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Background: Several amyloid proteins form conformationally distinct aggregates.
Results: 23 antibodies raised against fibrillar A�42 display 18 unique reactivity profiles.
Conclusion: The immune response to fibrillar amyloid reflects the diversity in amyloid structures.
Significance: The use of a single antibody in immunization therapies of Alzheimer disease may not be effective, as it is unable
to target all structural variants of A�.

Amyloidogenic proteins generally form intermolecularly hydro-
gen-bonded �-sheet aggregates, including parallel, in-register
�-sheets (recognized by antiserum OC) or antiparallel �-sheets,
�-solenoids, �-barrels, and �-cylindrins (recognized by antise-
rum A11). Although these groups share many common proper-
ties, some amyloid sequences have been reported to form poly-
morphic structural variants or strains. We investigated the
humoral immune response to A�42 fibrils and produced 23 OC-
type monoclonal antibodies recognizing distinct epitopes dif-
ferentially associated with polymorphic structural variants.
These mOC antibodies define at least 18 different immunolog-
ical profiles represented in aggregates of amyloid-� (A�). All of
the antibodies strongly prefer amyloid aggregates over mono-
mer, indicating that they recognize conformational epitopes.
Most of the antibodies react with N-terminal linear segments of
A�, although many recognize a discontinuous epitope consist-
ing of an N-terminal domain and a central domain. Several of
the antibodies that recognize linear A� segments also react with
fibrils formed from unrelated amyloid sequences, indicating
that reactivity with linear segments of A� does not mean the
antibody is sequence-specific. The antibodies display strikingly
different patterns of immunoreactivity in Alzheimer disease and
transgenic mouse brain and identify spatially and temporally
unique amyloid deposits. Our results indicate that the immune
response to A�42 fibrils is diverse and reflects the structural
polymorphisms in fibrillar amyloid structures. These polymor-
phisms may contribute to differences in toxicity and consequent
effects on pathological processes. Thus, a single therapeutic
monoclonal antibody may not be able to target all of the patho-
logical aggregates necessary to make an impact on the overall
disease process.

The misfolding of natively folded proteins into amyloid
aggregates is associated with a broad range of pathology in
humans. One of the most widely studied amyloidogenic pep-
tides is the amyloid-� (A�)3 peptide. The aggregation of this
peptide is known to be associated with the progression of
Alzheimer disease (AD), which is the most common cause of
dementia today (1, 2). One of the hallmarks of AD is the pres-
ence of extracellular A� plaques, which are composed of insol-
uble fibrillar aggregates of A� (3, 4). However, A� also forms
soluble oligomeric species that are now widely believed to be
the primary pathological species in AD (5, 6).

Antibodies against amyloid-forming peptides and aggregates
have attracted considerable interest as potential therapeutic
agents and for their utility as research tools. Many of the anti-
sera and monoclonal antibodies produced against oligomeric
and fibrillar forms of A� are directed against conformation-
specific epitopes that are specifically associated with the aggre-
gated state and are absent in normal proteins (7–10). We have
produced antibodies that are able to distinguish between olig-
omeric and fibrillar amyloid aggregates. A11 is a rabbit poly-
clonal antiserum that recognizes prefibrillar oligomers of A�,
as well as similar prefibrillar oligomers formed by other amy-
loidogenic peptides (8). A11 does not recognize monomeric
peptides or amyloid fibrils. OC is a rabbit polyclonal antiserum
that binds to fibrillar A�, along with similar structures formed
by other amyloid-forming peptides, but it does not bind to
monomers or prefibrillar oligomers (10, 11). The structural
basis for the mutually exclusive aggregate specificities of A11
and OC is not entirely clear, but the structures that are known
to react with A11 have been antiparallel �-sheets, �-barrels,
and �-cylindrins (12–14), whereas the structures recognized by
OC are known to be parallel, in-register �-sheets, whether they
are associated with long fibrils or the smaller oligomers that
may represent small segments of a fibril protofilament (15, 16).
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Although amyloid structures may be classified into two gen-
eral groups based on the presence of parallel in-register versus
antiparallel �-sheet structures, it is increasingly evident that
there is considerable structural diversity or polymorphism
within each of these groups that may be analogous to strains in
prion diseases. For instance, hydrogen/deuterium exchange
studies (17), scanning proline mutagenesis experiments (18),
and solid state nuclear magnetic resonance (NMR) data (19)
have revealed that A� has the ability to form several distinct
fibrillar structures with different morphologies depending on
the aggregation conditions used in vitro (20). Similarly, other
studies have reported the existence of distinct conformations of
A� oligomers (21), as well as oligomers of other amyloid pro-
teins (22). Of particular significance to this work, we have pro-
duced several A11-type monoclonal antibodies that are able to
distinguish at least three immunologically unique conforma-
tions of A� prefibrillar oligomers (16).

The immune response to A� oligomers and fibrils is unusual
in the sense that the resulting polyclonal sera are highly confor-
mation-dependent, yet display generic sequence-independent
immunoreactivity. Both A11 and OC display little or no reac-
tivity with monomeric A� or with amyloid precursor protein
(APP), and yet they react with oligomers and fibrils formed by a
number of unrelated sequences (7, 8, 10). Individual monoclo-
nal antibodies cloned from A11-producing rabbits also display
generic sequence-independent immunoreactivity, indicating
that the antibodies recognize generic epitopes on amyloid olig-
omers (16). These results appear to be inconsistent with results
from humans vaccinated against A�42 fibrils, where the poly-
clonal antibodies predominantly react with the N-terminal seg-
ment of A� and preferentially react with A� monomer and not
the aggregated forms of A� (23). Other studies reported that
A�42-vaccinated humans produced antibodies that only react
with aggregated forms of A�42 and not A�42 monomer or
APP, which is consistent with our observations on A�42 fibril-
vaccinated rabbits (24).

The goal of this study was to characterize the immune
response to fibrillar A�42 in rabbits to determine the confor-
mation dependence of the individual monoclonal antibodies
and whether they uniquely react with any A� fibril polymor-
phisms. To accomplish this, we cloned as many different mono-
clonal antibodies as we could identify using an unbiased screen.
Here, we report that a majority of the 23 unique mOC antibod-
ies react with one or more linear segments of the A� peptide.
Furthermore, most of the antibodies recognize linear epitopes
in the N-terminal region of the A� sequence. We also observed
that many of the epitopes displayed by the mOC antibodies
were discontinuous in nature. In addition, our results show
that many of the mOC antibodies that react with a linear A�
sequence also recognize amyloid fibrils from unrelated
sequences such as �-synuclein and islet amyloid polypeptide
(IAPP). This suggests that reactivity with a linear A� segment
may reflect the pervasive ability of short peptide segments to
form amyloid-like structures rather than a specificity for the
linear sequence per se. After performing Western blot and dot
blot assays on 18 different A�40 and A�42 samples, we
observed at least 18 different reactivity profiles among the 23
mOC antibodies. Finally, we find that some of the 23 mOC

antibodies show differential reactivity with AD brain tissue ver-
sus healthy control brains, indicating that the different struc-
tures they recognize are pathologically relevant.

EXPERIMENTAL PROCEDURES

OC Monoclonal Antibody Production—mOC antibodies
were made under contract by Epitomics (Burlingame, CA),
using a fibrillar A�42 preparation as an antigen. To produce
these antibodies, we immunized New Zealand White rabbits as
described previously (10, 25, 26). Approximately 10,000 pools
of hybridoma cells were screened against A�42 fibrils, prefibril-
lar oligomers, or monomeric A�, and 120 of these pools having
absorbances of at least 3-fold above background in ELISAs were
selected for further analysis. Secondary screening consisted of
probing dot blots of a medium density array of 130 different
amyloid preparations of A�42, A�40, IAPP, polyglutamine
(polyQ) 40, overlapping 15 residue peptide segments of A�, and
amyloid-forming random peptides. These hybridoma pools were
also screened using immunohistochemistry on human AD and
age-matched control brain tissues. Pools giving a unique pattern of
immunoreactivity on the array or by immunohistochemistry were
selected for cloning and further characterization. Antibodies were
produced as hybridoma culture supernatants, and the antibody
concentration ranged from 3 to 10 �g/ml.

Peptide Synthesis—Side chain protected fluorenylmethyloxy-
carbonyl (Fmoc) amino acids, Fmoc-PAL-PEG-polystyrene
support, and O-(benzotriazol-1-yl)-N,N,N�,N�-tetramethyl-
uronium tetrafluoroborate were purchased from Applied Bio-
systems Inc. (Carlsbad, CA). N,N-Diisopropylethylamine,
dithiothreitol (DTT), thioanisole, ethanedithiol, and anisole
were purchased from Aldrich. Trifluoroacetic acid (TFA) was
purchased from Advanced Chem Tech Inc. (Louisville, KY). All
solvents were of HPLC grade, and all chemicals were of Analar
grade. Automatic synthesis was performed by the batchwise
method on a CS336X (CS Bio, Inc., Menlo Park, CA) peptide
synthesizer, employing Fmoc/t-butyl chemistry. Tetramethyl-
uronium tetrafluoroborate/N,N-diisopropylethylamine was
used as the coupling reagent for 1 h and 2% piperidine, 2%
1,8-diazabicyclo[5.4.0]undec-7-ene in dimethylformamide was
used as the deprotection reagent for 7 min. Cleavage of the
peptide from the resin support and the concomitant deprotec-
tion of the amino acid side chains were carried out in Reagent R
(TFA/thioanisole/ethanediol/anisole at 90:5:3:2) at room tem-
perature for 6 h. This step was followed by removal of the
exhausted resin by filtration and precipitation of the peptide
product in cold (4 °C) anhydrous ether. The precipitate was
allowed to settle overnight at �20 °C and then washed three times
with cold water and dried under high vacuum. Preparative
reversed phase-HPLC was performed using a Waters system
(model 510) with a Vydac C4 (214TP1022) column and a flow rate
of 8 ml/min. The crude peptide was loaded after treatment with
DTT and eluted using 0.1% TFA/H2O (buffer A) and 0.1% TFA/
acetonitrile (buffer B) by gradient (5–95% buffer B). The center cut
from the preparative run was frozen in liquid nitrogen immedi-
ately after collection and lyophilized under high vacuum.

SPOT Epitope Mapping Assay—The epitope-mapping SPOT
assay was carried out as described previously (27). Whatman 50
cellulose support membranes with 40 spots containing an over-
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lapping 10-amino acid-long fragment of the A�40 peptide with
a C-terminal covalent bond to the membrane were obtained
from JPT Peptide Technologies (Berlin, Germany). The mem-
branes were rinsed with methanol for 5 min. The membranes
were then washed three times for 10 min in Tris-buffered saline
(TBS) (100 mM Tris, 370 mM NaCl, pH 7.5). After the TBS
washes, the membranes were blocked for 2 h at room temper-
ature in 10% nonfat dried milk in TBS containing 0.01% Tween
20 (TBS-T). The membranes were then incubated overnight at
4 °C with the appropriate antibody diluted in 5% nonfat dried
milk in TBS-T (1:100 for mOC antibodies and 1:10,000 for 6E10
and 4G8 antibodies). The membranes were then washed three
times for 5 min with TBS. Following the three washes, the
membranes were incubated with the appropriate secondary
antibody (anti-rabbit for mOC primary antibodies and anti-
mouse for 6E10 and 4G8) diluted 1:10,000 in 5% nonfat dry milk
in TBS-T for 2 h at room temperature. After three 5-min
washes in TBS, the membranes were incubated in 3,3�,5,5�-
tetramethylbenzidene (Promega, Madison, WI) until color
development was completed and photographed. 4G8 and 6E10
antibodies were purchased from Covance (Princeton, NJ). Goat
anti-mouse secondary antibody was purchased from Jackson
ImmunoResearch (West Grove, PA), and goat anti-rabbit sec-
ondary antibody was purchased from Invitrogen.

A�40 and A�42 Aggregation Reactions—A�40 and A�42
were aggregated under three different conditions over a 10-day
time course. Aggregation reactions were carried out in 1.6-ml
(conditions A and C) or 2.0-ml (condition B) Eppendorf tubes
at room temperature. For aggregation under condition A, 0.3
mg of the lyophilized peptide was resuspended in 33 �l of 100
mM NaOH and incubated for 10 min. This solution was then
diluted to a 40 �M final concentration by adding 1.5 ml of 10 mM

sodium phosphate buffer, pH 7.4. To aggregate the peptides
under condition B, 0.5 mg of the lyophilized peptide was resus-
pended in 333.33 �l of hexafluoroisopropanol (HFIP) and incu-
bated for 15 min. This solution was then diluted with 1.33 ml of
deionized water, and the tube containing the solution was cov-
ered with a punctured cap and placed under a hood; this solu-
tion was continuously stirred during the aggregation time
course using a stir plate. For aggregation under condition C, 0.3
mg of the peptide was resuspended in 33 �l of 100 mM NaOH
and incubated for 10 min. This solution was then diluted to 40
�M by the addition of 1.5 ml HEPES/NaCl buffer (10 mM

HEPES, 100 mM NaCl, pH 6.0). All of the solutions contained
0.02% sodium azide (NaN3).

�-Synuclein Aggregation Reaction—We aggregated �-sy-
nuclein (generous gift from Ralph Langen) over a 6-day time
course. To initiate the aggregation reaction, we resuspended 0.3
mg of lyophilized �-synuclein in 200 �l of HFIP in an Eppen-
dorf tube and allowed it to incubate for 15 min at room tem-
perature. We then diluted this solution with 800 �l of deionized
water, covered the tube containing the solution with a punc-
tured cap, and placed the tube under a hood; this solution was
continuously stirred during the aggregation period using a stir
plate. The aggregation solution was treated with 0.02% NaN3.

IAPP Aggregation Reaction—We aggregated IAPP over a
6-day time course. 0.3 mg of IAPP was resuspended in 30 �l of
100 mM NaOH in an Eppendorf tube and allowed to incubate at

room temperature for 25 min. This solution was then diluted by
the addition of 1 ml of phosphate-buffered saline (PBS) and
allowed to aggregate at room temperature for 6 days. The
aggregation solution contained 0.02% NaN3.

Dot Blot Assay—1 �l of each sample was pipetted onto a
Whatman nitrocellulose membrane (GE Healthcare) at the
appropriate time points (time 0 and 3- and 6-day time points for
the A� preparations, and time 0 and days 1–7 for the �-sy-
nuclein and IAPP preparations). After the last sample was
deposited, the membranes were allowed to air dry and were
subsequently blocked in 10% nonfat dried milk in TBS-T for 1 h
at room temperature. The membranes were then incubated
with 6E10 and 4G8 (Covance, Princeton, NJ) or with the 23
mOC hybridoma supernatants overnight at 4 °C. The antibod-
ies were diluted to appropriate concentrations (1:10,000 for
4G8 and 6E10 and 1:100 for mOC hybridoma supernatants) in
5% nonfat dried milk in TBS-T. After three 5-min washes in
TBS-T, the membranes were incubated with the appropriate
horseradish peroxidase (HRP)-conjugated secondary antibody
(goat anti-mouse immunoglobulin G (IgG) for 6E10 and 4G8,
and goat anti-rabbit IgG for mOC antibodies) for 1 h at room
temperature. The secondary antibodies were diluted 1:10,000
in 5% nonfat dried milk in TBS-T. The blots were then washed
three times for 5 min in TBS-T, and antibody reactivity was
visualized using the enhanced chemiluminescence protocol
(GE Healthcare). Images of the membranes were obtained
using a Nikon D700 (Nikon Inc., Melville, NY) camera as
described previously (28).

Western Blotting—10 �l of each sample from time 0 and the
3- and 10-day time points were mixed with 2� loading buffer
(125 mM Tris, pH 6.8, 4% SDS, 16% glycerol, 10% 2-mercapto-
ethanol, bromphenol blue), and the resulting 20-�l mixtures
were loaded onto an 18-well 4 –12% precast Triton Gradient
eXtended (TGX) gel (Life Science, Hercules, CA). The gel was
then run at 250 V, and the resolved proteins were transferred
onto a nitrocellulose membrane at 350 mA for 45 min. Nonspe-
cific binding was blocked by incubating the membrane in 10%
nonfat dried milk in TBS-T for 1 h at room temperature. The
blot was then incubated in the appropriate primary antibody
overnight at 4 °C. After three 5-min washes in TBS-T, the mem-
branes were incubated with the appropriate secondary anti-
body for 1 h at room temperature. Following three 5-min
washes in TBS-T, the results were visualized using the ECL proto-
col, and images of the results were obtained using a Nikon D700
camera as described previously for the dot blot experiments.

Immunostaining—Postmortem paraformaldehyde-fixed brain
tissue was obtained from the neuropathological core of the Uni-
versity of California at Irvine Alzheimer’s Disease Research
Center. Case number 07-03 was selected because it demon-
strates robust immunostaining when probed with several of the
mOC antibodies. 14-Month-old 3�-Tg-AD brain was also exam-
ined to study the immunoreactivity of deposits in transgenic mice.
40-�m-thick sections of fixed tissue from Brodmann’s area 9 of
the cortex were obtained using a Vibratome Series 1000 vibrat-
ing microtome (The Vibratome Co., St. Louis). Sections were
stored in PBS containing 0.02% NaN3 at 4 °C. Endogenous per-
oxidase activity was quenched by incubating the sections in 3%
hydrogen peroxide and 3% methanol in TBS for 30 min at room
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temperature. Nonspecific background staining was blocked
with a 1-h incubation in 2% bovine serum albumin (BSA) (Jack-
son ImmunoResearch) and 0.01% Triton X-100 in TBS at room
temperature. Tissues were incubated with 1 mg/liter primary
antibodies diluted in blocking solution (23 mOC, OC poly-
clonal, and 6E10) overnight at 4 °C. The sections were then
washed two times for 5 min with 0.01% Triton X-100 in TBS,
blocked for 30 min in blocking buffer, and incubated with the
proper biotinylated secondary antibody, goat anti-rabbit for
OC polyclonal and mOC antibodies and horse anti-mouse
for 6E10 (Vector Laboratories, Inc., Burlingame, CA), for 1 h
at room temperature. Anti-mouse secondary antibody was
diluted 1:200 in blocking buffer containing a 1:75 dilution of
normal horse serum (Vector Laboratories, Inc., Burlingame,
CA). Similarly, anti-rabbit secondary antibody was diluted
1:200 in blocking buffer containing a 1:75 dilution of normal
goat serum (Vector Laboratories). After incubation with the
secondary antibodies, the tissue sections were washed two
times for 5 min in 0.01% Triton X-100, and an ABC peroxidase
kit and 3,3�-diaminobenzidine substrate kit (Vector Laborato-
ries) were used to detect the biotinylated secondary antibodies.
Following the 3,3�-diaminobenzidine incubation, the tissue
sections were washed five times for 5 min in TBS and allowed to
air dry. The sections were then dehydrated using sequential
3-min incubations in 50, 70, and 95% ethanol, followed by a
15-min incubation in 100% ethanol. The sections were then
mounted, cover-slipped with DePeX (EMS, Hatfield, PA), and
visualized using an Olympus BH-2 light microscope (Olympus
America Inc., Center Valley, PA). The omission of either the
primary or the secondary antibody was used as the negative
control and resulted in no 3,3�-diaminobenzidine staining.

RESULTS

Antibody Production—The humoral immune response to
any antigen includes the expansion of a great number of anti-
body-producing plasma cell clones and the resulting produc-
tion of many distinct types of immunoglobulin (Ig) molecules
by these cells (29, 30). This fact, together with our experience in
producing conformation-specific monoclonal antibodies (16),
led us to ask whether the immune response to an amyloid anti-
gen can be used to establish the diversity of epitopes associated
with fibrillar amyloid aggregates and their exposure on differ-
ent fibril polymorphisms. To address this question, we immu-
nized New Zealand White rabbits with a fibrillar A�42 prepa-
ration and produced a pool of �10,000 clones. 120 of these
clones reacted to a significant degree with preparations of
monomeric, fibrillar, or prefibrillar oligomeric A�42 in an
ELISA for the primary screening step. 24 of these clones were
then selected based on unique dot blot reactivity patterns with
130 different amyloid preparations made from A�40, A�42,
polyQ, and IAPP, as well as 15-residue overlapping fragments
of A� and short amyloid-forming peptides. After sequencing
the heavy and light chains, it was found that two clones
expressed identical sequences, resulting in 23 unique clones.
We then used these OC-type monoclonal antibodies (mOCs) to
study the immunological diversity of amyloid structures
adopted by A� and other amyloid-forming peptides.

Linear Epitope Specificity—To determine whether the 23
mOC antibodies recognize linear segments (epitopes) of A�,
and what these linear segments may be, we performed an
epitope mapping experiment using a SPOT peptide array con-
sisting of a series of overlapping 10-amino acid peptides begin-
ning at �3 and ending at �44 of the A� sequence (27) that vary
by a single amino acid. The linear epitope for each antibody was
defined as the sequence of consecutive amino acids common to
the adjacent spots showing positive reactivity with the antibody
of interest. Using this definition, we observe that 19 of the 23
mOC antibodies display linear epitopes, although four fail to
recognize a linear segment of the A� peptide, suggesting that
they recognize conformational epitopes not represented in
short peptide segments (Fig. 1). Furthermore, 17 of the 19 anti-
bodies recognize a linear A� epitope localized to amino acids
3–12 of the N-terminal region of the A� peptide similar to the
commercially available mouse monoclonal antibody 6E10. This
dominance of N-terminal epitopes is consistent with results
that have been previously reported for mouse polyclonal anti-
bodies against A� (31) and the fact that human polyclonal anti-
bodies from A�42 fibril-vaccinated individuals can be adsorbed
by a peptide consisting of residues 1– 8 of A� (23). In addition,
six of the antibodies have discontinuous epitopes, consisting of
an N-terminal domain and a central domain from residues 17 to
24 (Table 1). mOC78 recognizes three distinct segments of A�.
Three of the antibodies have epitopes located in the region from
residues 17 to 22, like that of 4G8. None of the antibodies
cloned react with C-terminal epitopes, although we specifically
screened for such antibodies by using A�40 and A�42 and short
peptides ending at residues 40 and 42. Four antibodies (mOC9,
mOC29, mOC88, and mOC104) failed to recognize any linear
segment in the array. Although the N-terminal and central
epitopes overlap substantially, there are numerous differences
in the exact location and extent of the linear epitope in both
regions for the individual monoclonal antibodies.

mOC Antibodies Display a Range of Immunological Selectiv-
ity for Distinct A� Aggregates—To further explore differences in
immunoreactivity, A�40 and A�42 were aggregated under
three different conditions for a 10-day time course, and the
reactivity of each preparation was examined using a dot blot
assay. Representative results for eight antibodies are shown in
Fig. 2, and the results for all antibodies are shown in Fig. 3. The
experiments were performed three times, and the results
shown were obtained at least two times. No antibody, even the
widely used commercially available 4G8 and 6E10 antibodies,
recognizes all samples under all conditions, demonstrating that
epitopes are commonly hidden or unavailable under some con-
ditions. mOC87 has the broadest reactivity, comparable with
4G8, although mOC9 and 76 did not react with any of the sam-
ples on dot blots. m31 only recognizes A�40 aggregation under
condition B for 10 days. mOC3 appears to be A�42-specific
because it does not react with A�40 under any condition, but it
also fails to recognize A�42 under condition B, indicating that
its epitope is only displayed by A�42 under specific conditions.
Several of the antibodies only recognize specific time points,
indicating that the exposure of the epitope changes as aggregation
ensues. Based on the dot blot results, the mOC antibodies can be
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divided into 15 groups in the same manner, with each group rec-
ognizing a unique subset of the 18 A� samples (Table 2).

Because none of the antibodies react with A� dot blots under
all conditions and times, we examined whether performing
Western blot analysis using SDS-PAGE would expose possible
hidden epitopes and reveal selectivity for distinct sizes of aggre-

gates. To answer this question, we carried out Western blots of
the same 18 samples used for dot blots. Representative results
for eight antibodies are shown in Fig. 4, and the results for all
antibodies are shown in Fig. 5, a and b. These experiments
revealed that the antibodies that did not react with any of the
samples in the dot blot assay recognize one or more of the
samples on Western blots following SDS-PAGE. For instance,
although antibody mOC9 did not react with any of the 18 A�
preparations in the dot blot assay, it recognized A�40 aggre-
gated under condition B at the 10-day time point, as well as
A�42 aggregated under condition C at all three time points in
the Western blot assay. The Western blot experiments further
demonstrated that subjecting the A� samples to SDS-PAGE
changes the reactivity profiles of the mOC antibodies to these
preparations. More subtle examples of epitope exposure upon
SDS-gel electrophoresis were also observed. None of the anti-
bodies detectably reacted with A�40 aggregated under condi-
tion B for 3 days on dot blots, although several recognize the
same preparation at time 0 and 10 days. On Western blots, all of
the antibodies except 4G8 recognize high molecular weight
material at 10 days, although only mOC23 and mOC87 recog-
nize monomeric A�40 at all time points.

Many of the antibodies that recognized samples on dot blots
do not recognize the same sample on Western blots. For exam-
ple, 4G8, 6E10, mOC23, and mOC87 recognize A�40 incu-
bated under conditions A and C at one or more time points on
dot blots, but none of the antibodies recognize A�40 aggre-

FIGURE 1. SPOT assay. Left, epitope mapping results for the 19 mOC antibodies that reacted with A� segments in the SPOT assay, along with 6E10 and 4G8.
Right, interpretation of the SPOT assay results. The sequence of the A� peptide is shown beginning with the �3 position. The apparent epitope is the sequence
contained in common by all positive spots and is shown in red.

TABLE 1
Characterization of mOC antibody epitopes
An antibody was described as having a linear epitope if it recognized consecutive
10-amino acid-long fragments of the A� peptide in the SPOT epitope mapping
assay. An epitope was said to be discontinuous if it consisted of two or more linear
epitopes separated by one or more intervening amino acids. Antibodies were
described as having a generic epitope if they reacted with aggregates of proteins
other than A� in addition to the A� preparations.
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gated under these conditions on Western blots at any time
point (Figs. 2a and 4a). SDS-PAGE treatment of the A� samples
alters the reactivity profiles of some of the 23 mOC antibodies
and 4G8 and 6E10, indicating that these antibodies recognize
diverse epitopes that vary in their exposure depending on the
aggregation conditions and the conditions used to detect them.
Taken together, the dot blot and Western blot results define 18
reactivity profile groups within the 23 mOC antibodies, with
each group having a distinct reactivity profile against the A�
preparations tested here (Tables 2 and 3).

Silver staining of the gels indicates that roughly equivalent
amounts of peptide are present, although the aggregation state
varies with incubation time and aggregation condition (Fig. 5, a
and b). For instance, A�40 aggregated under condition A
mostly forms aggregates of 75 kDa and higher, with bands of
oligomeric A� at 37 and 25 kDa appearing at the 3- and 10-day
time points, respectively. In addition, we see distinct bands of
high molecular weight aggregates in this preparation at all time
points. Similarly, A�40 aggregated under condition C forms
aggregates of a wide range of molecular weights with more
prominent monomer and dimer bands, as well as two oligo-

meric bands at roughly 65 and 75 kDa. These aggregates are
present at all three time points tested, with slight variations in
their relative amounts. In contrast, aggregating A�40 under
condition B leads to the formation of monomeric and dimeric
A�, and oligomeric A� of 75 kDa and higher at time 0- and the
3-day time point, with a dramatic increase in the range of olig-
omeric A� species and the appearance of a prominent oligomer
band at roughly 50 kDa at the 10-day time point. Interestingly,
although we clearly observed aggregated peptide when A�40 is
aggregated under conditions A and C, the majority of the
antibody reactivity that we observed on Western blots was
restricted to A�40 aggregated under condition B. When A�42
was aggregated under condition A, we observed a broad range
of oligomers throughout the reaction time course, with distinct
A� oligomers of around 15 and 75 kDa, along with distinct high
molecular mass bands at all three time points. Similarly, when
A�42 was aggregated under condition 3, we observed a broad
range of oligomers at all three time points, with several distinct
oligomer bands and a weak monomer signal with small varia-
tions in intensity at the three different time points. In contrast,
aggregating A�42 under condition C leads to dramatic changes
in the composition of the A� species detected by silver staining.
Specifically, we observed a weak monomer band, an oligomer
band around 15 kDa, and distinct high molecular mass bands at
all three time points and a broad range of oligomeric aggregates
at time 0 and the 10-day time point. This broad oligomer reac-
tivity is largely absent at the 3-day time point, and the 15-kDa
band appeared to show much more intense staining. Intrigu-
ingly, and in contrast to our observations in the A�40 Western
blotting experiments, we observed much broader antibody
reactivity with A�42 aggregated under conditions A and C
compared with the preparations formed under condition B. It is
also important to note that the intensity with which the indi-
vidual mOC antibodies react with the aggregated A� is not
always proportional to the abundance of the specific A� species
in the overall mixture as seen in silver stains. This observation
indicates that the mOC antibodies are indeed conformation-
specific and react with distinct structural variants of A� within
the aggregation mixture. Furthermore, although aggregating
A� often leads to the formation of several distinct oligomeric
bands under different conditions, these bands are generally not
read by the mOC antibodies.

Thermal Modulation of A� Epitopes—To further investigate
the A� epitopes, we examined the effect of boiling the mem-
branes prior to Western blotting. We observed that the recog-
nition of the epitopes varied significantly, as demonstrated by
three distinct responses to thermal denaturation. The first
group of antibodies did not show a significant change in their
reactivity pattern after the membrane was boiled and reprobed.
An example from this group is antibody 86, which reacts with
high molecular weight aggregates formed in the three A�42
preparations with no change observed in response to heat dena-
turation (Fig. 6). This observation indicates that antibody 86
and other members of this group recognize thermo-stable
epitopes in these samples. In the second group, most or all of
the immunoreactivity was lost after heat denaturation. A rep-
resentative from this group of antibodies, antibody 87, only
maintained its reactivity with the high molecular weight aggre-

FIGURE 2. Representative dot blot results. A�40 (a) and A�42 (b) were
aggregated under three different conditions over a 10-day time period. The
immunological reactivities of the aggregates from time 0, and the 3- and
10-day time points were then tested with the 23 mOC antibodies, along with
6E10 and 4G8. Results obtained with antibodies 6E10, 4G8, and mOC 3, 9, 23,
31, 76, and 87 are displayed as representative examples. The three aggrega-
tion conditions were as follows: Condition A, peptide resuspended in 100 mM

NaOH and diluted in phosphate buffer; Condition B, peptide resuspended in
HFIP and diluted in water; Condition C, peptide resuspended in 100 mM NaOH
and diluted in HEPES/NaCl buffer.
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gates that it recognizes and lost all of its reactivity to mono-
meric and oligomeric species of A�42 after the membrane was
boiled (Fig. 6). These results suggest that the epitope that anti-
body 87 reacts with is more labile in the low molecular weight
aggregates formed by A�42 than in the high molecular weight
aggregates in these preparations. Finally, in the third group,
some of the mOC antibodies only react with the A�42 aggre-
gates after they have been subjected to heat denaturation. As an
example, antibody 104 reacts with high molecular weight
aggregates formed within the three A�42 preparations with a
pattern similar to the pattern observed with antibody 86; how-
ever, this reactivity is only observed after the aggregates have
undergone heat denaturation and is absent before the mem-
brane is boiled (Fig. 6). These observations suggest that the
epitope recognized by antibody 104 is hidden and is only
unmasked and available for binding by the antibody after heat is
used as an antigen retrieval mechanism.

Several mOC Antibodies Recognize Generic and Sequence-
independent Amyloid Epitopes although Others Appear to Be
A�-specific—Because the OC polyclonal serum from which the
monoclonals are derived recognizes amyloid fibrils formed

from several different amyloidogenic sequences, we examined
whether the individual monoclonal antibodies display this
property. To answer this question, we aggregated �-synuclein
and IAPP over a 6-day time course and tested the reactivity of
the aggregates at time 0, and the 1-, 2-, and 4 – 6-day time points
in a dot blot assay using the 23 mOC antibodies (Fig. 7). None of
the antibodies reacted strongly with monomeric �-synuclein or
IAPP, but several antibodies displayed strong reactivity with
both sequences upon aggregation. We found that six of the 23
mOC antibodies were able to recognize aggregates formed by
one or both of these peptides. Specifically, antibodies 3, 22, 78,
87, and 116 recognized both �-synuclein and IAPP aggregates,
although antibody 76 recognized the �-synuclein aggregate at
the 6-day time point. These experiments indicate that these six
antibodies display a generic epitope that is present in a variety
of amyloid structures that have little to no sequence identity
with A�. All of these generic epitope antibodies except 78 map
to a single and contiguous sequence of A�, indicating that rec-
ognition of a linear epitope is not a reliable indicator of
sequence specificity. To verify that the binding of the antibodies
with a generic amyloid epitope was truly specific to an amyloid

FIGURE 3. Complete dot blot data. A�40 (a) and A�42 (b) were aggregated under three different conditions over a 10-day time period. 1-�l aliquots were
pipetted onto nitrocellulose membranes at time 0 and at the 3- and 10-day time points. The membranes were then probed with the 23 mOC antibodies, along
with 6E10 and 4G8. The three aggregation conditions were as follows: Condition A, peptide resuspended in 100 mM NaOH and diluted in phosphate buffer;
Condition B, peptide resuspended in HFIP and diluted in water; Condition C, peptide resuspended in 100 mM NaOH and diluted in HEPES/NaCl buffer.
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conformation, we performed an antibody competition assay
wherein the mOC antibodies of interest were incubated with
A�42 fibrillar aggregates prior to performing Western blots on
the reactive �-synuclein and IAPP preparations. As expected,
the preincubation of the antibodies with A�42 fibrils elimi-
nated reactivity with the �-synuclein and IAPP sample (data
not shown). It would be interesting to know if these antibodies
also recognize PrPsc, but we did not examine this possibility due
to safety concerns.

mOC Antibodies Recognize Distinct Types of Amyloid Depos-
its in Human AD and Transgenic Mouse Brain—We performed
immunohistochemistry on human and transgenic mouse brain
sections using each of the 23 antibodies to test their abilities to
recognize amyloid deposits in brain. Selected images are shown
in Fig. 8, and all of the images are shown in Fig. 9, a and b. The
mOC antibodies display a broad range of staining morphologies
and intensities with little to no staining of WT or control brains
that have no amyloid deposits (data not shown). Although most
of the antibodies recognize amyloid aggregates in these exper-
iments, 9 of the 23 antibodies failed to significantly stain any of
the AD brain samples that stain intensely with other antibodies.
Antibodies mOC 9, 15, 29, 41, 51, 88, 104, 107, and 108 failed to
stain human brain amyloid deposits even though they react
with aggregated A� in vitro by Western blotting (Fig. 9a). We
tested whether antigen retrieval with formic acid treatment of
the sections before immunostaining would uncover a hidden
epitope for these antibodies, as SDS-PAGE treatment had done
in the in vitro experiments with synthetic A�, but in most cases,
we were still not able to observe any specific staining with these
antibodies after formic acid treatment (data not shown). How-
ever, we did observe intracellular staining of human AD brain
tissue with antibody 88 after formic acid treatment (data not
shown).

The mOC antibodies identify morphologically and spatially
unique types of amyloid deposits in both human AD and
3�Tg-AD mouse brain (Fig. 8). No specific staining was
observed in normal control brain or the nontransgenic mouse
brain, indicating that the mOC antibodies do not react with
APP (data not shown). mOC 1, 22, 23, and 116 all stain paren-
chymal plaques in the AD frontal cortex, but mOC23 stains a
subset of plaques that are morphologically smaller and more
spherical than the plaques stained by the other antibodies (Fig.
8). The same antibodies exhibit a different staining pattern in
14-month-old 3�Tg-AD transgenic mice. mOC1 stains a sub-
set of neurons in layer V of the frontal cortex and plaques in the
subiculum, but it does not stain plaques in the hippocampus.
mOC22 also stains a subset of neurons in layer V, but it addi-
tionally stains a subset of pyramidal neurons in CA1. mOC23
stains only a subset of plaques in human and 3�Tg-AD brain
but not intraneuronal deposits in the 3�Tg-AD brain that stain
with mOC1 and mOC22. mOC116 stains abundant plaques
in human brain and plaques and intraneuronal deposits in
3�Tg-AD mice. In contrast, 6E10 exhibits much more exten-
sive intraneuronal labeling (Fig. 9, a and b). The intraneuronal
staining by 6E10 is widely interpreted as representing APP and
APP C-terminal fragments (32), but the fact that the conforma-
tion-dependent aggregation-specific mOC antibodies only
stain a subset of these 6E10-positive neurons suggests that the
material accumulating in the mOC-positive neurons is mis-
folded and aggregated. Several of the antibodies that stain
parenchymal plaques in human frontal cortex fail to stain
plaques in 3�Tg-AD brain but rather stain intraneuronal
deposits. These include mOC antibodies 64, 87, and 98 (Fig. 9, a
and b). This suggests that the plaques in 3�-TgAD mice are
immunologically distinct from human AD plaques.

Two antibodies identify unique amyloid deposits in human
and transgenic brain. mOC78 stains intracellular and nuclear
deposits in some AD brains (Fig. 8) and at 12 months in
3�Tg-AD mice. The intracellular 78 staining co-localizes with
6E10 staining (data not shown). As reported previously,
mOC31 specifically stains vascular amyloid deposits, indicating
that these deposits are structurally distinct (Fig. 8) (33). The
immunohistochemical data obtained using human AD and
14-month-old 3�Tg-AD mouse brains are summarized in
Table 4.

DISCUSSION

Recently, there have been several important studies suggest-
ing significant structural polymorphism among fibrillar amy-
loid aggregates (17, 34 –36). Here, we have used the rabbit
humoral immune response to a fibrillar A�42 amyloid antigen
as a tool in studying the structural diversity of �-amyloid fibrils.
Based on Western blot and dot blot results with the synthetic
A�40 and A�42 preparations (Figs. 2–5), we were able to clas-
sify the mOC antibodies into 18 distinct groups, each with a
unique immunological reactivity profile (Tables 2 and 3). This
remarkably heterogeneous pool of monoclonal antibodies is a
direct reflection of the inherent diversity of amyloid structures
present in fibrillar A� and is in general agreement with esti-
mates of fibril structural polymorphism by hydrogen/deute-
rium exchange and solid-state NMR experiments (17, 34).

TABLE 2
Dot blot immunological profiles of mOC antibodies based on reactiv-
ity with different A� samples
Check marks indicate reactivity of a sample with the indicated mOC antibody in dot
blot assays. Abbreviations used are as follows: 40, A�40; 42, A�42; A, peptide aggre-
gated using condition A; B, peptide aggregated using condition B; C, peptide aggre-
gated using condition C; t0, time 0; 3d, 3-day time point; 10d, 10-day time point.
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Our results demonstrate that the mOC antibodies and the
commonly used commercially available mouse monoclonal
antibodies, 6E10 and 4G8, react with amyloid aggregates in a
conformation-dependent fashion. One indicator of the confor-
mation dependence of the antibodies is the fact that they only
recognize samples under specific conditions and aggregation
times and not other conditions and times. None of the antibod-

ies recognize A� aggregated under all conditions and at all
times, indicating that epitopes are exposed or hidden differen-
tially in different structures. The fact that thermal denaturation
of the A� aggregates after SDS-PAGE treatment alters the reac-
tivity profiles of these antibodies is further evidence of their
conformational specificity and the fact that hidden epitopes can
be revealed by changing the conformation. Antibody mOC23

FIGURE 4. Representative Western blots results. A�40 (a) and A�42 (b) were aggregated under three different conditions over a 10-day time period. Aliquots
from time 0 and the 3- and 10-day time points were used for Western blotting using the 23 mOC antibodies, along with 4G8 and 6E10. Results obtained using
6E10, 4G8, and antibodies mOC 3, 9, 23, 31, 76, and 87 are displayed here as representative examples. The three aggregation conditions were as follows:
Condition (Cond.) A, peptide resuspended in 100 mM NaOH and diluted in phosphate buffer; Condition B, peptide resuspended in HFIP and diluted in water;
Condition C, peptide resuspended in 100 mM NaOH and diluted in HEPES/NaCl buffer.
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provides an illustration of the conformation dependence of the
mOC antibodies. Although this antibody reacts with a wide
range of A�40 and A�42 aggregates on dot blots, it reacts with
a significantly more restricted set of the A� samples in Western
blots (Figs. 2 and 4 and Tables 2 and 3). 6E10 and 4G8 mono-
clonal antibodies are generally regarded as “sequence-specific”
A� antibodies because they react with A� monomer and APP
and require antigen retrieval for optimal immunoreactivity in
some assays (37). However, these antibodies also display a
strong preference for A� aggregates and react differentially
with A� preparations used in this study in the absence of heat
denaturation (Figs. 2 and 4). In this respect, 6E10 and 4G8 are
much like many of the antibodies reported here; they react in

FIGURE 5. Complete Western blot data. A�40 (a) and A�42 (b) were aggre-
gated under three different conditions over a 10-day time period. Aliquots
from time 0 and the 3- and 7-day time points were used for Western blotting
using the 23 mOC antibodies, along with 4G8 and 6E10. The three aggrega-
tion conditions were as follows: Condition (Cond.) A, peptide resuspended in
100 mM NaOH and diluted in phosphate buffer; Condition B, peptide resus-
pended in HFIP and diluted in water; Condition C, peptide resuspended in 100
mM NaOH and diluted in HEPES/NaCl buffer.

TABLE 3
Western blot immunological profiles of mOC antibodies based on
reactivity with different A� samples
Check marks indicate reactivity of a sample with the indicated mOC antibody in
Western blot assays. Abbreviations used are as follows: 40, A�40; 42, A�42; A,
peptide aggregated using condition A; B, peptide aggregated using condition B; C,
peptide aggregated using condition C; t0, time 0; 3d, 3-day time point; 10d, 10-day
time point.

FIGURE 6. mOC antibodies differ in their binding to A� fibrils after heat
denaturation. Four different fibrillar preparations of A�42 were subjected to
Western blotting using the 23 mOC antibodies with and without heat dena-
turation of the membrane prior to the blocking step. Here, we present three
representative examples of mOC antibodies with differing responses to the
heat denaturation of A�42 fibrils.
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both conformation- and sequence-dependent manners with
amyloid aggregates. This appears to be a general property of
antibodies produced against amyloid aggregates.

Only a few of the mOC antibodies recognize A� monomer
on Western blots, and those that do stain monomer do not react
with monomer under all conditions examined, suggesting that
monomeric A� can adopt alternative structures that the anti-
bodies distinguish. Although some of the antibodies recognize
oligomeric species, none of them is specific for a particular size
of oligomer, and all of them stain high molecular weight aggre-
gates at the top of the gel, indicating that the epitope is repre-
sented in a broad size range of aggregates. Because of the strong
immunoreactivity with high molecular weight aggregates, some
of the antibodies appear to be specific for A�42, but this is a
reflection of the higher aggregation propensity of A�42, as the

FIGURE 7. Dot blot assays of IAPP and �-synuclein aggregates. �-Syncu-
lein (left) and IAPP (right) were aggregated over a 6-day time period. The
immunoreactivities of samples from time 0 and the 1-, 2-, and 4 – 6-day time
points were tested using the 23 mOC antibodies in a dot blot assay. Antibod-
ies that showed positive reactivity with the �-synuclein and IAPP prepara-
tions are shown. IAPP was resuspended in 100 mM NaOH and diluted in PBS,
and �-synculein was resuspended in HFIP and diluted in water.

FIGURE 8. Differential staining of human AD and 3�Tg-AD mouse brain.
Sections were stained with the indicated mOC antibodies. Top panels, human
AD brain. Bottom panels, 14-month-old 3�Tg-AD mouse brain, except as indi-
cated. Bars, 100 �m.

FIGURE 9. Immunostaining of human AD brain (a) and 3�TgAD mouse
brain (b) with mOC antibodies. The 40-�m-thick serial sections from
14-month-old 3�TgAD mice were stained with the 23 mOC antibodies and
6E10. Some of the antibodies reacted with intracellular aggregates; some
were specific to extracellular plaques, and some recognized vascular amyloid.
For antibodies showing reactivity with more than one type of aggregate, we
have included images representative of reactivity with each type of aggre-
gate. Magnification: �40.
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antibodies do not recognize a C-terminal epitope, and they do
react with A�40 under some aggregation conditions.

A majority (17/23) of mOC antibodies recognize a linear seg-
ment in the N-terminal region of A� as reported previously for
human antibodies generated in response to vaccination in
human clinical trials (23). This has been interpreted as indicat-
ing that the antibodies are not conformation-dependent or
-specific to a particular aggregation state (23). Our results con-
firm preference for N-terminal epitopes but indicate that virtu-
ally all of these antibodies are conformation-dependent as
described above. Moreover, the mapping to a linear segment of
A� is not a reliable indicator of the sequence specificity of the
antibodies, as is commonly believed. Several of the mOC anti-
bodies that map to a linear A� segment surprisingly react in a
generic, conformation-dependent fashion with amyloid fibrils
formed from unrelated sequences, like �-synuclein and IAPP
(Fig. 7). Thus, their reactivity with short peptides may be more
a reflection of the propensity of short peptides to form amyloid-
like structures containing generic fibril epitopes than an under-
lying specificity for the particular sequence.

Immunological subtypes of amyloid also occur in AD and
transgenic brain. A conservative estimate is that the mOC anti-
bodies define at least four types of amyloid deposits as follows:
two types of parenchymal deposits, intranuclear immunoreac-
tivity and a unique population of vascular amyloid. Antibodies
mOC 1, 22, and 116 all stain abundant cortical plaques in
humans, although mOC23 and 6E10 stain a much more
restricted subset of the plaques. mOC78 stains intraneuronal
and intranuclear deposits in a subset of the brain samples, and
mOC31 only stains vascular amyloid, indicating that vascular
amyloid is structurally distinct. A large number of the antibod-
ies do not display any specific staining of brain tissue, although
they all work well on A� in vitro. These include mOC 9, 15, 29,

41, 51, 107, and 108. This is consistent with the interpretation
that A� is able to adopt a larger number of conformations in
vitro than occur in vivo. This may be due to the fact that a larger
number of different conditions may be probed in vitro and the
fact that some of the unique epitopes are detected on kinetically
transient species that may not be significantly populated in vivo.

Taken together, our results indicate that all of the antibodies
examined only recognize A� under specific conditions. Because of
this, claims of “pan” A� immunoreactivity should be viewed with
some suspicion unless independently verified. Otherwise, the
immunoreactivity should be optimized for the particular condi-
tion or for multiple different antibodies employed to avoid observ-
ing only a subpopulation of the amyloid A� present.

Several clinical and pre-clinical studies have investigated the
use of monoclonal antibodies against A� in passive immuniza-
tion as a therapeutic strategy for the prevention and/or treat-
ment of AD with mixed results. Several different antibodies
have been demonstrated to reduce amyloid deposition and
improve cognitive function in transgenic animals (38 – 44).
However, clinical trials using humanized versions of some of
these antibodies have failed to meet their primary clinical end
points in phase III clinical trials. Our results indicate that no
single antibody is capable of recognizing all of the different aggre-
gation states of A�, suggesting that this may contribute to the lack
of clinical effectiveness. To target all of the different immunologi-
cal subtypes of A�, it may be necessary to use several different
anti-amyloid monoclonal antibodies. In view of the difficulty and
expense of defining an effective mixture of monoclonal antibodies
in human clinical trials, it may be more effective to focus efforts on
the development of safer active vaccination approaches to stimu-
late the polyclonal immune response (45, 46).
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