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Gretchen Guaglianone?, Jennifer T. Nguyen¢, Michelle N. Diab2, Jonathan R. Lai®", James
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aDepartment of Chemistry, University of California Irvine, Irvine, CA 92697

bDepartment of Pharmaceutical Sciences, University of California Irvine, Irvine, CA 92697

¢Department of Biochemistry, Albert Einstein College of Medicine, Bronx, NY 10461

Abstract

Monoclonal antibodies (mAbs) that target the P-amyloid peptide (AB) are important Alzheimer’s
disease research tools and are now being used as Alzheimer’s disease therapies. Conformation-
specific mAbs that target oligomeric and fibrillar Ap assemblies are of particular interest, as

these assemblies are associated with Alzheimer’s disease pathogenesis and progression. This
paper reports the generation of rabbit mAbs against two different triangular trimers derived from
AP. These antibodies are the first mAbs generated against AR oligomer mimics in which the
high-resolution structures of the oligomers are known. We describe the isolation of the mAbs
using single B-cell sorting of peripheral blood mononuclear cells (PBMCs) from immunized
rabbits, the selectivity of the mAbs for the triangular trimers, the immunoreactivity of the mAbs
with aggregated APy, and the immunoreactivity of the mAbs in brain tissue from the 5xFAD
Alzheimer’s disease mouse model. The characterization of these mAbs against structurally defined
trimers derived from ApB enhances understanding of antibody-amyloid recognition and may benefit
the development of diagnostics and immunotherapies in Alzheimer’s disease.

INTRODUCTION

Understanding the structures of the toxic oligomers formed by the p-amyloid peptide (AB)
is crucial for unravelling the molecular basis of Alzheimer’s disease and for creating
better Alzheimer’s disease therapies.12 Elucidating the structures of Ap oligomers that
form in the brain is challenging, because the oligomers are unstable and heterogeneous,
constituting a multitude of assemblies that differ in size, stoichiometry, and morphology.3
Furthermore, isolation of AP oligomers from brains yields miniscule quantities of material
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and is typically performed using buffers with high concentrations of detergents, which can
alter the assembly state and structures of the oligomers.4>

To gain insights into the structures of AP oligomers, researchers have prepared

AP oligomers /n vitro from synthetic or recombinantly expressed Ap and then

used low-resolution biophysical techniques, such as transmission electron microscopy,
atomic force microscopy, gel electrophoresis, circular dichroism spectroscopy, infrared
spectroscopy, and small-angle X-ray scattering to characterize the structures of these
oligomers.6:7:8.9.10.11,1213.14 These jn vitro-prepared Ap oligomers have then been used
as antigens to create antibodies, which are used as probes to correlate the structures of
the oligomers prepared /n vitro with oligomers in the brain.15:16:17.18,19.20.21 \yhjle this
“top-down” approach has yielded valuable insights into the conformations and structures
of Ap oligomers that form in the brain, the AB antigens used to generate many of these
antibodies contain heterogenous oligomers with structurally undefined epitopes; thus, the
structural insights obtained from this approach are limited.

We are developing a “bottom-up” approach for understanding the structures of Ap oligomers
that form in the brain using antibodies generated against A oligomer mimics in which the
high-resolution structures are known. This approach consists of: (1) design and synthesis
of conformationally constrained AB B-hairpin peptides, (2) elucidation of the structures of
the oligomers that the A B-hairpin peptides form using X-ray crystallography, (3) design
and synthesis of covalently stabilized Ap oligomer mimics, (4) structural, biophysical,

and biological characterization of the Ap oligomer mimics, (5) generation of antibodies
against the AB oligomer mimics, and (6) evaluation of immunoreactivity of the antibodies
with full-length AB /n vitro and Alzheimer’s disease transgenic mouse brain tissue. Figure
1 illustrates this approach. Our working model is that antibodies generated against our
covalently stabilized oligomers will provide greater insights into the structures of the

AP assemblies in the brain, because the high-resolution structures of the epitopes on our
oligomers are known.

We recently reported the structural, biophysical, and biological characterization of the Ap
oligomer mimics 2AT and KLT (Figures 2 and SI1).22:23 2AT and KLT are covalently
stabilized triangular trimers composed of different B-hairpin peptides derived from Ap.
2AT is composed of three B-hairpin peptides in which AB17_o3 is across from AB 30_3s;
KLT is composed of three -hairpin peptides in which AB1g_»7 is across from AB3gp_se.
We elucidated the X-ray crystallographic structures of 2AT and KLT, and demonstrated
through a series of biophysical and cell-based biological studies that the two trimers share
characteristics with oligomers of full-length AB and differentially impact the aggregation
and toxicity of full-length AB. We now report the generation and study of rabbit monoclonal
antibodies (mAbs) against 2AT and KLT. Here, we describe: (1) isolation of the 2AT and
KLT mAbs using single B-cell sorting of peripheral blood mononuclear cells (PBMCs),
(2) the selectivity of the mAbs for the trimers 2AT and KLT, and (3) evaluation of the
immunoreactivity of the mAbs against recombinantly expressed Ap and brain tissue from
the 5XFAD Alzheimer’s disease mouse model.

Pept Sci (Hoboken). Author manuscript; available in PMC 2024 April 19.
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MATERIALS AND METHODS

Peptide synthesis and purification.

2AT and KLT and their corresponding monomers 2AM and KLM were synthesized and
purified as previously described.?2

Rabbit immunization and bleeding.

Rabbits were immunized with 2AT and KLT by Pacific Immunology (Ramona, CA,
www.pacificimmunology.com) using standard custom antibody production procedures
approved by IACUC, and PBMCs were isolated from blood each production bleed and
shipped on dry ice for single B-cell sorting. For the rabbit immunizations, 2AT and KLT
were conjugated to the carrier protein keyhole limpet hemocyanin (KLH) using standard
EDC conjugation chemistry. The EDC was obtained from Thermo Scientific (catalog #
22980) and the conjugations were performed according to manufacturer’s instructions.
Two New Zealand white rabbits were then immunized with the 2AT-KLH or KLT-KLH
conjugates in complete Freund’s adjuvant. The rabbits were boosted after ~21 days with
the conjugates in incomplete Freund’s adjuvant, and then boosted again ~21 days later.
Production bleeds were performed 7 and 21 days after the second boost to yield ~25 mL
of antisera from each rabbit. The rabbits were then boosted on a monthly schedule, with
production bleeds occurring 7 and 21 days after each boost. The reactivity of polyclonal sera
toward the antigens was confirmed by ELISA.

Biotinylation of 2AT and KLT.

Trimers 2AT and KLT were biotinylated using EZ-Link™ NHS-PEG4-biotin (Thermo
Scientific™, catalog # A39259). To begin, 3 mg portions of 2AT and KLT as the TFA

salts were weighed into 1.7 mL microcentrifuge tubes and dissolved in 100% DMSO. 50
molar equivalents of A ,A-diisopropylethylamine was then added to the trimer solutions. A
pre-weighed 2 mg aliquot ofNHS-PEG4-biotin was then dissolved with 100 L DMSO, and
then 1.75 molar equivalents were added to the trimer solutions. The reaction mixtures were
incubated at room temperature on tube rotator for 2 hours. The reaction mixtures were then
immediately subjected to reverse-phase HPLC (RP-HPLC). RP-HPLC was performed using
an Agilent Zorbax 300SB-C18 semi-preparative column (21.2 mm x 250 mm, 7 pm particle
size) with an Agilent Prep 100 A C18 guard column (21.2 mm x 10 mm) on a Rainin
Dynamax HPLC with a flow rate of 20.0 mL/min and eluted with a gradient of 20-45%
CH3CN over 90 min. Fractions were collected, combined, and then analyzed by LC-MS on
an ACQUITY UPLC H-class system, Xevo G2-XS QTof (Waters Corp.) equipped with a
Protein BEH C4 column (300 A, 1.7 pm, 2.1 mm X 50 mm, Waters Corp).

Isolation of rabbit mAbs.

Rabbit mAbs were generated using a single B-cell cloning strategy similar to those
previously described.2425 Antigen-reactive B cells were isolated from rabbit PBMCs

by fluorescence-activated cell sorting. Rabbit PBMCs were stained with the following
fluorophore-conjugated rabbit-specific antibodies: CD4 (FITC), CD8 (FITC), IgM (FITC),
and IgG (Alexa 680). The viable cell population was detected using LIVE/DEAD

Pept Sci (Hoboken). Author manuscript; available in PMC 2024 April 19.
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(ThermoFisher) staining. Biotinylated 2AT and KLT were incubated with stained

PBMC:s at a concentration of 400 nM and subsequently labeled with streptavidin-
conjugated phycoerythrin (PE) (Life Technologies). Viable cells that were antigen™ 1gG*
CD4/CD8/IgM™ were sorted into single PCRtubes, and cDNA was synthesized by RT-PCR.
Nested PCR was performed with an adapted set of rabbit IgH- and 1gK-specific primers26:27
to amplify rabbit variable domain fragments, which were then cloned into the pMAZ
vector28 containing human 1gGl constant domains. Sequences were analyzed using the
IMGT/V-quest tool.2% The mAb plasmids were transiently transfected in FreeStyle 293F
cells or ExpiCHO cells as per the manufacturer’s protocol, and antibody purified by protein
A chromatography. Fab constructs containing a C-terminal His tag on the heavy chain were
transiently transfected in ExpiCHO cells as per the manufacturer’s protocol and purified by
Ni-NTA affinity chromatography.

ELISA screening of the 2AT and KLT mAbs.

Antibody binding was determined by ELISA with either immobilized antigen or
immobilized antibody. High binding 96-well plates (Costar) were coated with 100 ng of
2AT or KLT peptide or 200 ng of mAb. Wells were blocked with 1% bovine serum albumin
(BSA) for 2 h at room temperature and washed five times with phosphate-buffered saline
(PBS)-T (PBS pH 7.4, 0.05% Tween-20). For immobilized antigen ELISA, isolated mAbs
were diluted in PB-T (PBS pH 7.4, 0.2% BSA, 0.05% Tween) at 10 nM, 1 nM and 0.1 nM
concentrations and incubated for 1 h at 37 °C. Plates were washed, and protein A conjugated
to horseradish peroxidase (HRP) (Life Technologies) was added atal:2,000 dilution. For
immobilized antibody ELISA, biotinylated 2AT or KLT was diluted to 30 nM, 10 nM, and
1 nM in PB-T, incubated for lhat37 °C, washed, then detected with streptavidin-HRP (Life
Technologies) at a 1:10,000 dilution. After 1 h incubation at 37 °C, plates were washed and
developed using TMB (Thermo Fisher Scientific) and absorbance at 450 nm was measured
on Synergy H4 Hybrid reader (BioTek).

Indirect ELISA of the 2AT and KLT mAbs against 2AM, 2AT, KLM, and KLT.

Indirect ELISA was used to determine the selectivity of the 2AT and KLT mAbs for the
compounds 2AM, 2AT, KLM, and KLT. Three technical replicates were performed for each
experiment. Each aspiration and washing step in the ELISA procedure was performed using
a Fisherbrand™ accuWash™ Microplate Washer (catalog # 14-377-577).

To coat the wells of the ELISA plates, 10 mg/mL stock solutions of the compounds as
TFA salts were prepared gravimetrically by dissolving 1.0 mg of each compound in 100
pL of deionized water that had been passed through a 0.2 um filter. 1 pg/mL solutions

of the compounds were then prepared by adding 1 uL of the 10 mg/mL stocks to 10 mL
carbonate buffer (15 mM NayC03, 35 mM NaHCO3, 0.02% (w/v) sodium azide, pH 9.5).
The 1 pg/mL solutions of the compounds were then poured into reagent reservoirs and

a multichannel pipette was used to transfer 50 pL to the appropriate wells of a Thermo
Scientific™ Maxisorp 96-well plate (catalog # 12-565-135). Each well contained a total of
50 ng the compounds. 2AM was added to all wells in columns 1-3, 2AT was added to all
wells in columns 4-6, KLM was added to all wells in columns 7-9, KLT was added to all
wells in columns 10-12. The 96-well plate was then sealed with an adhesive 96-well plate

Pept Sci (Hoboken). Author manuscript; available in PMC 2024 April 19.
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seal (Axygen, catalog # PCR-SP) and incubated overnight (~16 hours) at room temperature
on a rotating shaker set to 90 RPM.

The next day, 20 mL of 1% BSA was prepared by adding 200 mg of BSA (Fraction V)
(Fisher BioReagents™, catalog # BP1600-100) to 20 mL PBS. The solutions of 2AM, 2AT,
KLM, and KLT were aspirated from the wells of the 96-well plate and then washed Ix with
PBST (10 mM Na2HP04, 1.8 mM KH,POy, 137 mM NaCl, 2.7 mM KC1, 0.5% Tween-20).
Next, a multichannel pipette was used to transfer 75 pL of 1% BSA to each well, the plate
was sealed, and incubated for at least 1 hour at room temperature on a rotating shaker set to
90 RPM to block uncoated sites in the wells. During the last 15 minutes of the blocking step,
3 pg/mL solutions of each mAh were prepared in 1% BSA. When the blocking step was
complete, the wells were aspirated and washed 3x with PBST. Using a multi-channel pipette,
50 L of 1% BSA was then added to the wells in the bottom seven rows of the 96-well plate
(rows B—H). 75 pL of the 3 pg/mL mAh solutions was then added to the wells in the top row
(row A). A multi-channel pipette was then used to create a three-fold serial dilution series of
each mAh The 96-well plated was then sealed with an adhesive plate seal and incubated for
2 hours at room temperature on a rotating shaker set to 90 RPM.

After the 2-hour incubation, the mAh solutions were aspirated and the wells were washed
3x with PBST. A 50 uL portion of AffiPure Goat Anti-Human Fey conjugated to horse
radish peroxidase (GaH-HRP; Jackson ImmunoResearch, catalog # 111-035-144) diluted
1:10,000 in 1% BSA was then added to each well. The 96-well plated was then sealed with
an adhesive plate seal and incubated for 1 hour at room temperature on a rotating shaker set
to 90 RPM.

After the 1-hour incubation, the GaH-HRP solution was aspirated and the wells were
washed 3x with PBST. A 50 pL portion of 3,3’,5,5’-tetramethybenzidine (TMB) (Millipore
Sigma, catalog # ES001-500ML) was then added to each well and allowed to react until

the blue color reached a sufficient hue. A 50 pL portion of 1 M aqueous HC1 was then
added to each well to quench the reaction and the absorbance was measured at 450 nm
using a MultiSkan GO plate reader. The absorbance readings for the three replicates were
averaged and the standard deviations were calculated using GraphPad Prism. The data were
then plotted and fit using the equation “Specific binding with Hill slope” in GraphPad Prism
to estimate the ECsq values for each mAh against each compound.

Dot blot assays of the 2AT and KLT mAbs with AB42.—A 1 mg portion of
recombinantly expressed Ap4» as the ammonium salt was purchased from rPeptide (catalog
# A-1167-2) and received as a fluffy lyophilized solid in a glass amber vial. The 1 mg
A4 portion was dissolved with 1 mL of 2 mM NaOH to create a 1 mg/mL AP42 solution.
The 1 mg/mL AP42 solution was then sonicated in a water bath sonicator for 5 minutes.
After sonication, 0.02 umol aliquots of Ap4, were prepared by transferring 92.6 uL portions
of the 1 mg/mL Ay, solution to low-binding microcentrifuge tubes (Axygen, catalog #
MCT-175-L-C) containing a hole in the lid of the tube created by puncturing the lid with

a 22 gauge needle. The aliquots were then frozen on dry ice for 1 hour, transferred to a
lyophilization vessel, and lyophilized overnight. The next day, the aliquots were removed
from the lyophilizer and each microcentrifuge tube was immediately transferred to a 50 mL

Pept Sci (Hoboken). Author manuscript; available in PMC 2024 April 19.
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conical tube. The 50 mL conical tubes were sealed by tightening the lid and stored at —80 °C
until use.

For the dot blot assays, an aliquot of AB4, was removed from the —80 °C freezer and
allowed to equilibrate to room temperature. The pellet was then dissolved in 92.6 UL

PBS to create a 1 mg/mL solution of Ap4,. 1 UL portions of the Ap4» solution were

then immediately spotted onto the nitrocellulose membranes, constituting the “0-minute”
time points. The ARy, solution was then incubated at room temperature under quiescent
conditions, and 1 uL portions of the AB4, solution were spotted every 45 minutes up to 180
minutes. After the Ap4, from the 180-minute time point was spotted, a 1 pL portion of a 1
mg/mL A4 solution created 96 hours prior was then spotted. The membrane was allowed
to dry for 30 minutes, and then standard immunoblotting was performed as follows.

Non-reactive sites were blocked on each membrane by rocking the membranes in 5%

(w/v) non-fat powdered milk in low-Tween TBS (TBS-1T: 50 mM Tris buffer pH 7.4,

150 mM NaCl, 0.01% Tween 20) for Ih at room temperature. The membranes were then
incubated while rocking overnight at 4 °C in each mAh (3 pg/mL) or 6E10 (3 pug/mL)
prepared in the 5% milk solution. The next day, the membranes were washed with 3x
TBS-1T for 5 minutes. The mAb-exposed membranes were then treated with a solution

of goat anti-human 1gGFc-HRP antibody (1 ug/mL) (Jackson ImmunoResearch catalog #
111-035-144); the 6E10 membrane was treated with a solution of goat anti-mouse 1gG
HRP antibody (0.8 pg/mL) (Jackson ImmunoResearch catalog # 115-035-062) for 1 hour at
room temperature. The membranes were then washed 3x with TBS-1T for 5 min. Thermo
Scientific SuperSignal ™ West Pico PLUS Chemiluminescent Substrate (catalog # 34580)
was prepared according to the manufacturer’s instructions and supplemented with Thermo
Scientific SuperSignal ™ West Femto Maximum Sensitivity Substrate (catalog # 34095) and
then 5 mL of the prepared substrate was added to each membrane. The membranes were
incubated in the HRP substrate for ~5 min before imaging. The membranes were imaged
using a Bio-Rad ChemiDoc Gel Imaging System.

Safety statement.—There were no unexpected, new, and/or significant hazards or risks
associated with the reported work.

RESULTS AND DISCUSSION

Generation and isolation of rabbit monoclonal antibodies against 2AT and KLT.

We sought to isolate 2AT- and KLT-specific antibodies from immunized rabbits to explore
antibody-trimer interactions and to develop probes to understand the relationship between
2AT and KLT and oligomers formed by full-length AR /n vitro and in vivo. Rabbits were
selected for immunization, because they harbor a distinct antibody repertoire that can mount
a robust immune response against diverse antigens, particularly with respect to small peptide
epitopes.30:31 Rabbits were immunized with 2AT and KLT conjugated to the carrier protein
keyhole limpet hemocyanin (KLH) in Freund’s adjuvant. The rabbits produced high serum
antibody titers to both the 2AT and KLT antigens, as assessed by ELISA of the polyclonal
antisera.

Pept Sci (Hoboken). Author manuscript; available in PMC 2024 April 19.
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For isolation of 2AT and KLT mAbs, 2AT and KLT were first conjugated to biotin using an
NHS-activated biotin bearing a PEG4 linker (NHS-P4B) to create the 2AT-PB and KLT-PB
conjugates.2> We used 1.75 equivalents of NHS-P4B to minimize excessive modification of
potential epitopes on the trimers. The biotinylation reactions produced mixtures of multiple-
biotinylated species with double-labeled species predominating (Figure S2). We used the
mixture of biotinylated species in the single B-cell sorting. To isolate mAbs that target 2AT,
a single B-cell sorting strategy using rabbits immunized with 2AT was employed (Figure
3). PBMCs were isolated and sorted for individual 2AT-reactive B cells by fluorescence-
activated cell sorting (FACS). First, PBMCs were sorted for size/granularity consistent with
lymphocytes (Figure 3A). Since rabbit B cells contain fewer apparent cell-surface markers
than mouse or human B cells, a wide negative selection was done to deplete the population
of undesired non-viable cells such as CD4 and CD8 T cells, and IgM™* B cells. Subsequent
positive gating for 2AT* 1gG* B cells was done and individual cells in this population were
sorted into wells. After lysis and cDNA synthesis, variable heavy and kappa light domains
were amplified using a nested PCR strategy with an adapted primer cocktail that targets the
leader sequence and constant region of the rabbit 1g gene. In wild type rabbits, > 70% of
antibody light chains originate from the kappal locus, while the remaining antibody light
chains are from the kappa2 and lambda loci. The recovered variable domains were then
cloned as recombinant chimeric rabbit-human IgGl antibodies and expressed on small- to
mid-scale in HEK293F or ExpiCHO cells and then purified for initial analysis.

Twenty-eight 2AT mAbs were successfully expressed and screened for reactivity toward
2AT by two different ELISA experiments. In the first ELISA experiment, unlabeled 2AT
was coated on the plate, three different concentrations of each mAb were then added,

and the bound mAbs were detected with protein A-HRP (Figure 3B, left). In the second
ELISA experiment, each mAb was coated on the plate, three different concentrations of
2AT-PB were then added, and the bound 2AT-PB was detected with streptavidin-HRP
(Figure 3B, right). These two different ELISA experiments were done in parallel to test
specific reactivity toward both immobilized and free 2AT, and to exclude mAbs that reacted
with the PEG-biotin linker. Eighteen mAbs showed strong reactivity with 2AT in both
ELISA experiments and were selected for further characterization. Sequence analysis of
these mAbs showed diversity among the VH and V kappa gene lineages, with IGHV1S34
and IGKV1S10 most abundant (Figure 3C). The HCDR3 length ranged from 9 to 13
residues and the LCDR3 length ranged from 11 to 14 residues (Figure 3D). KLT-specific
rabbit mAbs were isolated using a similar protocol. Fifteen KLT mAbs were successfully
expressed, with 9 exhibiting strong reactivity toward KLT (Figure 4). Through these ELISA
screening experiments, a total of 27 mAbs (18 2AT mAbs and 9 KLT mAbs) were selected
for further characterization.

Selectivity of the 2AT and KLT mAbs.

The A oligomer models 2AT and KLT each display unique epitopes, as well as epitopes
that are not unique. Identifying mAbs that are selective for the unique epitopes is
important for exploring the relationship between these A oligomer models and full-length
AB. To identify mAbs that recognize unique epitopes, we first screened mAbs for cross-
reactivity among 2AT and KLT, and then for selectivity toward their cognate trimers over

Pept Sci (Hoboken). Author manuscript; available in PMC 2024 April 19.
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corresponding monomers. We used indirect ELISAs to measure the binding of each of the
27 mAbs to 2AT and KLT and their corresponding monomers 2AM and KLM to identify
mADs that are selective for epitopes unique to the trimers (Figure 5). Figure SI shows the
chemical structures of 2AT, KLT, 2AM, and KLM. To perform these ELISA experiments,
equal amounts (50 ng) of 2AT, KLT, 2AM, or KLM were applied to the wells of an

ELISA plate. Serial dilutions of each mAb were then added to the wells, followed by a
secondary antibody conjugated to horseradish peroxidase (HRP). The half-maximal effective
concentration (ECsgg) of each mAb was then determined for 2AT, KLT, 2AM, and KLM
(Figure 5B).

The ELISA experiments reveal that there is little or no cross-reactivity between the 2AT
mADbs and KLT or between the KLT mAbs and 2AT, with almost all the mAbs exhibiting
100- to 1000-fold greater selectivity for their cognate trimer (Figures 5A and B). In most
cases, the binding of the mAbs to the non-cognate trimers and monomers was so weak

that the EC4, values could not be determined (n.d.). These findings demonstrate that 2AT
and KLT display dissimilar epitopes with little structural or conformational overlap, despite
the two trimers being morphologically similar and sharing extensive amino acid sequence
homology. These findings also support the approach of using antibodies to investigate the
relationship of each trimer to oligomers of full-length Ap, as each trimer promotes the
production of mAbs that are highly selective for epitopes on that trimer.

Comparison of the ECgq values of each mAh for its cognate trimer and corresponding
monomer revealed that some mAbs are more selective for the trimers than their
corresponding monomers (Figure 5B). We quantified the selectivity of each mAh for its
cognate trimer by calculating the quotient of the EC5 values for the monomer and the
trimer. For example, the selectivity of RB2AT_87 was determined to be 10.0, the quotient of
0.8 nM (ECsq for 2AM) and 0.08 nM (ECgq for 2AT) (Figure 5A). The selectivity analysis
reveals that six out of the eighteen 2AT mAbs exhibit greater than fivefold selectivity for
trimer 2AT, and three out of the nine KLT mAbs exhibit greater than fivefold selectivity

for trimer KLT (Figures 5C and D). These findings indicate that many of the mAbs in both
panels are selective for epitopes that are unique to either the 2AT or KLT trimers.

Immunoreactivity of the 2AT and KLT mAbs with AB4».

To investigate the relationship between 2AT and KLT and assemblies of full-length AB,
we performed dot blot assays on 2AT and KLT mAbs that exhibited greater than fivefold
selectivity for their cognate trimers. We used the anti-Ap antibody 6E10 as a positive
control. For this dot blot experiment, we aggregated recombinantly expressed Ap4, over
time in PBS and spotted aliquots of the aggregated AB4» on a nitrocellulose membrane
every 45 minutes for a total of 180 minutes. We also spotted AB4, that was aggregated
for 96 hours. At the 0-minute time point, the population of A4, species applied to the
membrane should be predominantly monomeric. As the aggregation time increases, the
equilibrium shifts toward oligomeric and fibrillar aggregates.32 At the 96-hour time point,
the predominant species should be mature A4, fibrils, with little or no monomeric or
oligomeric A4y left in solution.

Pept Sci (Hoboken). Author manuscript; available in PMC 2024 April 19.
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The dot blots reveal that the 2AT and KLT mAbs exhibit varying levels of immunoreactivity
with Ap42, with many of the mAbs showing some selectivity for aggregated Ap42 (Figure
6). RB2AT_120 exhibits the strongest binding to AB42, binding AB42 comparably at all

the early time points (0-180 minutes) but showing no selectivity among any of these

time points (Figure 6A). RB2AT_120 exhibits weaker binding to mature ARy fibrils than
the A4 species formed during the earlier time points, suggesting that this mAh binds

an epitope on APy, that is structurally and conformationally distinct from epitopes on

A4 fibrils. In contrast, RB2AT_167 exhibits stronger binding to mature fibrils than AB42
assemblies formed at the earlier time points, suggesting that this mAh binds an epitope
unique to mature fibrils (Figure 6A). RBKLT_20, RBKLT_16, RB2AT_52, RBKLT_14, and
RB2AT_87 exhibit little or no binding to AB4; at the 0-minute time point but weakly bind
aggregated AP, at the later time points, showing comparable selectivity for early APs»
aggregates and mature ABg4; fibrils (Figure 6B). RB2AT_64 and RB2AT_3 comparably bind
AP4o at all the time points examined, suggesting that these mAbs bind a generic ARz
epitope. The positive control anti-Af antibody 6E10 exhibits strong binding to A4, at each
time point (Figure 6D).

Immunoreactivity of the 2AT and KLT mAbs with 5XFAD mouse brains.

To better understand the relationship between 2AT and KLT and Ap assemblies that form

in the brain, we evaluated the immunoreactivity of RB2AT_120 and RB2AT_167 with brain
slices from the Alzheimer’s disease mouse model 5XFAD. We also evaluated additional 2AT
mAbs and KLT mAbs that exhibited greater than fivefold selectivity for the trimers. For
these studies, we stained brain slices from an 8-month-old female 5xFAD mouse with each
mADb and the anti-Ap antibody 6E10 using standard fluorescence-based immunostaining
procedures, and then used fluorescence microscopy to image the brain slices. Fluorescence
microscopy of the immunostained brain slices revealed than none of the 2AT or KLT mAbs
that were studied exhibited immunoreactivity with Ap plaques in 5XFAD mouse brain slices
(Figures S4-S12).

The component p-hairpin peptides of the 2AT and KLT trimers contain fragments from the
central and C-terminal regions of the AP peptide but do not contain the p-hairpin loops

that would comprise AB,4_29 and AB23_og 0n B-hairpins of full-length AB. We recently
reported the generation and study of polyclonal antibodies raised against an analogue of 2AT
that contains the AB,4_og loops.32 Unlike the 2AT and KLT mAbs reported in the current
paper, these polyclonal antibodies strongly recognize pathological Ap in brain slices from
individuals who lived with Alzheimer’s disease as well as brain slices from 5xFAD mice.
These findings taken together with the findings in this paper, suggest that the p-hairpin loop
may be an important structure for generating antibodies against Ap oligomer mimics that
bind biogenic Ap assemblies.

CONCLUSIONS

Elucidating the structures of AP oligomers that form in the brain presents an immense
unmet challenge in Alzheimer’s disease research. The “bottom-up” approach described here
holds the promise of using mADs to correlate the high-resolution structures of Af oligomer
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mimics with the structures of Ap oligomers in the brain. Single B-cell sorting of PBMCs
from rabbits immunized with the Ap-derived oligomer mimics 2AT and KLT affords mAbs
that are selective for epitopes unique to each oligomer mimic. Two of the mAbs (RBAT_120
and RB2AT _167) are distinctly conformation-specific, respectively exhibiting selectivity for
early Ap4, aggregates and mature ARy, fibrils /n vitro. Many of the other mAbs also exhibit
selectivity for aggregated AB42 /1 vitro, but appear to be weaker binders. These observations
suggest that various forms of aggregated Ap4, share epitopes with 2AT and KLT.

Despite the /n vitrorecognition of ARy, the 2AT and KLT mAbs did not recognize

biogenic AB species in the immunostaining studies on brain slices from 5xFAD mice. These
observations suggests that the epitopes may not be exposed in the fixed brain tissue or

that the epitopes recognized /n vitro are not formed by AR /n’vivo. High-resolution X-ray
crystallographic structures of the Fab-trimer complexes may yield additional insights. We
have thus far been unable to obtain X-ray crystallographic structures of the Fab-trimer
complexes. We have attempted to elucidate the X-ray crystallographic structure of the
RB2AT_87 Fab bound to 2AT, but we observed only the Fab without electron density for the
trimer (Figure S12, PDB 8TOO).

The mADbs reported here add to a growing number of amyloid antibodies with refined
specificity against distinct AR conformations. The mAb 24B3 reported by Murakami et al,
is highly specific for a toxic AB4, dimer with a turn at Gl1U,, and Agpp3 and was isolated
from mouse hybridomas.3* A polyclonal rabbit antibody that is selective for AB4, was also
recently identified and characterized by Colvin et a/3° In addition, several anti-AB mAbs
have been approved as therapeutics or are in late-stage clinical trials, with Aduhelm and
Legembi both recently gaining approval 36:37.38

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Elucidating the Structures of A Oligomers:
A Bottom-Up Approach
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Figure 1.
A bottom-up approach for understanding the structures of Ap oligomers.
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2AT

crosslinked trimer from AB17—-36 (PDB 5SUR)
JACS, 2017; PNAS, 2023

KLT

crosslinked trimer from AB16-36 (PDB 8ECA)
PNAS, 2023

Figure 2.
X-ray crystallographic structures and cartoon depictions of2A T (top) and KLT

(bottom).22:23
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Isolation and characterization of mAbs targeting 2AT. (A) Single cell sorting to identify
2AT*/1IgG* B cells. PBMCs were sorted for size and granularity (forward and side scatter,
FSC-A and SSC-A) consistent with single lymphocytes. The live, CD4~ CD8™ IgM~
population was carried forward (to eliminate non-B-cell, non-IgG lymphocytes), then
positively gated for 2AT*/IgG™* B cells. (B) Screening of mAbs for binding to 2AT by
ELISA. In blue, three mAb concentrations are tested with 2AT as the immobilized target.
In red, three 2AT-PB concentrations are tested with the mAb immobilized. (C) Distribution
of heavy chain and light chain originating germline V segments. V gene families were
represented in both the heavy (IGHV) and light (IGKV) chains. (D) Distribution of HCDR3
(blue) and LCDR3 (red) loop lengths. The diverse originating germline segments (C) along
with distribution of CDR3 lengths (D) among the mAb panel suggests a broad array of

interaction modes.
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RB2AT_26 0.205 0.1269 0.1338 2.222
RB2AT_40 0.0928 0.1212 0.1256 1.1213
RB2AT_46 0.1943 0.0725 0.3453 n.d.
RB2AT_52 1.634 0.2107 n.d. n.d.
RB2AT_55 0.1359 0.2642 0.2603  n.d.
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RB2AT_115 1.2613 0.5943  n.d. n.d.
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RBKLT_5 n.d. n.d. 0.2072 0.1662
RBKLT_14 n.d. nd. 0.5335 0.079
RBKLT_16 n.d. n.d. 1.0713 0.1107
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RBKLT_20 n.d. n.d. 2.5473 0.1197
RBKLT_33 n.d. n.d. 0.2829 0.2457
RBKLT_35 n.d. n.d. 0.3903 0.1916
RBKLT_36 n.d. nd.  0.69 0.2001
RBKLT_39 n.d. n.d. 0.1758 0.1439
abbreviations: n.d. (not determined; EC5q > 6.7 nM)
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of the 2AT and KLT mAbs. ECsg values much greater than the highest concentration of
mAh tested (3 ug/mL) are listed as not determined (n.d.). (C) Selectivity of the 2AT mAbs
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quotient of the 2AM ECsgq value and the 2AT ECsgg value. The dotted line indicates 2AT
mADbs that are greater than fivefold more selective for the trimer 2AT than the monomer
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2AM. (D) Selectivity of the KLT mAbs for KLT over KLM. The selectivity of each KLT
mAh was determined by calculating the quotient of the KLM ECsg value and the KLT ECgg
value. The dotted line indicates KLT mAbs that are greater than fivefold more selective for
the trimer KLT than the monomer KLM.
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Figure 6.
Dot blot assay of select 2AT and KLT mAbs (A-C) and the control anti-Ap antibody 6E10

(D) against AB4 aggregated over time.
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