicity) on the N-terminal fragment of
Aβ42 might lead to more effective action in reducing the cytotoxicity of
Aβ42 aggregates, and vice versa. By contrast, with a broader antibody-
targeted region, there is a lower probability that the region would be
exposed outside of the high-molecular-weight Aβ42 aggregate, and thus
it would be less likely to be recognized and bound by the antibody.
However, a different or opposite situation might apply when con-
sidering the ability of the antibody to effectively reduce the aggregation
of Aβ42. The other two related scFv antibodies, MO6 [8] and AS [7],
also demonstrate the inferences above. The Fig. 7 briefly summarized
the overall differences and similarities between the three scFvs HT6,
MO6 and AS. Clearly, the effectiveness of an anti-oligomeric Aβ42 scFv
antibody should depend on its overall efficacy against Aβ42 cytotoxi-
city.

Taken together, our results suggest that (1) in the interaction of a
conformation-recognized anti-oligomeric Aβ42 scFv antibody with
oligomeric Aβ42 aggregates, the conformational epitope recognized by
the antibody might be inconsistent with the functional site (i.e., the site
responsible for cytotoxicity) on the Aβ42 aggregates, similar to enzyme
inhibition, (2) even though the decrease in the cytotoxicity of Aβ42
aggregates might be closely related to the reduction in Aβ42 aggregates

Fig. 6. Schematic diagram of Ab42 oligomers, Ab42
protofibrils and the possible conformational epitope re-
gions targeted by anti-oligomeric Ab42 antibodies on
Ab42 aggregates. Number 1 to 3: different antibody-tar-
geted region represented by the corresponding circles;
Gray sphere: anti-oligomeric Ab42 antibody; ✹: func-
tional site or toxic site (responsible for Aβ42 cytotoxicity)
in the N-terminal region of Ab42; M: monomers, O: oli-
gomers, P: protofibrils; N-terminus of Aβ42, C: C-ter-
minus of Aβ42.
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and vice versa, these are physiologically or toxicologically distinct
processes. In other words, the reduction in Aβ42 aggregates might not
necessarily be accompanied by or followed by the reduction or even
elimination of the cytotoxicity of Aβ42 aggregates.

Different antibodies might lead to different fates of these small Aβ42
oligomers. Maybe some antibodies would be like the newly reported
anti-cancer antibodies [25], but the target here were not cancer cells
but small Aβ42 oligomers. The subjective and objective fate of these
small Aβ oligomers burdened with anti-oligomeric Aβ42 antibodies
remains to be further studied.

Aβ42 aggregates represent a prominent histopathological feature in
AD [26,27]. Many researchers, including ourselves, have long con-
sidered Aβ42 as a primary therapeutic target for AD and have believed
that immunotherapy against cytotoxic Aβ42 aggregates is a safer and
more specific strategy compared with direct inhibition of Aβ42 pro-
duction, although few success in several clinical trials on anti-Aβ an-
tibody drugs developed for AD to date [28]. We believe that breaking
the bottleneck of immunotherapy for AD is just a matter of time. Any
attempt to develop antibodies that can effectively reduce the cyto-
toxicity of Aβ42 aggregates, particularly Aβ42 oligomers and proto-
fibrils, and consequently delay the progression and clinical decline of
the disease will be of great significance to advancing the im-
munotherapy of AD.

5. Conclusion

This study demonstrated that the efficacy of an anti-oligomeric
Aβ42 antibody to reduce the cytotoxicity of Aβ42 aggregates appears to
be mainly related not only to its affinity for the Aβ42 aggregates, or to
its efficacy of slowing or blocking the development of Aβ42 aggregates,
but also, and potentially more importantly, to the specific antibody-
targeted site or region on the Aβ42 aggregate and to the antibody's
binding mode toward the Aβ42 aggregates based on their conformation
fit.
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