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Abstract

Over the last decade, the potential of antibodies as therapeutic strategies to treat Alzheimer’s
disease (AD) has been growing, based on successful experimental and clinical trials in transgenic
mice. Despite, undesirable side effects in humans using an active immunization approach,
immunotherapy still remains one of the most promising treatments for AD. In this study, we
analyzed the V genes of twelve independently isolated monoclonal antibodies raised against the
N-terminal immunodominant epitope of the amyloid p peptide (Ap or A beta). Surprisingly, we
found a high and unusual level of restriction in the VH/VL pairing of these antibodies.

Moreover, these antibodies mostly differ in their heavy chain complementary determining region 3
(HCDR3) and the residues in the antibodies which contact A are already present in the germline
V-genes. Based on these observations and or co-crystal structures of antibodies with AB, the aim
of the current study was to better understand the role of antibody V-domains, HCDR3 regions, key
contact residue (H58) and germline encoded residues in Ap recognition. For that purpose, we
designed and produced a range of recombinant Fab constructs. All the Fabs were tested and
compared by surface plasmon resonance on AB1_16, AB1_42 high molecular weight and AB1_42
low molecular weight soluble oligomers. Although all the Fabs recognized the AB1_1¢ peptide and
the AB1_42 high molecular weight soluble oligomers, they did not bind the AB1_4» low molecular
weight soluble oligomers. Furthermore, we demonstrated that: (1) an aromatic residue at position
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H58 in the antibody is essential in the recognition of Ap and (2) Fabs based on germline V-genes
bind to Ap monomers with a low affinity. These findings may have important implications in
designing more effective therapeutic antibodies against Ap.
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1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia in the elderly. It is
characterized by neuronal loss leading to cognitive dysfunction and the presence of amyloid
plaques and neurofibrillary tangles (Selkoe, 1999). The plaques are mainly composed of a 4-
kDa (42 amino acids) amyloid B peptide (Ap or A beta) derived from the proteolysis of the
amyloid precursor protein (APP) (Kang et al., 1987). AB has a tendency to self-associate and
can adopt several pathological forms including soluble oligomers, protofibrils and insoluble
amyloid fibrils (Arimon et al., 2005; Lambert et al., 1998; Walsh et al., 2002).

One potentially powerful strategy for treating AD is immunotherapy, in which antibodies
facilitate the clearance of amyloid plaques or neutralize toxic forms of Ap (conformation-
dependant antibodies). The potential of immunotherapy for AD was first realized when
mouse monoclonal antibodies (mADbs) raised against the linear N-terminal amino acids of
the ApB peptide not only disaggregated amyloid fibrils and prevented the formation of Ap
fibrils in vitro, but also protected against Ap-mediated neurotoxicity in vitro (Solomon et al.,
1996,1997;Frenkel et al., 1999). These observations were later confirmed in AD mouse
models in which B amyloid plaques were reduced in the brain (Schenk et al., 1999) and
performance in memory tasks were improved following immunization with Ap1_4, fibrils
(Janus et al., 2000). Subsequent studies have shown that antibodies which bind amyloid
plaques and induce their clearance were those directed against the N-terminal region of Ap
(Bard et al., 2003). These data were rapidly translated into the clinic to evaluate the efficacy
of active anti-Ap vaccination in humans. The active vaccination trial (AN1782) initiated by
Elan Pharmaceuticals, consisted of an intramuscular injection of fibrillar human AB1_4
formulated in strong Th1 adjuvant, QS-21. The linear immunodominant epitope recognized
by antibodies from patient’s sera immunized with AN1792 vaccine is located in the N-
terminal region of Ap (Lee et al., 2005). However, these trials were stopped due to brain
inflammation in 6% of the patients (Orgogozo et al., 2003). Nevertheless, other active
immunization studies involving the N-terminal linear immunodominant epitope of the Ap
peptide which do not evoke detrimental side effects observed during the first clinical trial
are still under development (Frenkel et al., 2000;Agadjanyan et al., 2005).

An alternative strategy, known as passive immunotherapy, involves the systemic infusion of
monoclonal antibody directed against ABq_4,. It has been demonstrated that this approach
was equally as effective as active immunization in terms of reducing amyloid plaque (Bard
et al., 2000) and improving cognition (Wilcock et al., 2006) in an AD mouse models.
Among the antibodies tested using a passive immunotherapeutic approach, only those
directed to the linear N-terminal regions of A} have demonstrated anti-aggregating
properties in vivo (Bard et al., 2000). Therefore, it is not surprising that the most advanced
monoclonal antibody, (bapineuzumab in phase Il clinical trials) is directed against this
region (Agadjanyan and Cribbs, 2009). Bapineuzumab is a humanized version of the
antibody 3D6 which recognizes AB1_g and was developed by Pfizer/Johnson & Johnson.
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Recently, Basi et al. (2010) solved the structure of three different mAbs (12A11, 10D5 and
12B4) in complex with Ap;_7 ({DAEFRHD7)(Basi et al., 2010) and demonstrated that they
shared high structural and sequence homologies with three other antibody structures (PFA-1,
PFA-2 and WO?2) described by two other groups (Gardberg et al., 2007; Miles et al., 2008).
In this study we compared and analyzed the variable heavy (VH) and light (VL) chain
sequences from twelve anti-Af mAbs isolated by different research groups (Basi et al.,
2010; Miles et al., 2008; Gardberg et al., 2007; Golde et al., 2010; Acton et al., 2006; Shen
and Biere-Citron, 2008) and found that they exhibited a highly restricted VH/VL pairing,
mostly differing in the VH complementary determining region 3 (CDR3) sequences.
Interestingly, these antibodies were obtained following immunization with different forms of
AP (i.e. monomeric AP peptide, soluble AB oligomers, protofibrils and fibrils) and some are
reported to preferentially bind to the soluble AP oligomeric species (Acton et al., 2006).
However, despite using different forms of the AP as an antigen, only a few mouse
monoclonal antibodies have been reported to exhibit a conformational specificity.

In this study we aimed to further understand the effects of particular antibody sequences in
their overall affinity for different forms of AB. A range of recombinant Fabs (rFab) were
designed and produced by variable domain swapping, VH CDR3 loop grafting and amino
acid changes. In addition, a rFab with unmutated VH and VL domains (i.e. closest germline
genes) was synthesized and expressed (QWO2 rFab) to examine the contribution of germline
encoded residues in AB recognition. The constructs were assessed by surface plasmon
resonance (SPR) for their ability to bind ABq_16 monomeric peptide, AB1_42 high molecular
weight (HMW) and AB1_42 low molecular weight (LMW) soluble oligomers.

2. Materials and methods

2.1. Sources of VH and VL sequences

The retrieval of relevant nucleotide and amino acid (AA) sequences from scientific and
patent publications has been performed by entering the VH and VL nucleotide and/or amino
acid sequences from WO?2 in the SciFinder software.

2.2. Analysis of VH and VL sequences and 3D structure modeling of the antibody fragment

The germline usage of different mAbs was determined by comparing the nucleotide
sequences to those in IMGT®, the international ImMunoGeneTics information system
(Lefranc et al., 2009) (http://www.imgt.org) using the web-based program IMGT/V-QUEST
(Brochet et al., 2008) and IMGT/JunctionAnalysis (Yousfi Monod et al., 2004) tools. Amino
acid sequences were analyzed using IMGT/DomainGapAlign (Ehrenmann et al., 2010).
Contact analysis data are from IMGT/3Dstructure-DB (Ehrenmann et al., 2010). Codons,
amino acids and delimitations of the framework regions (FR) as well as complementarity
determining regions (CDR) are provided according to the IMGT unique numbering for V
domain (Lefranc et al., 2003).

The molecular model of the 20.1 and Ab9 variable domains were obtained by using the web
antibody modeling (WAM) algorithm (Whitelegg and Rees, 2000)
(http://antibody.bath.ac.uk). Images of the model were generated using PyMOL (PyMOL
version 0.82, http://pymol.sourceforge.net) (DeLano Scientific LLC).

2.3. Generation of the recombinant chimeric Fab, production, periplasmic extraction and

purification

Cloning of all the constructs into the pGC-Fab vector was performed as described previously
(Robert et al., 2009). Transformed E. coli TOP10F’ cells (Invitrogen, Mount Waverley,
VIC) were grown at 30 °C in 31 of 2YT medium containing glucose (0.1%) and ampicillin
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(100 pg/ml). When the absorbance at 600 nm was 1, isopropyl B-o-thiogalactopyranoside
(IPTG) was added to a final concentration of 0.1 mM and the temperature was reduced to 26
°C. After 4 h of protein induction, the cells were pelleted and a periplasmic extract was
prepared by sequential extraction with ice-cold TES buffer (0.2 M Tris—HCI, pH 8.0, 0.5
mM EDTA, 0.5 M sucrose) and 0.2x TES buffer. The periplasm extract was clarified by
centrifugation (20,000 x g, 30 min) and dialyzed through 0.45 um membrane (Millipore,
Bedford, USA).

The recombinant Fabs were purified by a two-step purification protocol. The cleared
periplasmic extract was first loaded onto a 1 ml HisTrap™ FF crude column (GE
Healthcare) using the Profinia protein purification system (Bio-Rad) according to the
manufacturer’s instructions. The IMAC-purified Fabs were then desalted against phosphate
buffered saline (PBS) and loaded onto the size exclusion gel chromatography column (10/30
Superdex 200). The separation was performed with a flow rate of 0.5 ml/min at room
temperature with 1x PBS (pH 8) as the elution buffer. Fractions of 500 ul were collected and
further analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and Coomassie blue staining.

2.4. Mutagenesis of the Fab

Site-directed mutagenesis of the WO2 Fab was performed using the Quick Change® Site-
directed Mutagenesis Kit 11 (Stratagene, La Jolla, CA). Mutations were verified by
sequencing the Fab variable domains on both strands.

2.5. Enzyme-linked immunosorbent assays (ELISA)

Wells of 96-well Maxisorb Immuno plates (Nunc, Roskilde, Denmark) were coated with 5
ng/ml of a purified AP fusion protein (Maltose Binding Protein-ABi_42 or MBP-AB1_42)
(Caine et al., 2007) in carbonate coating buffer. Control wells were coated with 50 pg/ml
bovine serum albumin (BSA) or 50 ug/ml MBP overnight at 4 °C. Wells were blocked with
200 pl of 2% milk phosphate buffered saline (MPBS) for 2 h at 37 °C. rFab from crude
periplasmic extracts were incubated in wells with MBP-AB,_4 for 2 h. Control wells were
incubated with the anti-FLAG M2 antibody (Sigma, St Louis, MO), for 1 h at RT. After
washing, a 1/2000 dilution of anti-mouse IgG horseradish peroxidase (HRP)-conjugate
(Pierce, Rockford, IL) was added to each well and incubated for a further 1 h at 20 °C. The
substrate 2,2'-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS, Roche, Indianapolis,
USA) was added and absorbance was read at 405 nm.

2.6. Preparation, purification and characterization of biotinylated AB;_4» monomers,
biotinylated AB1_4» HMW and LMW soluble oligomers

AP1-42 synthetic lyophilised peptide (W.M. Keck Laboratory, Yale University, New Haven,
CT) or biotinylated AB1_42 lyophilised peptide (American Peptide Company, Sunnyvale,
CA) was dissolved in 1,1,1,3,3,3-hexafluoro-2-isopropanol (HFIP) (Sigma, St Louis, MO)
and aliquoted. HFIP was removed by evaporation under a fume hood. Residual traces of
HFIP were removed by drying under vacuum in a SpeedVac (Savant Instrument). The
resulting peptide film was stored at —80 °C until required. For the biotinylated AB1_42
monomeric preparation, the peptide film was dissolved in dimethyl sulfoxide (DMSO) at 5
mM and then diluted to 100 uM in ice cold 1x PBS. The solution was centrifuged at 16,000
x g for 15 min at 4 °C and the supernatant passed through a 0.2 um filter to remove any
aggregates.

For the biotinylated soluble oligomeric preparations, the ABq_4» and biotinylated AB1_42
peptide solution were mixed at a 1:4 molar ratio and diluted to 100 uM in ice cold 1 x PBS.
The solution was left for 24 h at 4 °C, and then centrifuged at 16,000 x g for 15 min at 4 °C.
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The biotinylated AB1_4» HMW and LMW soluble oligomers in the supernatant were next
separated by size exclusion chromatography on a 10 mm x 30 cm Superdex 75 column
(Amersham Biosciences, Piscataway, NJ) [Supplemental Fig. 1A] and the corresponding
peaks were directly used for immobilization on the surface plasmon resonance (SPR) chip.
The biotinylated AB1_4p HMW and LMW oligomer fractions were separated by
electrophoresis using 12—-20% Tris—tricine gels (Invitrogen) and transferred onto 0.2 um
nitrocellulose membranes (Invitrogen). After blocking in 5% MPBS, the membrane was
incubated for 2 h with the anti-AB4_g 6E10 antibody (Signet labs Inc, Dedham, MA).
Following three washes, the membranes were incubated with a goat anti-mouse antibody
HRP-conjugate (1 pg/ml) (Pierce) for 1 h. The reaction was developed and visualized with a
chemiluminescence detection kit (Amersham Pharmacia Biotech, Uppsala, Sweden)
[Supplemental Fig. 1B].

2.7. SPR biosensor binding analysis

2.7.1. General procedures—All SPR experiments were performed at 25 °C using Bio-
Rad’s ProteOn XPR36 array biosensor (Bravman et al., 2006). Two different assay formats
were designed to analyze the binding of Fab to AB: (1) Capture Assay: recombinant ABq_1¢-
Im7 fusion protein, used as a “surrogate AB antigen” (for details, see Section 3), was
injected over Fab captured on the surface of a GLC chip containing previously immobilized
Human Fab Binder (GE Healthcare); and (2) Direct Assay: recombinant Fabs were injected
over various AP forms captured on a NeutrAvidin coated chip (NLC, BioRad).
Immobilizations and capture experiments were performed in 1x HBS-P running buffer (10
mM HEPES, 150 mM NacCl, 0.005% (w/v) Tween 20). Binding assays were performed in
1x HBS-EP+ running buffer (10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.05% (w/v)
Tween 20) containing 0.1% (w/v) BSA.

2.7.2. Capture assay: AB1_15-Im7 vs. captured recombinant Fab—All
recombinant Fabs analyzed during this study contained human CH1 and CL domains which
allowed their capture onto the chip surface via a Human Fab Binder. A standard coupling
protocol was employed to immobilize Human Fab Binder onto a GLC chip surface via
exposed primary amines. A single lane (ligand direction) on the GLC chip surface was
activated by a 5-min injection of freshly prepared 1:1 mixture consisting of 2.5 mM sulfo N-
hydroxysuccinimide (sulfo-NHS):10 mM 3-(N,N-dimethylamino)propyl-N-
ethylcarbodiimide (EDC). Then 120 pl Human Fab Binder solution (10 pg/ml in 10 mM
sodium acetate, pH 5.0) was injected for 5 min at a flow rate of 30 pl/min. To deactivate
residual reactive sites, Fab coupling was followed by a 5-min injection of 1 M ethanolamine
(pH 8.5). Approximately 6,000 response units (RU; 1 RU=1pg of protein/mm?2) of Human
Fab Binder were coupled using this method. Purified Fabs were diluted to 20 pg/ml and
injected in ligand (vertical) direction over immobilized Human Fab Binder at 100 pl/min for
18 s. This typically resulted in a capture of 300-400 RU of Fab protein. Recombinant
APB1_15-Im7 fusion protein (O.D. manuscript in preparation) consisting of Ap1_1¢ fused to
the N-terminus of bacterial Immunity protein 7 (Im7) (Kleanthous et al., 1998) was used as
analyte. Thus, five dilutions of AB1_15-Im7 protein (diluted 3-fold) and one “zero-buffer”
blank were injected simultaneously over captured Fab at a flow rate of 30 ul/min. Analyte-
ligand association and dissociation phases were monitored for 120 and 300 s, respectively.
The Human Fab Binder surfaces were subsequently regenerated in ligand direction with an
18-s injection of 10 mM glycine pH 2.1 at a flow rate of 100 pl/min.

2.7.3. Direct assay: Fab vs. immobilized AB forms—This assay was performed as
described previously (Robert et al., 2010). Briefly, various dilutions of biotinylated AB1_16
peptide, biotinylated ABq_4o LMW oligomers, biotinylated negative control 12-mer peptide
and biotinylated Ap1_4» HMW oligomers were injected in ligand direction in lanes 6, 4, 3
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and 2, respectively, resulting in approximate capture levels of 80 RU for AB,_1¢ peptide,
1200 RU for biotinylated Ap1_42 LMW oligomers, 200 RU for 12-mer peptide and 600 RU
for biotinylated AB1_4» HMW oligomers. Binding measurements were performed using
“classical kinetics” described previously (Robert et al., 2010). Association and dissociation
phases were monitored for 120 and 300 s, respectively, using a flow-rate of 30 pl/min. The
AP1_16 coated chip was regenerated between analyte injections with 10 mM glycine pH 1.5
at 100 pl/min for 18 s.

2.7.4. Data processing and analysis—All binding data were processed using
Scrubber-Pro software package (prototype software obtained from D. Myszka, University of
Utah). Data were aligned to zero on both x and y axes to establish an origin for all binding
steps of interest. Data were internally referenced by subtracting the “interspots” from the
reaction spots and then “double-referenced” by further subtracting “zero-buffer” blank
injections (Bravman et al., 2006). To determine the kinetic rate constants of the binding
interactions, binding data were fit globally to a 1:1 interaction model. The ratio of the rate
constants (kg/ky) yielded the value for the equilibrium dissociation constant (Kp).
Alternatively, for rapidly dissociating interactions, affinity (Kp) estimates were derived
using steady-state affinity algorithm available within Scrubber-Pro.

3.1. Variable genes usage analysis

Recently, a high level of homology in the VH and VL amino acid sequences and structures
between six anti-Ap mAbs was reported (Basi et al., 2010). To investigate if the biased V
gene usage and restricted VH/VL pairing occurred in other antibodies, we analyzed the VH
and VL nucleotides and AA sequences of twelve anti-Ap antibodies of which six had been
crystallized (PFA-1, PFA-2, WO2, 12A11, 12B4 and 10D5 mAbs) and identified striking
similarities in their VH/VL sequences and pairing [Table 1]. Importantly, these antibodies
were raised using different forms of the Ap peptide (AB1_2g, AP1_42 monomers, AB1_4o-
derived diffusible ligands (ADDL), AB1_42 protofibrils and AB1_4> fibrils) and some were
reported to be selective for Ap oligomers (e.g. 2D6, 4E2 and 20C2).

Nucleotide and AA sequences of the VH and VL domains were compared with the closest
germline genes using IMGT/V-QUEST and IMGT/DomainGapAlign [Fig. 1A and B]. The
IGHV genes of all twelve mAbs analyzed were derived from the IGHV8 subgroup,
specifically either IGHV8-12*1, IGHV8-8*1 or IGHV8-13*1 genes and alleles. The
nucleotide sequences share a high level of identity, diverging predominantly in the CDR3.
Differences between nucleotides in this region appear to be due to a random use of IGHD
and IGHJ germline genes during the V-D-J rearrangement (combinatorial diversity), the
deletion and stochastic addition of N nucleotides at the V-D and D-J junctions (N-diversity)
and somatic hypermutation.

The VH CDR3 composition did not reveal any common motif amongst the antibodies. The
VH CDR3 length ranged from 9 AA (Ab9) to 17 AA (WO2) and the mean length was 14
AA which correlates with previous results for VH CDR3 derived from mouse antibodies
raised against a peptide (Collis et al., 2003).

The distribution pattern of replacement (R) and silent mutations (S) in the CDRs and FRs
usually forms the basis of antigenic selection. The R/S ratio was 1.3 for the FR (FR1, FR2
and FR3) while the R/S ratio was 1.85 for the CDR (CDR1 and CDR2). However, the
residues which directly contact the antigen as determined by crystal structures are rarely
mutated [Fig. 1A; underlined residues].
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All clones possessed similar VL domains using the same gene and allele (IGKV1-117*1,;
IGKJ5*01) with the exception of antibody Ab9 (IGKV1-110*01; IGKJ1*01). The average
number of AA changes in the VL domains is low with a R/S ratio of 1.8 and 2.1 for the FR
and CDR, respectively. As for the VH, the residues involved in directly binding the Af
peptide often remained unmutated [Fig. 1B; underlined residues].

3.2. Recombinant Fab small scale expression and activity assessment by ELISA

The effect of the VH CDR3 on binding to Ap was assessed by grafting the CDR3 sequences
of well characterized anti-Ap antibodies (PFA-1, PFA-2, 12A11, 12B4, 10D5 and Ab9) onto
the VH frame of our prototype antibodies, WO2 and 20.1. These rFabs are further referred

in the text as WO2/PFA-1_HCDR3; WO2/PFA-2 HCDR3; W0O2/12A11 HCDRS;
WO02/12B4_HCDR3; W02/10D5_HCDR3; WO2/Ab9_HCDR3; 20.1/PFA-1_HCDRS;
20.1/PFA-2_HCDRS3; 20.1/12A11_HCDR3; 20.1/12B4_HCDR3; 20.1/10D5_HCDRS; 20.1/
Ab9 HCDR3. In addition, the variable domains (both VH and VL) were shuffled between
WO2 and 20.1 [Fig. 2]. The rFab composed of the WO2 VH fused to the 20.1 VL was called
WO2_VH/20.1_VL whilst the other consisting of the 20.1 VH fused to the WO2 VL was
called 20.1_VH/WO2_VL. Each VH nucleotide sequence was cloned into the pGC Fab
vector containing a C-terminal FLAG and 6-HIS tag and expressed in the bacterial
periplasm. Production of recombinant antibodies was confirmed by immunoblotting and no
significant differences were observed in rFab expression (data not shown). The rFab format
allowed us to avoid any avidity effect in the subsequent SPR analysis.

Active clones that bound an A fusion protein (maltose binding protein-Ap1_42) were
identified from crude periplasmic extracts in an ELISA [Fig. 3]. Despite detecting protein
bands of the correct size (~50 kDa) for all the rFabs (data not shown), clones WO2/
PFA-1_HCDR3; WO2/PFA-2_HCDRS3; 20.1/PFA-1_HCDRS3, 20.1/PFA-2_HCDRS3;
20.1/12A11_HCDRS; 20.1/12B4_HCDR3; 20.1/Ab9_HCDR3; 20.1/W0O2_HCDR3 did not
exhibit any binding activity in ELISA whereas WO2; 20.1; WO2_VH/20.1_VL; 20.1_VH/
WO2_VL; W02/20.1_HCDR3; W0O2/10D5_HCDR3; W0O2/12A11_HCDRS;
WO02/12B4_HCDR3; WO2/A9_HCDR3; 20.1/10D5_HCDRS3 rFabs produced a signal and
were selected for a large scale expression and purification and analyzed further by SPR.

3.3. SPR binding analysis

The initial SPR analysis consisted of reversibly capturing the rFab onto the chip surface via
previously immobilized human Fab binder and then employing recombinant Af;_;g—Im7
fusion protein (~14 kDa) as the analyte. We have previously confirmed that AB,_15 peptide
and AP1_16-1m7 fusion protein bound to immobilized WO2 rFab using similar binding
parameters (data not shown). The use of the “surrogate AP antigen” Ap1_15-Im7 ensured
that a “sufficient” binding (analyte) signal was obtained without having to capture the high
levels of rFab required when smaller Ap1_15 peptide (~2 kDa) was used as the analyte. In
fact, we have observed that our ‘human Fab binder-rFab’ capture surfaces drifted
significantly when >500 RU of rFab was captured (data not shown), thus making it difficult
to estimate binding parameters with AB1_1 peptide.

Both WO2 and 20.1 rFab bound strongly to the Ap1_15-Im7 with Kp values in the low
nanomolar range [Fig. 4, Table 2]. Interestingly, binding rates of these two rFabs varied
significantly. Thus, the association (k) and dissociation rate constants (kq) were, 5 and 2.5
times faster for 20.1 rFab than for WO2, respectively, which resulted in a 2-fold difference
in overall Kp. Recombinant Fabs in which the variable domains were shuffled amongst
antibodies (VH_WO2/VL_20.1 and VH_20.1/VL_WO2 rFab) were also tested.
Unexpectedly, the VL_WO2/VH_20.1 rFab exhibited a similar affinity compared to the
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parental WO2 and 20.1 Fabs, whereas the VL_20.1/VH_WO2 rFab demonstrated a 15-fold
decrease in affinity, mainly due to a much faster dissociation rate constant [Table 2].

Crystallographic structures of Fab PFA-1, PFA-2, W02, 12A11, 10D5 and 12B4 in complex
with the AB1_7 peptide (;DAEFRHD?7) containing the A immunodominant epitope
indicated that the VH CDR2 region is a key region involved in this interaction and more
specifically the sgW(Y)WDD(E)Dgs motif [Supplementary information Table 1]. In all the
structures reported to date, the residue at position 58 directly interacts with the AB peptide
residue Arg 5 (R5). The residue 58 is either a tyrosine (Y58) or a tryptophan (W58) but the
sequence of the Ab9 revealed that it can also be a phenylalanine (F58). The effect of a single
AA change at this position was investigated by replacing the tyrosine (Y58) in the WO2 VH
sequence with a tryptophan, a phenylalanine or an alanine (A58) and analyzing binding
interactions of these mutants with AB1_16 by SPR [Fig. 5]. A ten-fold affinity decrease,
mainly driven by a faster dissociation rate constant (kq), was observed for the tryptophan
mutant compared to that of the wild type WO2, whereas the affinity of the phenylalanine
mutant was not significantly affected [Table 2]. The decrease in affinity observed between
the 58 YWDDDgs and 5gWWWDDDgs mutants [Fig. 5A and B] cannot be explained by the
extra hydrogen bond formed by the Y58 hydroxyl group with the amine side chain of R5
since no hydroxyl group is present in the sgFWDDDgs motif. Interestingly, the introduction
of a very small, non-aromatic and non-charged amino acid residue such as an alanine almost
completely abrogated the rFab binding to the ABq_16 peptide [Fig. 5C]. By applying the
steady state (equilibrium) analysis model to this binding data, we estimated Kp to be
approximately 5 uM [Table 2]. Hence, the presence of an aromatic amino acid at position 58
in the VH CDR2 appeared to be critical for contacting the Ap epitope.

It seemed unlikely that the highly restricted VH/VL pairing observed in the antibodies
directed against the N-terminal region of the AB peptide occurred randomly.
Crystallographic studies have identified the residues involved in the interaction with

the 3EFRHg portion of AB. Hence, it is interesting to observe that (1) only the V-KAPPA
CDR1 and CDR3, and VH CDR2 and CDR3 are involved [Supplementary information
Table 1] and (2) among these regions the V-KAPPA 31HSN34 (CDR1), 19gSHVP115
(CDR3) and the VH 5gWWDDDgs or 558YWDDDgs (CDR2) motifs are highly conserved
and only scarcely mutated from the germline genes. Based on these observations it was
hypothesized that an unmutated (i.e. germline) antibody would bind its antigen. To
investigate this hypothesis, a rFab (QWO2 rFab) containing germline IGHV, IGHJ, IGHD
and IGKV and IGKJ genes (deduced from the analysis of the WO2 DNA sequence) was
constructed and expressed. In addition, two other rFab constructs containing the unmutated
gWO2_VH paired to the parental WO2_VL (gWO2_VH/WO02_VL) and the parental
WO2_VH paired to the unmutated WO2_VL (WO2_VH/gWO2_VL) were also generated.
The AB1_15 interacting with unmutated rFab was analyzed by flowing AB1_15-Im7 over
captured rFab on the chip [Fig. 6]. Both the gWwO2_VH/WO2_VL [Fig. 6A] and the
WO2_VH/gWO2_VL rFab [Fig. 6B] bound Ap_1g with affinities that could be estimated
by fitting the binding data to a kinetic model [Table 2]. The introduction of either unmutated
VH or VL domain clearly destabilized the WO2 rFab/AB complex. The weaker affinities of
both of these constructs compared to the parental affinities were primarily driven by a faster
dissociation rate constant (kq). Finally, the affinity of the gWO?2 rFab for Ap1_16 was low
[Fig. 6C] and could only be approximated by applying a steady-state binding model to the
data in a process yielding a Kp of 21 uM [Table 2].

Further SPR assays involved analysis of rFab (in particular VH CDR3 loop replacements)
for binding to various AP forms. Due to obvious avidity effects, A multimeric species
(AP1_42 LMW and HMW oligomers) could not be analyzed in the capture assay described in
the previous sections. For this reason, the second SPR analysis strategy involved
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immobilizing biotinylated AB1_16 peptide and biotinylated AB1_4, oligomers onto a
NeutrAvidin chip and then running various rFabs as analytes. Only those VH CDR3 loop
graft rFabs identified as positive binders in ELISA (see previous section) were analyzed in
these direct SPR assays [Supplementary information Fig. 2]. For comparative purposes,
WO?2 and 20.1 Fabs as well as the two chain-shuffled WO2/gWO2 rFabs were utilized in
this assay as positive controls. Binding parameters obtained for these positive controls
interacting with immobilized AB_1g-biotin [Table 3] corroborated well with those obtained
for AB1_16-Im7 utilized in the capture assay [Table 2], thus validating the fusion protein as a
good “surrogate Ap antigen”.

Significantly, no major binding differences were observed for all analyzed rFabs binding to
the immobilized biotin-AB1_15 peptide and biotinylated AB1_4o HMW oligomers
[Supplementary information Fig. 2; Table 3]. However, none of these rFabs bound to the
immobilized biotinylated AB1_42 LMW oligomers [Supplementary information Fig. 2].
Binding data further indicated that none of the VH CDR3 loop amino acid changes
improved the binding affinity when compared with that of the parental WO2 and 20.1 Fab
[Table 3]. This observation was expected since in previous studies, none of the mAbs from
which the VH CDR3 were derived, displayed a stronger affinity than the 20.1 and WO?2
mAbs (Gardberg et al., 2007; Basi et al., 2010). In fact, in all cases each VH CDR3
replacement generated significantly lower affinities compared with the parental clone.
Surprisingly, the VH CDR3 of 20.1 on the WO2 framework (W02/20.1_HCDR3 rFab)
produced the highest affinity (Kp of ~66 nM) amongst all the VH CDR3 rFab variants. In
contrast when the VH CDR3 of WO2 was grafted onto the 20.1 framework the resulting
rFab construct exhibited no binding ABq_16. The effect of shuffling 1005 _HCDR3 onto
different VH frameworks including that of 20.1 and WO?2 did not significantly affect the
binding affinity for the AB1_16 (Kp ~150 and ~88 nM, respectively). These affinities are
comparable to those reported for the parental 10D5 antibody (Kp ~55 nM) in a similar assay
(Basi et al., 2010). Moreover, the 10D5_HCDRS3 region is the only one that was functional
when grafted into the 20.1 framework. Both WO2/12B4 HCDR3 and WO2/A9 _HCDR3
loop graft rFabs bound to immobilized Ab_1¢ with very low affinities, which seems to be
due to an unusually low association rate constant (k, =8 x 1073 and 1 x 1073 M1 s7: Table
3). Considering the overall similarity of these two constructs to the parental WO2 Fab, we
speculated that active concentrations of these Fab preparations were low, which then
resulted in low k estimates.

4. Discussion

4.1. Genetic analysis revealed a restricted V-genes usage and VH/VL pairing

In this report we described the genetic analysis of mAbs directed against the linear
immunodominant B cell epitope of the Af peptide {DAEFRHD>. The study was based on
twelve mAb sequences generated in different research groups by immunizing mice with
various A forms (monomeric AP peptide, soluble AB oligomers or ADDLs, protofibrils and
fibrils). It was surprising to observe that all these mAbs were characterized by a highly
restricted V gene usage and VH/VL pairing. Such restrictions in V gene usage or in VH/VL
pairing have been reported in antibodies against certain allergens (Persson et al., 2008),
haptens (Diaw et al., 1999), viral (McLean et al., 2005; Zhang et al., 2006), and bacterial
antigens (Fernandez-Sanchez et al., 2009). It has been postulated that structural constraints
could be involved in this phenomenon (Hougs et al., 1999; Andersen et al., 2007; Thomson
et al., 2008).

We suspected other mouse antibodies directed against the immunodominant B cell epitope
of the AP peptide to share the same restrictive variable domain pairing. Hence, we also
retrieved the sequence of an anti-Ap antibody (mAb158) which is reputed to be selective for
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protofibrils (Gellerfors et al., 2009) and shares the same VL as the antibodies described here.
This antibody has been obtained after immunizing mice with AB1_4, protofibrils. Likewise,
anti-Ap antibodies isolated by the Intracellular Antibody Capture Technology (IACT) from
scFv antibody libraries have been reported to share identity with the PFA-1 and PFA-2
mADs in their VL genes only (Meli et al., 2009). Meli et al. (2009) have previously
suggested creating a database of anti-Ap antibody sequences in order to link their CDR
sequences with their binding proprieties. The work presented here represents another
significant step in that direction. It is also known that in rabbit (Miller et al., 2003), dog
(Vasilevko et al., 2010), non-human primate Lemere et al., 2004), and human (Lee et al.,
2005), antibodies mainly directed against the N-terminal region of Ap are raised in response
to immunization with AB fibrils. However, the immunodominant epitope appeared to be
different in those four species and is rather located in the {DAEFR5 region of the AP peptide
instead of the 3EFRHg region in mice. An important observation is that antibodies developed
in those species did not recognize the full-length APP as opposed to those developed in
mice. To our knowledge, no systematic sequencing of the antibodies has been performed to
demonstrate if such a restriction occurred in those species.

4.2. rFab variants recognize the AB1_16 peptide and the HMW oligomers but not the LMW

oligomers

Basi et al. (2010) recently observed that the 12A11, 12B4, 10D5, PFA-1, PFA-2 and WO2
mAbs essentially vary the most in their VH CDR3. More interestingly, they reported that
despite their primary sequences (VH and VL) and structural similarities, these mAbs did not
recognize oligomeric forms of ApB and restore cognitive functions in AD mice with the same
efficacy. The authors hypothesized that the differences observed in the VH CDR3 loop
structure may be responsible for preferential binding of the antibody to different AB forms
(monomers, soluble oligomers, protofibrils or fibrils).

In order to understand the involvement of this region in AB recognition, we designed a
number of constructs in which the VH CDR3 loop of antibodies 20.1 and WO2 was replaced
by that of previously described antibodies by other groups (12A11, 12B4, 10D5, PFA-1,
PFA-2 and Ab9). Interestingly, despite the high homology among the VVH sequences of all
these antibodies, the affinity for Ap was either abolished or significantly reduced compared
to that of the parental 20.1 and WO2 Fab in most of the VH CDR3 rFab. In the case of the
20.1 frame, only the grafting of the 10D5_HCDRS3 loop resulted in a functional rFab,
whereas, the grafting of the 20.1_HCDRS3, 10D5_HCDR3, 12A11_HCDR3, 12B4 HCDR3,
Ab9 HCDR3 loops onto WO2 frame produced functional binders. These data indicate that
the WO2 frame can accommodate a variety of HCDR3s, whereas 20.1 is not as tolerant.
However, it was not possible to draw any correlation involving the degree of identity of 20.1
or WO2 VH with the VH from which the CDR3 is originally derived and the rate of success
of the graft. Hence, it appeared that the correct conformation and stabilization of the VH
CDR3 in these mADbs is dependent on specific mutations that occur in the framework regions
during the antibody maturation. This finding is consistent with that of others in the field that
have demonstrated that the contribution of framework residues can significantly affect
antibody affinity, in particular, through mutation of non-contact residues in the periphery of
the paratope (Thomson et al., 2008).

Recent evidence suggests that the degree of dementia in AD correlates with the presence of
soluble oligomeric forms of the AP peptide rather than the presence of plaques that consist
of insoluble A fibrils. Synthetic biotinylated Af oligomers can be formed in vitro at 4 °C
and separated by size exclusion chromatography into HMW-oligomers and LMW-oligomer
fractions (Chromy et al., 2003). The affinity of the W02/20.1_HCDR3,
WO2/10D5_HCDR3, W02/12A11_HCDR3 and 20.1/10D5_HCDR3 rFab variants against
different AR forms was assessed using SPR. Whilst all variants bound the linear AB1_1g
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peptide and the HMW oligomers immobilized on a chip with a similar affinity, they failed to
recognize and bind LMW oligomers. This possibly indicated that the 3EFRHg linear epitope
is not accessible in the LMW oligomers.

4.3. An aromatic residue at position H58 is essential in the recognition

The importance of Y58 in WO2 rFab for binding Ap was investigated by generating amino
acid changes at this position. The results indicated that the interaction with R5 through an
aromatic AA is critical for recognition and binding. Given that the AA sequence of the
mouse ABq_4 differs from the human one at three positions (5, 10 and 13), it is not
surprising that (i) the mouse antibodies are directed against the N-terminal region of A, and
(ii) the R5 is a highly immunogenic AA and thus is a crucial residue in this antibody/antigen
interaction.

4.4. Fab variants based on germline V-genes bind to AB with a low affinity

Observations that mouse antibodies directed against the immunodominant portion of Af
utilized a restricted set of germline IGHV and IGKYV genes and that the V-KAPPA CDR1
and VH CDR2 germline-encoded residues make crucial contact with the antigen indicate
that the unmutated domains already possess a good starting affinity for the antigen. This is
further supported by the low replacement to silent mutation average occurring in the IGHV
and IGLV genes. To test this hypothesis, comparative studies were conducted between
gWO2 rFab containing unmutated sequences and rFab in which unmutated and affinity
matured V domains were shuffled. The affinities of these constructs for the AB,_16 peptide
clearly indicated that mutations in both WO2 VH and WO2 VL domains significantly
contributed to the ~6000-fold increase binding affinity in the mature WO2 Ab as compared
to the germline Ab. As it has been well described for a family of antibodies neutralizing the
human cytomegalovirus (hCMV), it is probable that the unmutated V genes sculpt the
binding site for the 3EFRHg epitope and that structural constraint allows only a limited set of
mutated V domains to bind. However, this hypothesis can only be confirmed by
crystallographic analysis by comparing the structure of the parental WO2 and gWwO2
antibodies in complex with Ap.

5. Conclusion

Monoclonal antibodies specifically targeting a conformational epitope are of great interest in
order to develop an effective passive immunotherapeutic strategy. Over the past 5 years,
many groups (Lee et al., 2006; Lambert et al., 2007) claimed to have isolated such
antibodies. However, based on our data, we do believe that most of these antibodies,
especially the one obtained after immunizing mice with AB1_4» soluble oligomers are still
directed against the linear immunodominant B cell epitope and therefore are not truly
specific but rather selective for the oligomeric conformation. In order to generate a genuine
conformation specific monoclonal mouse antibody and eliminate the humoral response bias
towards the immunodominant epitope, new immunizing strategies need to be considered.
The most obvious approach is to form A oligomers lacking the 3EFRHg epitope (N-
terminally truncated Ap oligomers) and to immunize the mice with such Af forms.
Interestingly, it has been shown that N-terminally truncated AP forms are present in the
early stage of the AD pathology and represent a large proportion of all AB. These forms
exhibit enhanced aggregation properties and induce significant neuritic degeneration and
cell death in vitro (Pike et al., 1995; Jang et al., 2010). Another approach is to screen human
antibody libraries using either phage, ribosome or yeast display technologies. It offers
significant advantages including: (i) elimination of the immunization step and the antibody
bias resulting from the humoral immune response and (ii) ability to specifically screen and
select for antibodies which only recognise a single conformational form of AB in soluble
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oligomeric or fibrils. Recently this technique has been successfully applied to isolate a
human scFv that bound specifically to soluble oligomeric Ap (Zameer et al., 2008;
Medecigo et al., 2010).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Amino acid sequence alignment of anti-Ap VH (A) and VL (V-KAPPA) (B) domains with
the closest germline V, D and J genes identified using IMGT/V-QUEST for the nucleotide
sequences and IMGT/DomainGapAlign2 for the amino acid sequences (Yousfi Monod et
al., 2004; Lefranc et al., 2009). Numbering and CDR definition are according to the IMGT
unique numbering (Lefranc et al., 2003). Dashes indicate identical amino acids, whereas
dots indicate no amino acids at the corresponding IMGT numbering positions. Residues

contacting the antigen are underlined. (#) The conserved amino acids Q14>K; F35>S;

AT70>S; K84>R; A92>T; N93>S; 1107>R, compared to IGHV8-8*01 suggest the existence

of a new IGHV8-8 gene not yet sequenced in BALB/c mice.
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Fig. 2.

Fv ribbon representations of the rFab used in this study: 20.1 (A); WO2 (B); 20.1_VH/
WO02_VL (C); WO2_VH/20.1_VL (D); VH CDR3 loops grafted on 20.1 and WO2 (E).
Enlargement of the VH CDR3 loops from WO?2 (green, PDB ID code 3bkj), 20.1 (red),
10D5 (blue, PDB ID code 3ifo), 12A11 (orange, PDB ID code 3ifl), 12B4 (purple, PDB 1D
code 3ifp), Ab9 (light blue), PFA-1 (cyan, PDB ID code 2roz) and PFA-2 (yellow, PDB ID
code 2row). Codes are from PDB and IMGT/3Dstructure-DB.
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Fig. 3.

ELISA of crude periplasmic extract of all recombinant Fabs against Ap fusion protein
(APB1_42-MBP) and BSA. The binding activity was measured at 405 nm (each bar represents
the average of three data point).
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Surface plasmon resonance measurements of immobilized 20.1 (A) and WO2 (B) Fab,
20.1_VH/WO02_VL (C) and WO2_VH/20.1_VL (D). The rFab were captured via
immobilized Human Fab Binder and AB1_15-Im7 was injected at concentration of 27-0.333
nM (A), 81-1 nM (B) or 243-3 nM (C and D). Binding responses (black lines) were fit
globally to a simple 1:1 interaction model (red lines). Ribbon representations of the Fv, that
are part of the Fab and rFab, are shown on the left hand side. Data are representative of three
experiments.
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Surface plasmon resonance measurements of immobilized WO2 (Y58>F) mutant (A), WO2
(Y58>W) mutant (B) and WO2 (Y58>A) mutant (C) rFabs. Recombinant Fabs were
captured via immobilized Human Fab Binder and AB1_15-Im7 was injected at concentration
of 81-1 nM (A), 243-3 nM (B), or 10-0.625 puM (C). Binding responses (black lines) were
fit globally to a simple 1:1 interaction model (red lines, A and B). Insert (C): responses at
equilibrium were plotted against the analyte concentration and fit to a simple binding
isotherm. Stereo views of the 5gYWDDDgs, 58\ WWDDDgs, 56FWDDDgs and 5gAWDDDgsg
CDR2 motif interacting with the sEFRHg part of the Ap peptide are shown on the left hand
side. Data are representative of three experiments.
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Fig. 6.

Surface plasmon resonance measurements of immobilized gWwO2_VH/WOQO2_VL (A),
WO2_VH/gWO02_VL (B) and gWO2 (C) rFabs. Recombinant Fabs were captured via
immobilized Human Fab Binder and AB1_14-Im7 was injected at concentration of 729-3 nM
(A and B), or 10-0.625 uM (C). Binding responses (black lines) were fit globally to a simple
1:1 interaction model (red lines, A and B). Insert (C): responses at equilibrium were plotted
against the analyte concentration and fit to a simple binding isotherm. Ribbon
representations of the Fv that are part of the rFab are shown on the left hand side. Data are
representative of three experiments.
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