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ABSTRACT: Several different monoclonal antibodies (mAbs) have been actively developed in the field of
Alzheimer’s disease (AD) for basic science and clinical applications; however, the binding kinetics of many of
the mAbs with the β-amyloid peptides (Aβ) are poorly understood. A panel of mAbs with different Aβ
recognition sites, including our plaque-binding antibody (IgG4.1), a peptide-capturing antibody (11A50), and
two classical mAbs (6E10 and 4G8) used for immunohistochemistry, were chosen for characterization of their
kinetics of binding to monomeric and fibrillar forms of Aβ40 using surface plasmon resonance and their
amyloid plaque binding ability in ADmouse brain sections using immunohistochemistry. The plaque-binding
antibody (IgG4.1) with epitope specificity of Aβ(2-10) showed a weaker affinity (512 nM) for monomeric
Aβ40 but a higher affinity (1.5 nM) for Aβ40 fibrils and labeled dense core plaques better than 6E10 as
determined by immunohistochemistry. The peptide-capturing antibody (11A50) showed preferential affinity
(32.5 nM) for monomeric Aβ40 but did not bind to Aβ40 fibrils, whereas antibodies 6E10 and 4G8 had
moderate affinity for monomeric Aβ40 (22.3 and 30.1 nM, respectively). 4G8, which labels diffuse plaques
better than 6E10, had a higher association rate constant than 6E10 but showed similar association and
dissociation kinetics compared to those of 11A50. Enzymatic digestion of IgG4.1 to the F(ab0)24.1 fragments
or their polyamine-modified derivatives that enhance blood-brain barrier permeability did not affect the
kinetic properties of the antigen binding site. These differences in kinetic binding to monomeric and fibrillar
Aβ among various antibodies could be utilized to distinguish mAbs that might be useful for immunotherapy
or amyloid plaque imaging versus those that could be utilized for bioanalytical techniques.

Alzheimer’s disease (AD) is an incurable neurodegenerative
disease that affects predominantly the aged population.While the
disease pathology is not well understood, it is believed that the
disease is associated with the accumulation of toxic amyloid
peptides (Aβ) preferentially in the brain, which aggregate to form
amyloid plaques and cerebrovascular deposits (1). In the mono-
meric form,Aβ peptide is randomly orientedwithout any ordered
structure, but in the fibrillar form, it shows several different
polymorphic structures (2-4). In the AD patient brain, these
polymorphic Aβ fibrils are associated with dystrophic neurites,
microglia, and astrocytes that are called neuritic amyloid plaques
or with diffuse plaques that are the precursor forms of dense core
plaques without dystrophic neurites. These diffuse plaques are
found not only in AD patients but also in healthy aged humans
free of any signs of dementia (1). While the mechanism of
neuronal dysfunction is still not clear, it is widely believed that
a particular form of amyloid protein assembly could impair
memory inADpatients (5, 6). Aβ peptide, therefore, is a primary
diagnostic and therapeutic target for AD.

It was reported previously that peripheral administration of
mAbs in AD transgenic mice showed efficacy in reducing the size
of the brain amyloid plaque burden (7). As a result, many
different monoclonal antibodies have been developed for target-
ing Aβ peptides and are in different stages of clinical trials for
immunotherapy in AD patients by major biopharmaceutical
companies, with an emphasis on clearing the extracellular Aβ
plaque deposits in AD patients and promoting behavioral
improvements (8, 9). However, fundamental differences have
been observed with these mAbs, such as recognition of the Aβ
antigen, affinity for Aβ, and the mechanism of action. Bard
et al. (7) reported that an N-terminal antibody (3D6), which
supposedly crosses the blood-brain barrier (BBB), clears par-
enchymal amyloid deposits presumably via microglial phagocy-
tosis. DeMattos et al. (10) showed that a high-affinity Aβ
peptide-capturing antibody (m266), which targets the central
domain of Aβ but lacks binding to plaques, reduces the number
of Aβ deposits from the brain by supposedly sequestering Aβ to
the plasma and thereby altering the Aβ equilibrium between
brain and circulating plasma. Recently, Seubert et al. (11)
reported that this peptide-capturing antibody (m266) is not
efficient in clearing plaques as it also increases the level of
cerebrovascular amyloidosis, whereas a plaque-binding anti-
body, 3D6, is highly effective in reducing the plaque load present
in the brain and cerebrovasculature.

Assessment of the therapeutic potential of anti-Aβ antibodies
largely depends on expensive in vivo pharmacokinetic and
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pharmacodynamic experiments. Moreover, it is difficult to screen
anddefine the required biochemical and biophysical properties of a
potential antibody for immunotherapy through in vivo studies. In
addition, most of these antibodies are not commercially available
to researchers which would allow systematic studies to be con-
ducted. Those antibodies that are commercially available for
investigational purposes are also cost prohibitive for conducting
immunotherapeutic preclinical trials. IgG4.1 is our own mono-
clonal antibody raised against fibrillar human Aβ42 peptide
developed for therapeutic and diagnostic purposes for AD.
Recently, we have demonstrated that the polyamine (p)-modified
F(ab0)2 fragment of IgG4.1 had increased BBB permeability of
∼25- and ∼50-fold compared to the native IgG4.1 or F(ab0)24.1
and successfully targeted amyloid plaques after intravenous ad-
ministration (12, 13). Obviously, increasing the delivery payload
across the BBB even by a small fraction could have a great
therapeutic impact, since only∼0.1-1% of therapeutic antibodies
are present in CNS after the immunization. Compared to insulin,
which undergoes receptor-mediated transcytosis, antibodies have a
nearly 240-fold lower BBB permeability (14).

Apart from immunotherapy, monoclonal antibodies are also
used extensively in basic science for bioanalytical purposes, such
as an enzyme-linked immunosorbent assay (ELISA), to quantify
Aβ peptides in tissues, plasma, and cerebrospinal fluid (15-17)
and also to develop novel immune conjugates for diagnostic
imaging (12, 18). In this study, we have chosen a set of mAbs
against Aβ peptides developed for Alzheimer’s disease for
different purposes: (1) a peptide-capturing antibody that captures
soluble Aβ for bioanalytical techniques, (2) two mAbs for
labeling diffuse and dense core amyloid plaques in tissue sections
for immunohistochemistry techniques, and (3) a plaque binding
antibody for diagnostic as well as therapeutic purposes. We
characterized the binding of these mAbs to monomeric and
fibrillar human Aβ40 using surface plasmon resonance (SPR)
biosensor technology and their ability to bind diffuse and dense
core plaques present in AD mouse brain sections using immu-
nohistochemistry. We show that these mAbs have some funda-
mental differences in their biophysical interactions with different
structures of monomeric and fibrillar Aβ40 and thus manifest
different binding kinetics. The results are discussed in the context
of choosing and developing thesemAbs for specific needs for AD
research. We have also studied the epitope mapping of IgG4.1
and demonstrated that the enzyme digestion of native IgG4.1 to
F(ab0)24.1 preserved the antigen binding regions.

MATERIALS AND METHODS

Animals. Hemizygous transgenic mice (mouse strain C57B6/
SJL, ID Tg2576) expressing mutant human amyloid precursor
protein (APP695) (19) were bred in our mice colony at Mayo.
These transgenic mice have been shown to exhibit parenchymal
amyloid deposits by 12 months of age (20). The animals were
housed in a virus-free, light- and temperature-controlled barrier
environment. They were provided with free access to food and
water. All procedures with animals were in strict accordance with
National Institutes of Health Guide for the Care and Use of
Laboratory animals and were approved by the Mayo Institu-
tional Animal Care and Use Committee.
Preparation of Monomeric and Fibrillar Aβ40. Aβ40

peptide was obtained fromMayo Peptide Core Facility (Roches-
ter, MN) in lyophilized form. The preparation of monomeric
Aβ40 followed the procedures described by Bitan et al. (21) and

Nichols et al. (22). The monomeric Aβ40 peptide was purified
further using the method described by Nichols et al. (22). Briefly,
monomeric Aβ40 was purified from lyophilized Aβ40 at a
concentration of 4 μg/μL in HBS-EP buffer [0.01 M HEPES
(pH 7.4), 0.15MNaCl, 3 mMEDTA, and 0.005%P20] and bath
sonicated for 40 s to obtain a clear solution. The sample was spun
at 14000 rpm for 20 min and passed through a 0.2 μm filter to
remove any large aggregates before injection of 200 μL of sample
into the Superdex size exclusion column connected to an FPLC
system. The concentration of purified monomeric Aβ40 was
determined by measuring its absorbance at 280 nm and using the
absorption coefficient of 1490. The Aβ40 concentration of 4 μg/
μLwas used for the consistent preparation of a monomeric Aβ40
solution from which various dilutions from 5 to 250 nM were
made for SPR kinetic analysis. The size exclusion chromatogram
of monomeric Aβ40 was reproducible and very similar to that
reported previously (21, 22). The purified monomer did not
exhibit any fluorescence emission to thioflavin T (THT) excited
at 450 nm which demonstrates the absence of β-sheet structures.
In addition, we did not see any aggregation or fibrillar structure
when the monomeric fraction was viewed under an electron
microscope at high magnification (data not shown).

From monomeric Aβ40, the fibrils were grown using the
following procedure. Approximately 1 mg of Aβ40 peptide was
dissolved in 1mL of PBS [10mMphosphate buffer (pH 7.4)] and
then bath sonicated for 40 s to obtain a clear solution. The sample
was spun at 14000 rpm for 20 min and filtered through a 0.22 μm
syringe. Then the sample was agitated at 250 rpm on an orbital
shaker for 48 h at 37 �C to form Aβ40 fibrils. The fibrils grown
under these condition show strong fluorescence emission to THT
excited at 450 nm and exhibit mature fibrillar structure. The last
two C-terminal residues of Aβ42 make the peptide more hydro-
phobic and less soluble thanAβ40. In addition, Aβ42 is known to
forms fibrils rapidly compared to Aβ40, and hence, we restricted
our studies only to Aβ40.
Instrumentation and Surface Preparation. SPR analyses

were performed at 25 �C using Biacore 3000 optical biosensors
with research grade CM5 chips (Biacore, Uppsala, Sweden).
IgG4.1, raised against human fibrilar Aβ42, was obtained from
Mayo Monoclonal Core Facility as described by Poduslo
et al. (13). Other anti-amyloid antibodies, 4G8 (SIG-39220;
Signet/Covance, Dedham, MA), 6E10 (SIG-39320; Signet/Cov-
ance), or a β-amyloid 1-40 antibody specific to the C-terminus
(clone 11A50-B10; SIG-39140; Signet/Covance), were purchased
from commercial vendors. Carboxymethylated CM5 chips were
activated using 0.2MN-ethyl-N0-(dimethylaminopropyl)carbodi-
imide (EDC) and 0.05 M N-hydroxysuccinimide (NHS). Pure
monoclonal antibodies were immobilized at a density of ∼2000
response units (RU) to study their binding kinetics with mono-
meric Aβ40. A nonspecific antibody (L227-IgG1κ antibody pro-
duced by mouse myeloma L227, catalog no. HB-96, ATCC,
Manassas, VA) was immobilized at a similar density over the
reference surface to control for nonspecific binding. A lower level
of sonicated Aβ40 fibrils at a density of 9 or 60 Ru was immo-
bilized to study the antibody binding kinetics with Aβ40 fibrils to
minimize avidity effects. The residual activated carboxylic acid
groups were quenched by blocking the surface with a 1M ethano-
lamine hydrochloride solution. A plain CM5 surface (flow cell,
Fc1) which was activated and blocked by ethanolamine was used
as a reference surface.
Kinetic Analysis of Aβ Monomers Binding to Immobi-

lized Antibodies. Binding experiments were performed using
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HBS-EP buffer [0.01 M HEPES (pH 7.4), 0.15 M NaCl, 3 mM
EDTA, and 0.005% P20] as a running buffer. The binding
sensorgrams were recorded by injecting different concentrations
of freshly prepared Aβ40 monomers in HBS-EP buffer for 5 min
at a flow rate of 30 μL/min over the immobilized antibody
surface. The dissociation profile was monitored for 15 min, and
then the surface was regenerated with 10 mM glycine HCl at pH
3.0. The activity of the immobilized antibody was not affected by
the regeneration condition employed here, and the chips could be
reused in further experiments. Before the kinetic experiments
were performed, the surface antigen binding and regeneration
conditions were optimized. To avoid anymass transfer effect, the
experiments were performed at a high flow rate of 30 μL/min at
25 �C using freshly prepared Aβ40 monomers.
Kinetic Analysis of Antibodies Binding to Immobilized

Sonicated Aβ40 Fibrils. Antibody kinetics with the Aβ fibrils
may serve as a good in vitro model for studying the antibody
interactions with amyloid plaques. However, the heterogeneous
nature of fibrils limits this application in producing clean kinetic
data. To minimize these complexities, the following procedure
was employed: Aβ40 fibrils were grown as described above, and
the long fibrils (86 μM)were sonicated in a glass tube using a bath
sonicator for 2 min to break them into smaller fibrils. The
sonicated fibrils were immobilized over the CM5 chip immedi-
ately after the sonication to avoid further aggregation of fibrils.
Tominimize the avidity effect, the sonicated fibrilswere diluted in
10 mM sodium acetate at pH 4.0 and immobilized over the CM5
surface at very low density of 60 RU. This procedure allows the
fibrils to spread easily and avoid crowded intermolecular inter-
actions. A 10 μL aliquot of sonicated fibrils was mixed immedi-
ately with 200 μL of immobilization buffer (10 mM sodium
acetate at pH4.0), injected over the activatedCM5 chip surface at
a flow rate of 10 μL/min for 3 min, and then the unreacted
carboxyl groups were blocked with ethanolamine. The binding
sensorgrams were recorded by injecting antibody (33-200 nM)
onto the immobilized Aβ40 fibril surface for 5 min at a flow rate
of 30 μL/min using a reference surface (flow cell 1) which was
activated and blocked with ethanolamine. The dissociation
profile was monitored for ∼15 min, and then the surface was
regenerated with 10 mM glycine HCl buffer at pH 1.5.
Data Analysis. The kinetic constants of binding were ob-

tained using a simple 1:1 Langmuir binding model shown below.

analyte þ ligand sfrs
Ka

Kd

complex

This model assumes the simplest situation of an interaction
between analyte and immobilized ligand. The model is equal to
the Langmuir adsorption isotherm developed by Irving Langmuir
to describe the adsorption of molecules on a solid surface at a
fixed temperature (23). The SPR raw data were analyzed using
BIAevaluation (version 3.2) provided by Biacore Inc. (Uppsala,
Sweden). After the background responses obtained from the
control flow cells had been subtracted, the association and
dissociation phases were fitted simultaneously using the global
fit option, omitting any noisy data at the beginning and end of the
analyte injection. In addition, the calculated affinity constant (KD)
obtained from the global fit was further validated by applying
equilibrium steady state analysis. The KD values calculated from
both themethodsmatched closely. However, the global fit did not
work well with the data obtained from immobilized Aβ40 fibrils.
Hence, a local fit was employed at each concentration, and the
average kinetic constants are reported in Table 1.

Labeling of Amyloid Plaques in APPMouse andHuman
AD Brain Sections with IgG4.1, pIgG4.1, F(ab0)24.1, and
pF(ab0)24.1. The polyamine (p) modification of IgG4.1 and
F(ab0)24.1 was performed as described by Poduslo et al. (13).
IgG4.1, pIgG4.1, F(ab0)24.1, or pF(ab0)24.1 was incubated in
vitro with cryosections of brain from a 20-month-old APP
transgenic mouse to test the ability of the antibodies to bind to
amyloid plaques. The presence of the immunoglobulin or frag-
ments was detected following the immunoperoxidase method
developed tominimize nonspecific binding of mousemonoclonal
antibodies in mouse tissue (MOM Peroxidase Kit, PK-2200,
Vector Laboratories, Burlingame, CA). Briefly, 15 μm thick
cryosections were lightly fixed with neutral-buffered 10% for-
malin for 5 min to prevent the tissue from disintegrating during
the 2 day procedure. The sections were then washed with tap
water three times for 5 min each and then twice with 0.3%Triton
X-100 in PBS (PBST) for 5min each. The endogenous peroxidase
activity in the tissue was blocked by reaction with 0.3% H2O2 in
PBST for 30 min. The sections were rinsed twice in PBST for
5 min each and then blocked for 60 min with MOM blocking
solution in PBST according to the instructions. After being rinsed
twice in PBST for 5 min each, the sections were equilibrated in
MOM diluent (MOM Protein Concentrate in PBST) for 5 min
and then incubated with 1.0 or 0.5 μg/mL immunoglobulin or
fragment in MOM diluent overnight at 4 �C. For the sake of
comparison, three standard anti-amyloid antibodies, 4G8 (SIG-
39220; Signet/Covance), 6E10 (SIG-39320; Signet/Covance), or a
β-amyloid 1-40 antibody specific to C-terminus (clone 11A50-
B10, SIG-39140; Signet/Covance), were tested at the same dilu-
tions. A control section was incubated in MOM diluent alone
without the addition of an antibody. On the second day, sections
were rinsed twice with PBST for 5 min each and then incubated
with the biotinylated horse anti-mouse secondary antibody
(MOM Peroxidase Kit) at a dilution of 1:250 for 45 min. After
being rinsed twice in PBST for 5 min each, sections were
incubated with ABC reagent (MOM Peroxidase Kit) for 45 min
and then rinsed twice in PBS (without 0.3% Triton X-100) for
5 min each. Sections were reacted with Vector VIP peroxidase
substrate (SK-4600, Vector Laboratories) for 1 min and then
rinsed three times in tapwater for 5min each. Sectionswere rinsed
three times in deionized water for 5 min each, dehydrated with
successive changes of ethanol and xylene, and then placed on
coverslips. As a control for the effects of polyamine modification
on the binding of the antibodies and fragments to amyloid
plaques and brain tissue, a nonspecific antibody (an anti-human
Ia antigen IgG1κ antibody produced by mouse B lymphocyte
hybridoma L227, catalog no. HB-96, ATCC), both native and
polyamine-modified, was reacted with APP brain sections follow-
ing the same immunohistochemical procedure described above.
Densitometry of IgG4.1, pIgG4.1, F(ab0)24.1, and pF-

(ab0)24.1 Labeling of Amyloid Plaques in APP Mouse
Brain Sections. The intensity of the immunoreactivity of the
anti-amyloid antibodies was quantitated on amyloid plaques as a
measure of affinity. Grayscale images of APP mouse frontal
cortex were taken in two hemispheres in two adjacent sections
incubated with the anti-amyloid antibodies at two different
concentrations. Using image analysis software (Axiovision, Carl
Zeiss, Thornwood, NY), the intensity of each plaque was
measured. The values were normalized against the background
illumination intensity of an ROI measured on the empty slide
immediately adjacent to the brain section, expressed as ratios of
less than 1.0. Lower intensities and ratios represent darker levels
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of gray and black and hence higher levels of immunoreactivity
and antibody binding.

RESULTS

Epitope Mapping of IgG4.1. Surface plasmon resonance
was used to map the epitope binding region of IgG4.1. Different
fragments of Aβ peptides were injected at a concentration of
100 nM for 60 s at a flow rate of 30 μL/min over the immobilized
IgG4.1 surface. As shown in Figure 1A, IgG4.1 binds specifically

to N-terminal Aβ peptides Aβ1-15, Aβ2-10, and Aβ2-7 but
not to Aβ10-15, Aβ16-30, or Aβ30-40. The binding of
Aβ1-15 is nearly identical to the binding of Aβ2-10, whereas
Aβ2-7 shows a weakened binding response without altering the
shape of the curve. The reduced level of binding may arise from
the mass differences between the peptides. These data reveal that
IgG4.1 has an epitope specificity for Aβ(2-10).
Kinetics of the Ficin-Digested Antibody Fragment. Ficin

is an enzyme widely used to cleave antibodies near the hinge

Table 1: Kinetic Constants of Various Antibodies and Fragments with Monomeric and Fibrillar Forms of Aβ40 Obtained via SPR

analytea injected ligandb immobilized ka (�104 M-1 s-1) kd (s
-1) KD (�10-9 M) χ2

Aβ40 monomer 6E10 3.8 8.48� 10-4 22.3 1.04

Aβ40 monomer 4G8 26.8 0.81� 10-4 30.1 0.81

Aβ40 monomer 11A50 24.7 0.80� 10-4 32.5 0.66

Aβ40 monomer IgG4.1 7.2 0.037 512.0 0.35

Aβ40 monomer F(ab0)24.1 3.7 0.018 491.0 2.48

6E10 Aβ40 fibril 20.8 2.91� 10-4 1.40 2.50

11A50 Aβ40 fibril no interaction could be reliablymeasured

IgG4.1 Aβ40 fibril 18.5 2.80� 10-4 1.50 6.61

F(ab0)24.1 Aβ40 fibril 22.4 5.34� 10-4 2.38 3.50

pIgG4.1 Aβ40 fibril 28.7 2.98� 10-4 1.04 15.40

pF(ab0)24.1 Aβ40 fibril 15.8 3.35� 10-4 2.12 4.49

aAnalyte refers to the sample that was injected over the immobilized chip surface. bLigand refers to the sample that is covalently linked to the sensor
chip surface.

FIGURE 1: Epitope mapping of IgG4.1 and kinetics of ficin-digested antibody fragment. (A) SPR sensorgrams of IgG4.1 binding to different Aβ
fragments demonstrating the epitope binding region of IgG4.1 as the N-terminal region of the Aβ peptide from 2 to 10. (B) Sensorgram of
immobilized fibrillar Aβ40 binding to IgG4.1 and F(ab0)24.1 at 200 nM. (C and D) Sensorgrams of immobilized IgG4.1 (C) and immobilized
F(ab0)24.1 (D) binding tomonomericAβ40 at 30-3000nM.The sensorgrams are shownas colored lines, and the fits are shownasblack lines.This
demonstrates that the enzyme digestion of the antibody to F(ab0)24.1 fragments does not alter the binding region.
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region, generating F(ab) or F(ab0)2 fragments without affecting
the antigen binding regions. IgG4.1 was digested to the F(ab0)2
fragment as described by Poduslo et al. (13), and the binding
kinetics of both antibodies with monomeric and fibrillar Aβ40
were evaluated. Figure 1B shows the binding of IgG4.1 and
F(ab0)24.1 at a single concentration of 200 nM to fibrillar Aβ40.
The sensorgrams for binding of IgG4.1 and F(ab0)24.1 to
monomeric Aβ40 at concentrations from 30 to 3000 nM and
their theoretical fit are shown in panels C and D of Figure 1,
respectively. The binding kinetics of the native antibody and
digested antibody fragment F(ab0)24.1 are largely unaltered, with
the binding regions being well-preserved following enzyme diges-
tion. Similarly, the binding of the native IgG4.1 and F(ab0)24.1
fragments to immobilized Aβ40 fibrils showed nearly identical
association curves and a slightly faster dissociation profile of
F(ab0)24.1 compared to that of IgG4.1. Our earlier studies have
demonstrated poor binding of Fab fragments to Aβ fibrils or
amyloid plaques, whereas IgG4.1 and F(ab0)24.1 showed nearly
identical binding to different forms of Aβ40 (13). Hence, Fab
fragments were not used in this study.
Kinetic Analysis of Aβ Monomers Binding to Immobi-

lized Antibodies. To study the kinetics of binding of different
antibodies to monomeric Aβ40, the antibodies were immobilized
at a density of∼2000 RU. A nonspecific antibody (L227- IgG1κ
antibody produced bymouse myeloma L227, catalog no. HB-96,

ATCC) was immobilized at a similar density over the reference
surface to control nonspecific binding. Figure 2 depicts the
experimental and theoretical fit of binding of different immobi-
lized antibodies and their kinetics of binding. These profiles also
show binding kinetics of association with and dissociation from
freshly prepared monomeric Aβ40 at concentrations from 5 to
200 nM. The kinetic parameters obtained from the simultaneous
1:1 Langmuir fit of association and dissociation phases of all
sensorgrams are given in Table 1. 6E10 and 4G8, which are
standard mAbs used in immunohistochemistry, show very dif-
ferent kinetic patterns but a similar affinity for soluble mono-
meric Aβ40. 4G8 has a stronger ability to bind to monomeric
Aβ40 with a higher association rate constant (ka) of 26.8 � 104

M-1 s-1, but its immune complex with Aβ40 tends to dissociate
quickly with a low dissociation constant (kd) of 0.81 � 10-4 s-1.
Moreover, the 4G8 antibody has an affinity of 30.1 nM for
monomeric Aβ40, which is the ratio of the dissociation and
association rates. In contrast, antibody 6E10 has an affinity of
22.3 nMwith a slower association constant of 3.8� 104M-1 s-1,
but it forms a more stable immune complex than 4G8 and
demonstrates a higher dissociation constant of 8.48 � 10-4 s-1.

Peptide-capturing antibody 11A50 shows a kinetic pattern
nearly similar to that of 4G8 with an affinity for monomeric
Aβ40 of 32.5 nM (Figure 2C and Table 1). Surprisingly, its
immune complex with Aβ40 is less stable with a quicker

FIGURE 2: Kinetic analysis ofAβmonomers binding to immobilized antibodies. Kinetic analysis of different immobilizedmonoclonal antibodies
IgG6E10 (A), IgG4G8 (B), IgG11A50 (C), and IgG4.1 (D) binding tomonomeric Aβ40 at concentrations of 5, 10, 15, 20, 30, 40, 50, 75, 100, and
250 nM. The antibodies were immobilized at a ligand density of ∼2000 Ru, and monomeric Aβ40 was injected for 5 min followed by a 15 min
dissociation withHBS-EP buffer at a flow rate of 30 μL/min. The sensorgrams are shown as colored lines, and the fits are shown as black dashed
lines. The kinetic parameters obtained from the fit are listed in Table 1.
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dissociation constant (kd = 0.80 � 10-4 s-1). IgG4.1, which is a
plaque-bindingmAb, shows specific binding toAβ40 but with an
extremely low affinity of 512 nM (Figure 2D and Table 1). The
binding response at each concentration is also lower compared to
those of other antibodies studied here, and it forms a less stable
immune complex with a kd of 0.037 s-1. F(ab0)24.1 of IgG4.1
showed a kinetic profile similar to that of the native antibody
with an affinity of 491 nM.
Kinetic Analysis of Antibody Binding to Immobilized

Sonicated Aβ40 Fibrils. The sonicated Aβ40 fibrils are not
suitable for use as an analyte for injection over the chip sur-
face due to their heterogeneity. Hence, they were immobilized
as a ligand over the chip surface using carbodiimide chemistry
at a low density of 60 RU, and different concentrations of
antibodies were injected as analytes at a flow rate of 30 μL/
min. Panels A-C of Figure 3 depicts the Aβ40 fibril binding
sensorgrams of 6E10, IgG4.1, and F(ab0)24.1, respectively, from
33 to 200 nM. The sensorgrams were reproducible at all
concentrations studied, and there is not much change in the
shape of the sensorgrams. However, plaque-binding antibodies
IgG4.1 and F(ab0)24.1 exhibit enhanced binding to the fibrils
compared to other antibodies studied. In addition, the sensor-
grams of IgG4.1 and F(ab0)24.1 are nearly similar except that
F(ab0)24.1 has a slightly quicker dissociation phase. Surprisingly,
peptide-capturing antibody 11A50 did not exhibit any reliable
binding to the fibrils, which indicates the C-terminal region of
fibrillar Aβ40maybe buried inside the β-sheet fibril structure and
hence unavailable for antibody 11A50. Alternatively, being a
peptide-capturing antibody, it may have weak affinity for the
fibrils.

The carbodiimide chemistry that was employed to immobilize
theAβ40 fibrils to the dextranmatrix of the chipmodifies the free

NH2 group from the N-terminal region and also the side chain
lysine at positions 16 and 28 of Aβ40 fibrils. The absence of 4G8
binding to the immobilized Aβ40 fibrils might be due to the
covalent modification at position 16, which could potentially
block the epitope binding region of 4G8. The bar chart in
Figure 3D shows the peak binding response of different anti-
bodies binding to immobilized sonicated Aβ40 fibrils at the end
of the sample injection (220 s). Clearly, the 6E10 and IgG4.1
antibodies, which are specific to the N-terminal region of the Aβ
peptide, exhibit better binding. Plaque-binding antibody IgG4.1
and its F(ab0)24.1 fragment exhibit stronger binding than 6E10
does. Similar results were also observed when a very low density
(∼9 RU) of sonicated Aβ40 fibrils was immobilized (data not
shown). L227, which is a nonspecific (negative control) antibody,
did not exhibit any measurable binding response to Aβ40 fibrils.
Since the shapes of the sensorgrams are nearly similar, kinetic
analysis of these sensorgrams yields comparable affinity con-
stants between 1 and 2.5 nM and nearly similar dissociation
constants (Table 1).

Interaction of the injected antibody with the immobilized
antigen involves some avidity effect in addition to the specific
binding. If there is no avidity effect, injection of the antibodies
onto the immobilized monomeric Aβ40 surface and vice versa
should provide similar kinetics as shown in Figure 2. To evaluate
this, we immobilized the monomeric Aβ40 at a ligand density of
60 RU and injected the chosen antibodies at a concentration of
67 nM (Figure 3E). The sensorgrams were different than those
shown in Figure 2, which is most likely due to avidity. The
binding response shown in Figure 3F illustrates some interesting
trends with peptide-capturing antibody 11A50, which had the
most avidity for monomeric Aβ40 followed by 6E10 and IgG4.1.
Because each is a plaque-binding antibody, the avidity of IgG4.1

FIGURE 3: Kinetic analysis of antibody binding to immobilized sonicated Aβ40 fibrils. Kinetic analysis of 6E10 (A), IgG4.1 (B), and F(ab0)24.1
(C) binding to immobilized sonicated Aβ40 fibrils at 33, 66, 100, 166, and 200 nM. Sonicated Aβ40 fibrils were immobilized at a ligand density of
60 RU, and antibody samples were injected for 1 min followed by a 15 min dissociation with HBS-EP buffer at a flow rate of 30 μL/min. The
sensorgrams are shown as colored lines, and the fits are shown as black lines. The kinetic parameters obtained from the fit are listed in Table 1.
Panel D shows the bar chart of the peak binding response at the end of sample injection. In panel E, freshly prepared monomeric Aβ40 was
immobilized at a ligand density of∼60RU, and different antibodies were injected at a concentration of 67 nM. Panel F shows the bar chart of the
peak binding response at the end of sample injection.
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or F(ab0)24.1 is low; they bind to the monomeric Aβ40 and tend
to dissociate quickly compared to 11A50 and 6E10.

The polyamine modification strategy has been employed to
increase the BBB permeability of therapeutic or diagnostic
proteins delivered to the brain (12-14). To study how the
modification alters the antigen binding ability, pIgG4.1 or pF-
(ab0)24.1 was injected over the immobilized sonicated Aβ40 chip
surface at different concentrations ranging from 33 to 200 nM.

Clearly, pIgG4.1 (Figure 5A) and pF(ab0)24.1 (Figure 5B) show
enhanced binding to sonicated fibrils, as compared to unmodified
IgG4.1 and F(ab0)24.1 (Figure 3). Kinetic analysis of the sensor-
grams demonstrates that the affinity constant (KD) is not
substantially altered compared to those of unmodified IgG4.1
and F(ab0)24.1 (see Table 1). The perceived change in the KD

arises from the small changes observed in the association (ka) and
dissociation (kd) constants. In the case of IgG4.1, the polyamine

FIGURE 4: Labeling of amyloid plaques in APP mouse brain sections with 6E10, 4G8, IgG4.1, F(ab0)24.1, and L227. Sections (15 μm) of APP
mouse brain incubated with 1.0 μg/mL anti-amyloid antibodies are illustrated as follows: (A) 6E10, (B) 4G8, (C) IgG4.1, (D) F(ab0)24.1,
(E) 11A50, and (F) L227. The scale bar is 100 μm.
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modification increases the association rate from 18.5 � 104 to
28.7 � 104 M-1 s-1 without a significant change in the dissocia-
tion rate. However, with pF(ab0)24.1, the association rate de-
creased from 22.4 � 104 to 15.8 � 104 M-1 s-1, and the disso-
ciation rate decreased from 5.34� 10-4 to 3.35� 10-4 s-1. Since
both IgG4.1 and F(ab0)24.1 have weak affinities for monomeric
Aβ40, we did not further study the kinetics of binding of pIgG4.1
and pF(ab0)24.1 to monomeric Aβ40.
Labeling of Amyloid Plaques in APP Mouse Brain

Sections with 6E10, 4G8, IgG4.1, F(ab0)24.1, pIgG4.1,
pF(ab0)24.1, and L227. The plaque labeling of different anti-
amyloid antibodies (6E10, 4G8, IgG4.1, F(ab0)24.1, and L227) in
APP transgenic mouse brain sections is illustrated in Figure 4.
Sections (15 μm) of APP mouse brain were incubated with anti-
amyloid antibodies at a concentration of 1 or 0.5 μg/mL. The
level of plaque labeling increased with increasing antibody
concentrations from 0.5 to 1 μg/mL. Antibody 11A50 exhibited
much lower immunoreactivity than the other antibodies
(Figure 4E). This is most likely due to the weak affinity for
amyloid plaques; it also binds to only Aβ1-40 while the other
antibodies bind to both Aβ1-40 and Aβ1-42. The nonspecific
control antibody (L227) did not exhibit any binding to amyloid
plaques (Figure 4F). Polyamine modification of either IgG4.1 or
F(ab0)24.1 did not have a substantial effect on plaque labeling
(Figure 5C,D).

The normalized densitometry of the immunoreactivity of anti-
amyloid antibody with respect to amyloid plaques in APP
transgenic mouse brain sections is plotted in Figure 6. Lower
grayscale values and ratios represent darker shades of gray and
black due to higher levels of immunoreactivity and antibody

binding. The grayscale values were normalized by dividing them
by the grayscale value of an ROI measured on the empty slide
immediately adjacent to the brain section, resulting in ratios of
<1. The standard error bars are small because of the large num-
ber of plaques analyzed for each antibody. The lower concentra-
tion of antibody resulted in lower levels of immunoreactivity,

FIGURE 5: Kinetic analysis of Aβ40 fibril binding to pIgG4.1 (A) and pF(ab0)24.1 (B) at concentrations of 33, 66, 100, 166, and 200 nM. Labeling
of amyloid plaques in APP mouse brain sections with pIgG4.1 (C) and pF(ab0)24.1 (D). The scale bar is 100 μm.

FIGURE 6: Densitometry of 6E10, 4G8, IgG4.1, F(ab0)24.1, andL227
labeling of amyloid plaques in APP mouse brain sections. The
ordinate plots the normalized grayscale values as a mean of the
plaques analyzed for each antibody and concentration. The error
bars indicate the standard error of the mean. The anti-amyloid
antibodies are listed along the abscissa. For each antibody, the left
bar represents a concentration of 1.0 μg/mL and the right bar a
concentration of 0.5 μg/mL. ANOVA (two-way): antibody
[F(6,10877) = 809.5; p < 0.0001], concentration [F(1,10877) =
80.52; p<0.0001], and interaction [F(6,10877)=73.99; p<0.0001].
Bonferroni post hoc multiple comparisons: p<0.0001 (asterisks).
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which translated into higher ratios. When the concentration of
the antibody was halved, the differences were statistically sig-
nificant, but the differences in immunoreactivity were not sub-
stantial. This is probably due to the high affinity of the
antibodies, which is typical for antibodies in general.

DISCUSSION

The aim of this study was to investigate the kinetics of binding
of different anti-amyloid monoclonal antibodies to monomeric
and fibrillar Aβ40 using a surface plasmon resonance technique
and their plaque binding ability with transgenic ADmouse brain
sections using immunohistochemistry. The motivation here is to
understand the various biophysical factors governing the efficacy
of anti-amyloid antibodies used for different purposes in Alzhei-
mer’s research. The knowledge gained from this study would be
helpful in selecting a potential antibody for AD research and/or
clinical applications.

The results clearly indicate that the antibodies studied exhibit
characteristic kinetics of binding tomonomeric and fibrillar Aβ40
and an ability to bind amyloid plaques that are germane to the
antibody itself. The kinetics of binding of various antibodies to
Aβ40 monomers followed the Langmuir model, although IgG4.1
and F(ab0)24.1 showed some degree of heterogeneity with a rapid
exponential dissociation phase. However, the kinetics of binding
of an antibody to Aβ40 fibrils is confounded by avidity to yield
true kinetics. The terms affinity and avidity are distinct; affinity
refers to the strength of a single interaction, and avidity describes
the combined strength of multiple interactions between the anti-
body and antigen. For example, IgM may have a low or high
affinity depending on the antigen, but its avidity is higher than
that of IgG because of the availability of 10 binding sites which
contrast with the two binding sites of IgG. When IgG mAb is
immobilized as a ligand to the sensor surface and monomeric
antigen is injected as an analyte, the major interaction could be
affinity without a substantial avidity effect. However, when the
monomeric or heterogeneous antigen is immobilized as a ligand
and the IgG is injected as an analyte, the interactions with the
immobilized antigen involve more avidity. It is conceivable that
the simple 1:1 Langmuir model may not adequately reflect the
multiphasic binding kinetics between Aβ protein and the anti-
bodies.Most of these multiphasic interactions could emerge from
the interactions between neighboring antibodies from the sensor
surface or be due to increased analyte concentrations. To weaken
the impact of the multiphasic interactions, we immobilized a low
density of ligands on the chip surface and also used low analyte
concentrations. As a result, the Langmuir model fit the data
reasonably well with good residual plots and acceptable χ2 values.
Use of other complex models available in Bioevaluation did not
improve the fit significantly.

IgG4.1 is a novel plaque-binding monoclonal antibody, raised
against the fibrillar human Aβ42 to target AD amyloid plaques
for imaging and therapeutic purposes for AD. IgG4.1 shows
more avidity for Aβ40 fibrils and labels dense core plaques but
shows less affinity (∼512 nM) for solublemonomeric Aβ40. Ficin
enzyme digestion of IgG4.1 to F(ab0)24.1 did not affect the
antigen binding regions. Earlier, we (13) reported that the
polyamine modification of IgG4.1 or F(ab0)24.1 increases the
BBB permeability by∼50- or∼25-fold, respectively. In addition,
we have successfully targeted the amyloid plaques by intravenous
administration of pIgG4.1 and pF(ab0)24.1 in AD transgenic
animals. We found that native IgG4.1 and pIgG4.1 also label

amyloid deposits present in blood vessels. In line with these
observations, the affinity constant (KD) for binding of pIgG4.1
and pF(ab0)24.1 to sonicated Aβ40 fibrils derived from SPR
analysis remains similar to that for unmodified IgG4.1 and
F(ab0)24.1 (Table 1). In addition to the fibril binding, its plaque
binding ability in AD transgenic mouse brain sections was also
not significantly altered (Figures 5 and 6). These data confirm the
utility of using pIgG4.1 or pF(ab0)24.1 as a plaque-targeting
antibody for molecular imaging.

Recently, Seubert et al. (11) reported that 3D6, a plaque-
binding antibody, is effective in reducing the size of the amyloid
plaque burden in AD mice, whereas m266, a peptide-capturing
antibody, not only is ineffective in reducing the size of the
amyloid plaque burden but also increases the vascular level of
amyloid. The same group reported that the 3D6 antibody shows
an affinity for soluble Aβ42 of 2.4 nM, determined by surface
plasmon resonance studies (24). Our plaque binding antibody
IgG4.1 shows preferential affinity for fibrillar Aβ40 (1.5 nM)
versus monomeric Aβ40 (512 nM). It is interesting to compare
the IgG4.1 antibody to a conformational specific antibody
reported by Kayed et al. (25) which was raised like IgG4.1 by
immunization with homogeneous Aβ42 fibrils. Interestingly, this
antibody specifically binds to β-sheet fibrillar forms of different
amyloidogenic proteins such as Aβ, R-synuclein, and transthyrin
but not to the unstructured monomeric or oligomeric forms in a
sequence-independent manner.

The peptide-capturing antibody, 11A50, which is specific to
the C-terminal region of Aβ40, shows an affinity for Aβ40 of
32.5 nMbut did not show any specific binding to the immobilized
fibrils or to the amyloid plaques in AD mouse brain slices. The
poor binding to the fibrils may be due to the burial of the Aβ
binding site inside the β-sheet fibrillar structure or due to the low
levels of Aβ40 present inmouse tissue sections. In contrast, m266
is another peptide-capturing antibody with a high ka of 3.1� 107

M-1 s-1, a kd of 0.9� 10-4 s-1, and an extremely high affinity of
2.8 pM for the soluble Aβ peptide (26). There are several peptide-
capturingmAbs that are commercially available for basic science,
but it is beyond the scope of this study to compare and contrast
their biophysical properties with those of 11A50. It is certainly
beneficial to know the affinity of the antibodies so that an
appropriate antibody can be chosen to suit the bioanalytical
experiment. While m266 is not commercially available, for
example, for comparison of the affinities of 11A50 and m266,
the high affinity of m266 (2.8 pM) for the soluble Aβ peptide
makes it a better choice than 11A50 for capturing soluble Aβ
from complex biological samples.

6E10 and 4G8 are standard monoclonal antibodies used in
immunohistochemistry for dense core and diffuse plaque label-
ing, respectively. In addition, these antibodies are also widely
used for Aβ peptide capturing in various bioanalytical experi-
ments such as ELISA, Western blot, immunoprecipitation, etc.
Recently, it was reported that the dense core plaques have more
fibrillar structure with β-sheet secondary structures, whereas the
diffuse plaques are amorphous deposits without any ordered
structure (27). The affinities of 6E10 and 4G8 for Aβ40 are nearly
similar, but both exhibit different kinetics as shown in Figure 2.
Immunohistochemistry followed by densitometry analysis of the
plaque labeling shows that 6E10 and IgG4.1 bind to plaques
equally well.While the fibril binding kinetic data of 4G8 are hard
to obtain from the SPR studies due to the chemistry employed to
immobilize the fibrils to the chip surface, its immunohistochem-
istry demonstrates weaker plaque binding compared to 6E10 and
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IgG4.1. The higher ka of 26.8 � 104 M-1 s-1 for 4G8 binding to
monomeric Aβ may be translated to its better binding to diffuse
plaques, which has more randomly structured Aβ peptides.
Similarly, the slower binding of 6E10 (ka=3.8 � 104 M-1 s-1)
to monomeric Aβ40 may be responsible for its ability to bind
Aβ40 fibrils (Figure 3), and the higher amyloid plaque binding
immunoreactivity observed in the densitometry plaque binding
analysis (Figure 6). These results also correlate with a recent
study in which it was demonstrated that systemic and prolonged
intracerebroventricular administration of the 6E10 antibody
reduced amyloid plaque burden in old AD transgenic mice
brain (28).

Antibody-antigen interactions are highly specific. The Aβ
peptides exist in morphologically different forms such as mono-
mer, oligomer, fibrils, etc. On the basis of the solid state NMR
structure of Aβ amyloid fibrils, the first 10 residues of Aβ40 are
structurally disordered, while residues 12-24 and 30-40 adapt
β-strand conformations and form parallel β-sheets through
intermolecular hydrogen bonding (4). It can be said, on the basis
of this structural model, that IgG4.1 was raised against the
flexible region of the fibrillar Aβ peptide. In addition, the epitope
region of IgG4.1, Aβ2-10, also overlaps the immunodominant
region (AEFRHD) of Aβ2-7. Interestingly, a Blast search of the
entire human genome with AEFRHD provides the amyloid
precursor protein as the only hit that has the same sequence.
Also, when AD patients were actively immunized with fibrillar
Aβ42 peptides with adjuvants, the patients produced polyclonal
antibodies which are predominantly specific to the amino termi-
nus of the Aβ peptide (29). Thakker et al. (28) reported that the
Aβ binding properties of these antibodies are similar to those of
6E10, but there is not much information available. Understand-
ing the kinetic details of those endogenous polyclonal antibodies
may provide critical information about the development of
a valid antibody for AD passive immunotherapy. Recently,
Shankar et al. (5) reported that only the antibodies specific for
the amino terminus, and not the C-terminus of Aβ, are effective
in preventing long-termpotentiation and long-term depression of
neurons in AD mouse hippocampal slices when the antibodies
were co-injected with the toxic Aβ oligomers isolated from the
AD human brain.

Clearly, there has been good progress in AD passive immuni-
zation research which is moving forward with more focus on
N-terminal monoclonal antibodies raised against the N-terminal
region of amyloid peptides. While 3D6 and m266 were raised by
immunization of covalently coupled Aβ fragments to sheep anti-
mouse IgG, IgG4.1 and the conformational specific antibody
discussed above were developed by immunization of Aβ42 fibrils
alone. Antibodies IgG4.1 and 6E10 bind specifically to the
N-terminal region of the Aβ peptide, and both the antibodies
bind to monomeric as well as fibrillar Aβ40 (Figures 2, 3, and 6).
This bivalent binding may be due to the availability of the
N-terminal region of the Aβ peptide in different conformations.
In addition, the affinity for monomeric Aβ40 is significantly
higher for 6E10 than IgG4.1. A single peripheral administration
of plaque-binding antibody 3D6 in transgenic mice increased
plasma Aβ40-42 levels by 6-9-fold, whereas peptide-capturing
antibody m266 increased plasma Aβ levels dramatically by
80-100-fold. Similarly, with 6E10, an approximately 6-7-fold
increase in the plasma Aβ peptide level has been documented
(28, 30). It will be useful to conduct similar studies with IgG4.1,
which has a low affinity for monomeric Aβ40 but higher avidity
for fibrillar Aβ40, and develop a predictive pharmacodynamic

model by combining the kinetic constants obtained from surface
plasmon resonancewith the pharmacodynamic response of single
peripheral antibody administration. Increasing the level of deli-
very of the antibody across the BBB even by trace amounts
without affecting the antigen binding properties by the polyamine
modification strategy might increase the therapeutic or diagnos-
tic potential of the antibody (13). In brief, antibodies remain an
indispensible tool for both basic and clinical AD research; hence,
new and faster ways are required to screen antibodies for specific
uses. As demonstrated in this study, surface plasmon resonance
and immunohistochemistrymay provide a rationale for screening
potential anti-Aβ mAbs for various purposes.
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