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Crystal structure reveals conservation of amyloid-β conformation recognized by 3D6 following humanization to bapineuzumab
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Abstract
Introduction
Immunotherapy targeting amyloid-β peptide is under active clinical investigation for treatment of Alzheimer’s disease (AD). Among the hypotheses being investigated for impact on clinical outcome are the preferred epitope or conformation of amyloid-β to target for treatment, and the mechanism of action underlying immunotherapy. Bapineuzumab (humanized 3D6), a neo-epitope specific antibody recognizing amyloid-β1-5 with strong preference for an exposed Asp residue at the N-terminus of the peptide, has undergone advanced clinical testing for treatment of AD.

Methods
To gain further insight into the epitope conformation, we interrogated structural details of amino-terminal epitopes in amyloid-β using x-ray crystallography of 3D6Fab:amyloid-β complexes. Humanization of 3D6 was carried out using standard procedures integrating recombinant methods, sequence informatics, and homology modeling predictions to identify important mouse framework residues for retention in the finished humanized product.

Results
Here we report the crystal structure of a recombinant Fab fragment of 3D6 in complex with amyloid-β1-7 solved at 2.0 Å resolution. The N-terminus of amyloid-β is bound to 3D6 as a 310 helix. The amino-terminal Asp residue is buried deepest in the antibody binding pocket, with the Cβ atom of residue 6 visible at the entrance to the binding pocket near the surface of the antibody. We further evaluate homology model based predictions used to guide humanization of 3D6 to bapineuzumab, with actual structure of the Fab. The structure of the Fab:amyloid-β complex validates design of the humanized antibody, and confirms the amyloid-β epitope recognized by 3D6 as previously mapped by ELISA.

Conclusions
The conformation of amyloid-β antigen recognized by 3D6 is novel and distinct from other antibodies recognizing N-terminal epitopes. Our result provides the first report demonstrating structural conservation of antigen contact residues, and conformation of antigen recognized, between the parent murine antibody and its humanized version.


Electronic supplementary material
The online version of this article (doi:10.​1186/​alzrt261) contains supplementary material, which is available to authorized users.

Abbreviations
3D6Aβ1-40Fab 3D6 + Aβ residues 1–40


3D6Aβ1-7Fab 3D6 + Aβ residues 1–7


AAAamino acid analysis


ADAlzheimer’s disease


APPamyloid precursor protein


Aβamyloid beta peptide


BACEbeta-site APP cleavage enzyme


CDRcomplementarity determining region


CM and Cchemistry, manufacture, and controls


ELISAenzyme linked immunosorbent assay


Fabfragment antigen binding, comprising variable and first constant regions of heavy and light chains of an antibody


Fcfragment constant, that is, constant region of antibody comprising the hinge, second and third constant regions of immunoglobulin heavy chain


Frframework


Fvfragment variable, that is, just the VL and VH fragments of an antibody


H1CDR1 in VH


H2CDR2 in VH


H3CDR3 in VH


INDinvestigative new drug


L1CDR1 in VL


L2CDR2 in VL


L3CDR3 in VL


PDAPPPDGF promoter driven APP transgenic mouse model of AD


pdbprotein data base


PDGFplatelet-derived growth factor


RMSDroot mean square deviation of atomic position


TLSTranslation Libration Screw


vversion


VHvariable region, heavy chain


VLvariable region, light chain.




Introduction
Immunotherapy targeting amyloid beta (Aβ) peptide has been demonstrated to prevent or reverse a range of Alzheimer’s disease (AD) related pathologies, in both transgenic mouse models and AD patients [1–5]. Efficacy against Aβ related behavioral deficits has also been reported in transgenic mouse models of AD [6–9]. Despite the failure of initial efforts with immunotherapy to meet primary endpoints in pivotal clinical trials [10, 11], the preponderance of successful pre-clinical studies targeting Aβ provide support for ongoing clinical trials with Aβ immunotherapy for treatment of AD in humans, evidenced by the multiplicity of approaches continuing clinical testing [12–15] (ClinicalTrials.gov Identifier: NCT01760005).
A number of important questions regarding efficacy following Aβ immunotherapy remain under investigation. These include: 1) the mechanisms of action; 2) preferred Aβ epitope to target; and 3) the specific form of Aβ recognized by a given antibody. In our hands, antibody isotypes with maximal effector function targeting amino-terminal epitopes provided the greatest efficacy across a number of end-points in preclinical studies [5, 16, 17]. Fine mapping the epitope specificity among antibody responders from an active vaccination phase 2 trial in AD patients immunized with AN1792 (Aβ1-42 peptide) revealed exquisite specificity for the amino-terminus of Aβ peptide [18], providing some clinical support for targeting the amino-terminus of Aβ for AD immunotherapy.
Among the efficacious in vivo amino-terminal epitope targeting antibodies we characterized and humanized for clinical development, the antibody 3D6 presented an attractive candidate due to its neo-epitope specificity for the amino-terminus of Aβ, namely a strong preference for a free Asp residue at position 1 of Aβ. This unique specificity of 3D6 precludes recognition of unprocessed amyloid precursor protein (APP) (hypothesized to be a desirable attribute in a clinical candidate), and is preserved in bapineuzumab (humanized 3D6, version 2), as reported below. Furthermore, the 3D6 epitope is detectable in all forms of Aβ tested [5], from compacted β-amyloid plaques in AD and platelet-derived growth factor (PDGF) promoter driven APP transgenic mouse model of AD (PDAPP) brain, to soluble oligomeric species. The latter are thought to be a primary mediator of neurotoxicity, and have also been postulated to underlie behavioral impairments in AD Tg mice [19]. In summary, the properties of 3D6 most closely reflected the antibody response mapped in AN1792 treated AD patients [18], supporting advancement of bapineuzumab (humanized 3D6v2) for clinical development [3, 20–22].
To gain further insight into this specific Aβ epitope for immunotherapy of AD, we investigated antigen conformation recognized by different antibodies targeting amino-terminal epitopes of Aβ using X-ray crystallography of antibody:Aβ co-complexes solved to very high resolution (1.5 to 3 Å for all antibodies) [23]. Previously, we reported that three independently derived antibodies targeting Aβ residues 3–7 recognize antigen in an extended conformation along the surface of the antibody binding site [23]. Here we report that, in contrast, antibody 3D6, targeting Aβ residues 1–5, binds antigen in a 310 helix. The antigen is bound by antibody such that the amino-terminus of the peptide is buried in a cleft in the antibody binding site, and the carboxy-terminus winds out to the surface of the antibody. Taken together, our findings reveal distinct conformations adopted by the amino-terminal epitope of Aβ, consistent with independent reports from other groups [24–26], and offer a testable hypothesis for the combinatorial manipulation of antibody activities targeting Aβ, for example, as bi-specific antibodies (wherein each arm of the Fab recognizes a different epitope/conformation of Aβ), incorporating the appropriate Fc isotype (for desired effector functions).
The high resolution crystal of 3D6 Fab + Aβ reported here, coupled with the structure of 4HIX (an early version of humanized 3D6 containing mouse framework residues deemed dispensable in bapineuzumab, see Results) in complex with Aβ [24] afforded the opportunity for retrospectively evaluating the humanization design of 3D6 leading to bapineuzumab. Comparison of our structure with 4HIX illustrates conservation of antigen conformation, and all features of antigen recognition by the antibody. This comparative analysis validates the design of bapineuzumab and attests to the robustness of antibody humanization technology as a platform for obtaining clinical development candidates from preclinical leads for disease therapy in humans.

Methods
Crystallization
Recombinant 3D6 Fab was expressed and purified from mammalian cell culture supernatant as previously described [23]. Crystallization conditions are summarized in Additional file 1: Table S1. Crystals of 3D6 Fab with either Aβ1-7 peptide or Aβ1-40 peptide were grown at 22 °C and frozen in liquid nitrogen for data collection.

Data collection
Diffraction data for 3D6Aβ1-7 and 3D6Aβ1-40 were measured at 100 K at beamline 12–2 of the Stanford Synchrotron Radiation Lightsource. Data were processed with MOSFLM and SCALA [27]. Data statistics are summarized in Table 1.Table 1
                          Crystallographic data statistics
                        


	 	3D6Aβ1-7
	3D6Aβ1-40

	Space group
	C2
	P2221

	Unit cell lengths (Å)
	a = 126.8
	a = 40.0

	angles (°)
	b = 69.4
	b = 84.9

	 	c = 61.7
	c = 175.9

	 	β = 115.4
	 
	Resolution Å(last shell)
	2.0 (2.05)
	2.2 (2.26)

	Rsym(last shell)a
	6.5 (23.0)
	5.9 (18.9)

	Mean((I)/σ(I))
	15.0 (5.0)
	19.9 (7.9)

	% completeness (last shell)
	100 (100)
	100 (100)

	Average multiplicity
	3.8 (3.7)
	5.8 (5.9)

	Residues in final model (total)
	1-218 (219)
	1-204,

	Light chain
	1–132,
	207–216 (219)

	Heavy chain
	140–219 (222)
	1–100, 103–132,

	 	 	140–219 (222)

	 	1-6
	 
	Aβ
	 	1-5

	Rfree a
	20.4
	22.7

	Ra
	15.8
	17.7

	Average B (Å2)
	28.5
	29.4

	Bond length RMSD (Å)
	0.007
	0.008

	Angle RMSD (°)
	1.1
	1.2

	Ramachandran plot: (% in preferred/ allowed/ outliers regions)b
	97.2/2.8/0.0
	95.8/3.9/0.3


aRsym = ∑ h ∑ I(| Ii(h) - < I(h) > |) /∑h ∑ iIi(h) where Ii(h) = observed intensity, and < I(h) > = mean intensity obtained from multiple measurements. R and Rfree = ∑ h|Fo(h) - Fc(h)| /∑hFo(h), where Fo(h) = observed structure factor amplitude and Fc(h) = calculated structure factor amplitude for the working and test sets, respectively. bAs defined in Coot. RMSD, root mean square deviation of atomic position.




Structure determination
Molecular replacement calculations were performed using the program COMO [28]. Molecular replacement was done in two stages, first finding the rotation and translation solution of the constant domain and later, while fixing the constant domain, finding the solution for the variable domain. Model building was done using the program Coot [29]. The structures were initially refined using Refmac [27] and at later stages using Phenix [30] with individual positional and B-factor refinement and five Translation Libration Screw (TLS) groups (the heavy and light chains were split into two groups each, at the hinge between the constant and the variable domains, and the peptide as a separate group).
In the final model of 3D6 + Aβ1-7 the side chain of residue 6 was not visible past Cβ. Only Aβ residues 1–5 are visible in the 3D6 + Aβ1-40 crystal structure. These crystals were grown in the 200 mM Zn2+, and several strong difference electron density peaks were modeled as Zn2+, based on the geometry of the surrounding ligands and the appearance of strong peaks at these positions in an anomalous difference map. One of these Zn2+ ions occupies the same spatial position as Aβ1-40 and hence cannot be present at this site at the same time as the peptide. The peptide and this Zn2+ ion were treated as alternative conformations each with 50% occupancy. The x-ray coordinates of the structures reported here have been deposited in the protein data base (pdb) and are accessible under the pdb identifiers 4ONF (Aβ1-7 complex) and 4ONG (Aβ1-40 complex).

Affinity determination by Biacore
Interactions between anti-Aβ antibodies and biotinylated DAE10 peptide (Aβ1-10 conjugated to biotin at the carboxy-terminus and immobilized to streptavidin coated chips) were quantitatively analyzed using BIAcore plasmon resonance technology, and apparent kinetic rate constants were derived. Bio DAE-10 peptide was diluted in water at 1.0 mg/ml and kept at -80°C (stock). Following immobilization of the biotinylated DAE10 peptide, varying concentrations of each antibody were applied in triplicate and the binding was measured as a function of time. Affinity measurements chips were performed on chips coated at lower densities, typically 4 to 7 response units (RU) of the bio-peptide ligand. Antibodies were injected in triplicate at 100 nM at a flow rate of 30 μl/minute, injection time two minutes, post-injection time ten minutes, followed by regeneration of chips with 5 μl 0.1% tri-fluro acetic acid (TFA). All the antibodies were run in at least three different chips over three different density surfaces. From these measurements the apparent dissociation (kd) and association (ka) rate constants were derived and used to calculate a KD value for the interaction, corrected for active concentration of antibody. Active concentration of antibody measurements was carried out using chips coated with bio-DAE peptide at high density. All the affinity data presented in this report were analyzed using the bivalent model.

Humanization of 3D6
As the humanization of 3D6 preceded the elucidation of its crystal structure, the variable light and heavy regions of 3D6 were modeled using the most homologous mouse antibodies of solved crystal structure as templates to guide humanization of 3D6 [31–34]. The homology model of 3D6 Fv was built using pdb identifiers 1CR9 VL and 1OPG VH, respectively, (overall VL identity = 94% and VH identity = 72%) using QUANTA (Release dated 1999, Accelrys Software Inc., San Diego, CA, USA). The crystal structures of the selected modeling templates had been solved to high resolution (2 Å), and their primary sequence fulfilled key criteria to facilitate design of the humanized antibody based on the most homologous human VL (Kabat accession #019230) and VH (Kabat accession #045919) frameworks available at the time in public databases [35]. All antibody residue numbering in this report is according to Kabat [36], with the one exception as noted in the figure legend.


Results
Structure of 3D6 with Aβ peptide
Crystal structures of 3D6 Fab bound to Aβ peptides were solved to high resolution with x-ray crystallography, one with Aβ1-7, the second with Aβ1-40. The crystallographic data are summarized in Table 1. Due to the high degree of similarity between the two structures, observations from the 3D6:Aβ1-7 structure only are described in this report. The antigen binding site of 3D6 is in a cleft positioned in the interface between the heavy and light chain. The Aβ peptide lies in a deep fissure arranged by the complementarity determining regions (CDRs) H1, H2, H3, L1 and L3 of the Fab (Figure 1B) and adopts a 310-helix conformation where the N-terminus of the peptide is buried in the interface between the VL and VH domains (Figures 1A and 2). Antigen contacting antibody residues are listed in Table 2, and illustrated in Figure 3. Aβ-Asp1 has close contacts with both the heavy and light chains, mainly interacting with CDR-H3 and CDR-L3. Aβ-Ala2 mostly interacts with the light chain comprising CDR-L3. Aβ-Glu3 mostly contacts the heavy chain CDR-H2 but also contacts light chain CDR-L3. Aβ-Phe4 mainly interacts with the heavy chain contacting CDR-H1, H2 and H3. Aβ-Arg5 is in close contact to the light chain CDR-L1 and CDR-L3. Aβ-His6 does not have well-defined electron density, but it appears to contact the heavy chain comprising CDR-H2 (Figure 3). The lack of electron density beyond the Cβ atom in Aβ-His6 indicates that the side chain of this residue is not bound by the antibody. Hence, the structure of the Fab:Aβ complex confirms the Aβ epitope recognized by 3D6 as previously mapped by ELISA [16].[image: A13195_2014_Article_216_Fig1_HTML.jpg]
Figure 1Overview of the structure of 3D6 fab with Aβ 1-7 peptide (pdb identifier 4ONF). A) Side view showing alpha-carbon backbone traces of the molecules. Heavy chain is shown in cyan, light chain in blue and Aβ peptide in yellow/orange. B) 3D6 with Aβ1-7 view from above the molecule. Peptide is shown in stick representation with oxygens colored red, nitrogens in blue and carbons orange. Fab in surface representation colored white with the exception of CDRs contacting the peptide. CDR H1 is shown in red, H2 blue, H3 green, L1 magenta and L3 cyan. Only CDRs contacting the peptide are colored. CDRs, complementarity determining regions; pdb, protein data base.



[image: A13195_2014_Article_216_Fig2_HTML.jpg]
Figure 2Detailed view of Aβ 1–7 bound to 3D6. A) 3.0 sigma electron density omit map (calculated while omitting the Aβ peptide from the model for phase calculations) is shown in orange. Protein and peptide are shown in stick representation with oxygens colored red, nitrogens in blue, carbons in orange for the peptides, light blue for the light chain and cyan for the heavy chain. B, C, D, E) The surface of the heavy chain is shown in cyan and light chain in light blue. Aβ peptide is shown in stick representation with oxygens colored red, nitrogens in blue and carbons in orange. In B only, peptide Asp-1 is shown. Asp-1 is buried inside a deep cave on the surface of the antibody. In C, D and E a mesh, representing the surface of the peptide, is shown to illustrate the actual volume of the peptide in the cave, note: the side chain of residue 6 is not visible beyond the Cβ atom of His-6. C) top view. D) side view. E) side view slice illustrating the depth of the cave.




Table 2Residues of the antibody contacting A β (that is, within 4 angstroms) in the structure of 3D6 with A β1-7


	Aβ residue
	Structure
	VL contacts
	VH contacts
	Peptide contacts

	D1
	1-7
	W89 G91 R96
	Y95H S100a S100b
	A2 E3 F4

	4HIX
	W89 G91 R96
	Y95H S100a S100b
	A2 E3 F4

	A2
	1-7
	G91 T92 H93 F94
	 	D1 E3 F4 R5 H6

	4HIX
	G91 T92 H93 F94
	 	D1 E3 F4 R5 H6

	E3
	1-7
	F94 R96
	W47 S50 R52 Y58
	D1 A2 F4 R5

	4HIX
	F94 R96
	W47 S50 R52 Y58
	D1 A2 F4 R5

	F4
	1-7
	R96
	G33 M34 S50 I51 R52 Y95
	D1 A2 E3 R5

	4HIX
	R96
	G33 M34 S50 I51 R52 Y95
	D1 A2 E3 R5

	R5
	1-7
	D27d D28 Y32 G91 T92
	Y95
	A2 E3 F4 H6

	4HIX
	D27d D28 Y32 G91 T92
	R52 Y95
	A2 E3 F4 H6


Antigen contacting antibody residues revealed by the structure of 4HIX [24] is shown for comparison. Residues are numbered according to [36].


[image: A13195_2014_Article_216_Fig3_HTML.jpg]
Figure 3Interaction of Aβ residues with 3D6. For clarity, representative contacts per residue are shown. Protein and peptide are shown in stick representation with oxygens colored red, nitrogens in blue and carbons in orange for the peptides, light blue for the light chain and cyan for the heavy chain. Heavy chain and light chain residues are indicated by H and L prefix, respectively, Aβ peptide residues are indicated by the prefix P. The dotted lines indicate key contacts <4 Å. Interaction of Aβ residues 1,2,3,3,4,5,6 are shown in panels A to G respectively. The overall position of the peptide in the binding site is shown in panel H. Note: In panels G and H the side chain of residue 6 is not visible beyond the Cβ atom of His-6. The numbering of residues in Figure 3 matches the numbering in the x-ray coordinates file (4ONF) and differs from the Kabat numbering scheme employed in the rest of this manuscript.



The structure of 3D6 with Aβ1-7 reveals excellent agreement (alpha-carbon backbone root mean square deviation of atomic position (RMSD) = 0.56 Å) with the 4HIX structure [24]. The conservation of antigen contacting antibody residues, conformation of CDR loops, and conformation of antigen recognized are detailed below (Tables 2 and 3, Figure 4). Our structure of 3D6:Aβ contrasts with the structure of Aβ bound to gantenerumab [25], which was reported to recognize Aβ 2–9, with weak binding to residues 1 and 10, as well as the central epitope by pepspot analysis of overlapping decameric peptides of Aβ. Residues 1–11 of Aβ peptide in the gantenerumab structure were observed bound in an extended conformation, with the N-terminal to C-terminal orientation of Aβ reversed by 180° relative to other published structures, excluding 3D6 and 4HIX [23, 26, 37, 38].Table 3
                          Summary of mouse VL and VH framework residues retained in humanized 3D6/bapineuzumab based on predicted interactions (<4 Å) with critical distal intra-chain or inter-chain residues
                        


	Mouse VL Fr residue retained in bapineuzumab
	Interacting residues revealed from crystal structure of 3D6
	Mouse VH Fr residue retained in bapineuzumab
	Interacting residue revealed from crystal structure of 3D6

	V2
	Ser26:L1, Gln27:L1
	A49
	
                              Ser35:H1
                            

	His93:L3, Thr97:L3
	Ser50:H2, Tyr58:H2 Tyr59:H2

	L36
	
                              Trp89:L3
                            
	V93
	Met34:H1, Ser35:H1

	Leu45(H), Trp103(H)
	Tyr95:H3, Ser100B:H3 Tyr102:H3

	R46
	Trp35(L), Leu36(L) Asp55:L2, Val58(L)
	R94
	Tyr32:H1, Met34:H1

	Tyr95:H3, Asp96:H3 Ser100B:H3, Asp101:H3 Tyr102:H3

	Ser99:H3, Ser100a:H3 Ser100b:H3 , Asp101:H3


The residues were retained based on model predictions. The crystal structure of 3D6 confirmed interactions <4 Å between the retained mouse residues and the residues listed above. CDR residues revealed in the structure of 3D6 to directly contact Aβ peptide antigen (from Table 2) are shown as boldface, italicized and boldface font indicates CDR residue that makes an α-carbon backbone contact with the retained mouse residue. CDR residues not contacting antigen are indicated by italics. L1, L2 and L3 indicate light chain CDR1, CDR2, and CDR3 residues respectively, and H1, H2, and H3 indicate heavy chain CDR1, CDR2 and CDR3 residues. Framework (Fr) residues are indicated as unformatted text followed by (H) and (L) to indicate heavy or light chain origin, respectively. CDR, complementarity determining region.


[image: A13195_2014_Article_216_Fig4_HTML.jpg]
Figure 4Conservation of Aβ and CDR loop conformation comparing 3D6 and humanized 3D6v1. A) Light chain CDR residues within 4 Å of antigen (some through water molecules which are not shown). 3D6 in purple, 4HIX structure [24] in green, antigen from both structures in red ribbon. B) Heavy chain CDR residues within 4 Å of antigen (some through water molecules which are not shown). 3D6 in purple, 4HIX structure in green, antigen from both structures in red ribbon. The dotted lines indicate hydrogen bonds. CDR, complementarity determining region.




Several interactions between the peptide and the antibody involve bridging water molecules (also observed in the 4HIX crystal structure [24]. Water molecules are present not only on the surface of the antibody but also inside the deep fissure at the antibody binding site, and interact with residues from the N-terminus of the peptide that are positioned at the bottom of the elongated site. Examples are shown in Additional file 2: Figure S1. As also noted by Miles et al. [24], a helical conformation of Aβ has been revealed via nuclear magntic resonance (NMR) spectroscopy [39, 40]. Whereas the structure of the amyloidogenic core of Aβ peptide has been extensively characterized (see for example, [41–43]), it is well recognized that the amino-terminus of Aβ does not adopt a single conformation in solution. Coupled with the solution NMR data, our results are consistent with the notion that the amino terminus dynamically samples a helical conformation, and it is this subpopulation of Aβ that is recognized by 3D6. A hypothetical fit of the NMR structure of Aβ with our structure is illustrated in Additional file 3: Figure S2. Given the absence of electron density after residue 5 in the Aβ1-40 complex, it is likely that upon binding the amino-terminal epitope, the antibody can interact with different conformations adopted by the Aβ peptide past residue 5.

Comparison of 3D6 and 12A11 binding to Aβ peptide
Both 3D6 and 12A11 recognize different but overlapping N-terminal epitopes in the Aβ peptide, with an overlap of three residues in the central region of the shared epitope (Figure 5B). While 12A11 captures an extended conformation of the peptide that is highly conserved among antibodies binding this epitope [25, 26, 37, 38], 3D6 binds Aβ in a 310-helix conformation (Figure 5A). The CDR sequences of 12A11 and 3D6 do not have high similarity, nor do the interactions of the CDRs with the peptide. Although the antigen-binding site in both cases is in the interface between the heavy and light chain, the antigen binding cleft in 3D6 is very deep, where the N-terminus of the peptide is positioned at the bottom of the fissure. In contrast, the antigen-binding groove of 12A11 is shallow, with only the side chains of the peptide buried in the crevice [23]. In 3D6 the peptide lies in a deep fissure as described above, while in 12A11 the peptide adopts an extended conformation along the groove that is composed by CDRs H2, H3 L1 and L3 of the Fab. Because the variation in the binding conformation is large, and the CDRs interact with different (but overlapping) epitopes in the peptide (Figure 5), a direct comparison of CDR sequences is not relevant.[image: A13195_2014_Article_216_Fig5_HTML.jpg]
Figure 5Comparison of 3D6 (pdb identifier 4ONF) and 12A11 (pdb identifier 3IFN) binding to Aβ . A) Superposition of the α-carbon backbone of 3D6 and 12A11 [23] illustrating different conformations of antigen captured by antibody as revealed from the crystal structures. For 3D6, the heavy chain is shown in cyan, light chain in blue and Aβ peptide in orange; for 12A11, the heavy chain is shown in light-cyan, light chain in light-blue and Aβ peptide in yellow. Left – top view. Right – side view. B) Primary structure from N-terminus Aβ, illustrating the epitope recognized by 12A11 versus 3D6 in boldface. CDRs contacting antigen at each residue of the minimal epitope are indicated below the primary structure (L-light chain CDR, H-heavy chain CDR). CDRs, complementarity determining regions; pdb, protein data base.





Structure of 3D6 Fab:Aβ complex supports design considerations in humanization to bapineuzumab
Humanization of 3D6 was effected by a combination of CDR grafting of mouse residues from 3D6 VL and VH into human frameworks, and homology model guided retention of select mouse framework residues in the initial humanized version of the monoclonal antibody (mAb) [31, 32, 35, 44, 45]. Superposition of the model with the solved crystal structure of 3D6 gives an RMSD 0.74 Å for the VL domain, and 1.93 Å for VH (primarily attributable to expected deviation in CDR-H3). The overall RMSD for Fv is 2.35 Å, arising from a difference in the orientation of VL and VH with respect to each other. Two versions of humanized 3D6 were expressed and tested (detailed below), and both versions were demonstrated to retain all desired in vitro and in vivo properties of the parent murine mAb [46], for example, retention of affinity for antigen, stimulation of plaque phagocytosis by microglia in a frozen section ex-vivo assay, ability to recognize β-amyloid in plaque by histology of PDAPP and AD brain in frozen section, brain localization in PDAPP and epitope specificity.
The structural contributions of several residues mutated to human, or retained as mouse, in the two versions of humanized 3D6 are of interest. The light chain variable region of 3D6 contains a Tyr at its amino terminus, a rare residue at this position in human VL sequences. The crystal structure of 3D6 reveals that the tyrosine residue is placed between CDRs L1 and L3. It interacts with solvent and is mobile, evidenced by its two very different conformations in 3D6 and 4HIX [24], illustrated in Figure 6. In 3D6 the Y1 aromatic ring is closer to P95 of CDR-L3, whereas in 4HIX it is closer to Q27 of CDR-L1. It should be noted that while the structure reported by Miles et al. [24] has Tyr at position 1 of the light chain, this residue was determined to be dispensable for retention of affinity in version 2 of humanized 3D6 (Table 4, compare h3D6v1 versus h3D6v2). Consequently, a mutation of Y1D (the more commonly observed residue at this position in human VL domains) was carried out during humanization of 3D6 to bapineuzumab in order to minimize potential immunogenicity.[image: A13195_2014_Article_216_Fig6_HTML.jpg]
Figure 6Comparison of the different conformations for Y1 at the N-terminus of the light chain. Structure of 3D6 shown in purple and 4HIX [24] structure shown in green. The dotted lines indicate hydrogen bonds.




Table 4
                        Binding kinetics of murine, recombinant chimeric, and two versions of humanized 3D6 to Aβ1-10 peptide
                      


	Antibody
	ka1 (1/Ms)
	kd1(1/s)
	KD(nM)
	SD
	n

	Mu 3D6
	3.61E + 05
	4.12E-04
	1.2
	0.22
	3

	Chi 3D6
	3.43E + 05
	5.89E-04
	1.8
	0.73
	5

	Hu 3D6 v1
	1.89E + 05
	3.99E-04
	2.1
	0.07
	2

	Hu 3D6 v2
	1.50E + 05
	4.23E-04
	2.8
	0.54
	4


"Mu" denotes Murine, "Chi" denotes chimeric, "Hu" denotes humanized. Version two of humanized 3D6 was selected for clinical development (see text). Specific residues in v2 of humanized 3D6 (bapineuzumab) were Y1D, V2, L36, and R46 in VL, and N40A, D42G, A49, V93, A75S, S78T, L93V and R94 in VH, where italicized residues denote mouse Fr residues retained during humanization. In the table headings, ka1 denotes on rate, kd1 denotes off-rate, KD indicates affinity, SD denotes standard deviation of KD measure, and n indicates the number of independent replicates in the measure of affinity for each version of the antibody tested.


The murine VL framework residues Val2, Leu36 and Arg46 were retained in bapineuzumab based on the model, which predicted interactions of Val2 with residues in CDR L1 and L3 (see Additional file 4: Figure S3). Leu36 was retained based on its predicted role for inter-chain packing, while Arg46 was predicted to be involved in interactions with H3, in addition to multiple contacts with non-contiguous VL Fr residues. These predictions were confirmed in the crystal structure of 3D6 as summarized in Table 3, and detailed in Additional file 5 ‘Structural observations in 3D6 regarding mouse VL Fr residues retained during humanization, confirming predictions based on homology model’.
The design of humanized 3D6 VHv1 involved replacement of two rare mouse residues (Asn40, Asp42) in FR2 with the more frequent and preferred human residues at those positions (Ala40, Gly42). Examination of the structure reveals Asn40 and Asp42 are situated on a Type I β-turn between β-strands 3 and 4 of the VH. Asn40 forms a hydrogen bond with the main-chain nitrogen of Arg44, and Asp42 interacts with the Arg44 sidechain via a water molecule. Replacement of these surface exposed rare mouse amino acids with the human framework counterparts was considered prudent from the perspective of eliminating potential immunogenicity [32, 47]. Interestingly, N40A and D42G mutations, coupled with changing mouse Fr residue S41 to human Fr residue P41, resulted in a change of conformation from a Type I β-turn to a Type II β-turn in this region of the molecule (Figure 7). It is not clear if this change in conformation is attributable to the S41P alone, or the triple mutation in combination. Nevertheless, it did not alter the affinity (Table 4), or other activities of the humanized antibody summarized below (see also [46]).[image: A13195_2014_Article_216_Fig7_HTML.jpg]
Figure 7Conformational change of a beta turn in the alpha-carbon backbone effected by humanization of 3D6. Ribbon depiction of the change in turn type with mutations N40A and D42G. 3D6 in purple (type I turn) and 4HIX [24] structure in green (type II turn) with stick representation for the mutated side-chains.




The three mouse VH framework residues retained in humanized 3D6 VHv1 (Ala49, Val93, and Arg94) are all revealed by the crystal structure of 3D6 to mediate contacts with CDR residues, contributing to preservation of CDR conformation, and by extension, contributing to antibody:antigen contacts (Table 3, and Additional file 5 ‘Structural observations in 3D6 regarding mouse VL Fr residues retained during humanization, confirming predictions based on homology model’).
Finally, three human VH Fr residues in v1 of humanized 3D6 were converted to germline A75S, S78T and L93V based on the sequence of the closest human germline VH region (V3-23), leading to version two of humanized 3D6 (bapineuzumab). The germline changes were incorporated in bapineuzumab to minimize potential Fr changes in the human VH (KABID 045919) arising from somatic hypermutation during affinity maturation. The crystal structure of 3D6 reveals that the methyl side chain of Ala75 is exposed to solvent on a β-turn. Conversion to germline of human Ser78 to Thr actually restores the residue at this position in 3D6, and preserves intra-chain cross β-strand interactions between T78 and residues on β-strand 1 of VH. The Leu93Val germline change is a conservative mutation that would preserve local interactions of the original Fr Leu residue. These germline changes in bapineuzumab VH were not incorporated into the molecule crystallized by Miles et al. [24] (pdb identifier 4HIX). Version two of humanized 3D6 was advanced for clinical development as bapineuzumab. The integrity of the sequence of bapineuzumab was confirmed by mass spectroscopy, and amino acid analysis (AAA) (data not shown, reported in the chemistry, manufacture, and controls (CM and C) section of the investigative new drug (IND) application submitted to the US Food and Drug Administration (FDA) in support of the clinical development of bapineuzumab).
While the contribution of individual light and heavy chain framework residues described in this section to antibody activity (particularly affinity) must await confirmation via systematic site directed mutation analyses in future studies, the activity of bapineuzumab was compared with 3D6 in vitro as well as in vivo in a number of different assays [46]. Binding kinetics and affinity (a primary criteria in antibody humanization) measurements comparing 3D6 with bapineuzumab were carried out by surface plasmon resonance. The data comparing 3D6 versus two versions of humanized 3D6 binding to an Aβ1-10 peptide antigen, summarized in Table 4, revealed that both versions of humanized 3D6 retained binding affinity for antigen within the target 2-3X of parent mouse antibody, although this relative difference in affinity measures appears insignificant when referenced to the chimeric antibody. (See Additional file 6: Figure S4 for representative surface plasmon resonance binding curves underlying the data in Table 4.) The conformation of CDR loops, conformation of antigen binding residues, as well as the conformation of bound antigen, reveals excellent conservation of structure between 3D6 and 4HIX (Figure 4), supporting the design algorithm employed in the humanization of 3D6 to bapineuzumab.


Discussion
Multiple groups have reported the structural features of antigen recognition and antigen conformation from anti-Aβ antibodies targeting an amino-terminal epitope of the peptide [23–26, 37, 38]. The neo-epitope specificity of 3D6 combined with conformation of the bound epitope, elucidated here at 2 Å resolution and in the structure 4HIX [24], is clearly unique among the antibodies studied to date, as well as among clinical candidates under current investigation. Gantenerumab [25] binds Aβ in a manner that overlaps the epitope recognized by 3D6 and offers an interesting comparison. Although gantenerumab recognizes two discontinuous epitopes on Aβ by pepspot analysis, the crystal structure revealed binding to Aβ residues 1–11. The reported crystal structure for gantenerumab crystals soaked with Aβ1-11 is not publicly available, limiting a detailed comparison with our structure of 3D6 with Aβ. However, in contrast with the 310 helical conformation captured by 3D6, Aβ is described as binding gantenerumab in an extended conformation with antibody residues from H1, H2, H3 and L3 contributing sites of contact with antigen. This further contrasts with our observations with antibody 3D6 CDRs, where CDRs H1, H2, H3, L1 and L3 contribute sites of contact with Aβ (Table 2). Thus, available evidence suggests that the conformation of Aβ recognized by gantenerumab is distinct from 3D6, and apart from a reversed amino to carboxy terminal orientation, is more similar to WO2 [38], 12A11 [23] and PFA1 [37]. Hence, the amino-terminal conformation of Aβ recognized by 3D6, and most likely also bapineuzumab as evidenced by 4HIX, comprises a third conformation adopted by this non-amyloidogenic and relatively unstructured domain of the peptide.
In conjunction with the wealth of biophysical studies of the structure of the core amyloidogenic region of Aβ in fibrils (see for example, [41–43]), the combined data sets from antibody crystallization studies provide a structural snapshot of the amino-terminal conformations adopted by one of the two important pathologic determinants of AD. Based on the distinct conformations of Aβ recognized by 3D6 (helical) versus 12A11, gantenerumab, WO2, PFA1 (extended), it is reasonable to speculate that 12A11 and 3D6 target different amino-terminal conformations of Aβ peptide presented in its multiple states. Consequently, one could envision a scenario whereby antibody binding to the amino terminal epitope of Aβ alone could skew the equilibrium distribution of total Aβ species (soluble monomer to amyloid plaque deposited forms) toward the antibody bound state, and thereby potentially affect the overall steady-state distribution of the different forms in which Aβ may exist at any given point in time.
Although the structure of 3D6:Aβ reported here is in very close agreement with its humanized version 4HIX [24], the discrepancy between our reports in the affinity of humanized 3D6 v1 (equivalent to 4HIX) merits comment. We observed low nanomolar affinity for Aβ with both versions of humanized 3D6 and a 2-3X loss of affinity between murine or chimeric 3D6 and humanized (Table 4). Miles et al. reported an affinity of 76 nM for Aβ1-40, 150 nM for Aβ1-28, and low μM for Aβ1-7, from their synthetic Fab of humanized 3D6 (equivalent to our version 1). These values reflected a 15 to 30 fold loss of affinity in the humanized mAb when compared to a 5 nM affinity of 3D6 for Aβ1-40 reported by DeMattos et al. [48]. Our measure of the affinity of 3D6 for Aβ1-10 is in closer agreement with that reported by DeMattos et al. The discrepancy between affinity measurements reported here (and by DeMattos et al.), versus the affinity reported by Miles et al. can be attributed primarily to the use of whole antibody (this report and DeMattos et al.) versus Fab (Miles et al.). A secondary contributor to our discrepant affinity measures may be attributable to differences in methodology for affinity determination (surface plasmon resonance in our report and microscale thermophoresis by Miles et al. [24]). The structural details for antigen recognition by antibody provide insight toward modulating affinity via site directed mutagenesis.
Antibody humanization provided the first approach to solving the limiting immunogenicity of mouse antibodies in man [32, 44, 47, 49–51]. Antibody engineering technology has been continuously evolving over that time period, from pioneering work with phage display [52–56] and xeno-mouse based approaches [57–59] to more esoteric recombinant engineering of xenogenic species derived antibodies and yeast display based approaches (for reviews, see [60–62]). The excellent agreement we report between the structures of 3D6:Aβ and that of 4HIX, as summarized in Table 2 and Figure 4, attests to the robustness and continued viability of antibody humanization as a rapid and efficient technology for lead optimization of biological drug candidates. The approaching expiry of the exclusivity period of archetypal humanization patents [63–66] provides an illustrative (but not comprehensive) rationale for the continued value of antibody humanization as an economical platform for drug development going forward.
A bi-specific [67, 68] or dual variable domain [69] antibody combining recognition of the two conformations of Aβ revealed from crystal structure studies, that is, extended conformation on one arm and helical conformation on the other arm, would offer intriguing dual activity that could be particularly well suited for disaggregation of β-amyloid plaque independent of effector cell engagement. Recent progress with immunotherapy targeting Tau in preclinical models is revealing preferred targets for antibody binding [70]. Structural investigation of the conformation of tau recognized by efficacious anti-Tau antibodies will be informative regarding the mechanisms underlying intercellular transmission of these pathological entities, and furthermore, enable design of bi-specific antibodies capable of recognizing and neutralizing both tau and Aβ.

Conclusions
Disease modifying therapy of AD remains a significant unmet medical need [71–74]. The disease modifying effects of Aβ-targeted immunotherapy [4] have been widely reproduced in preclinical models. Although the initial clinical trials with bapineuzumab failed to achieve the clinical end-points at the disease stage tested [11], the continued refinement of Aβ targeted immunotherapy for AD has resulted in numerous follow-on passive and active immunotherapy approaches currently undergoing clinical investigation. The efforts underway target either different epitopes of Aβ, (for example, Solaneuzumab [75] and Gantenerumab [15]), different species of Aβ (for example, oligomer specific antibodies discovered via a range of technologies [76–78] versus plaque specific [48]), or engage different mechanisms to effect clearance or neutralization of Aβ mediated pathologies, for example, effector function (Crenezumab [12] versus bapineuzumab [3] and gantenerumab [15]). The report by Lu et al. demonstrating conformational variation of β-amyloid fibril structure in AD patients [79] suggests utility as well as limitations of approaches targeting a specific conformation. As we have reported, 3D6 shows the ability to target and neutralize multiple species of Aβ [5], in an Fc receptor dependent as well as independent manner. Current evidence based on pre-clinical studies suggests that attenuated effector activity may be preferable in an immunotherapeutic targeting Aβ [20]. Hence, a second generation anti-Aβ therapeutic with attenuated effector function, as embodied in crenezumab and AAB-003 (containing humanized 3D6 variable regions), or a bi-specific antibody targeting different Aβ amino-terminal conformations, or both Aβ and Tau (as discussed earlier), which targets all forms of pathogen to neutralize, or promote, its clearance, may prove to be efficacious when applied in a disease stage appropriate manner [71, 74].

Acknowledgements
We thank Farshid Oshidari for expert technical assistance in cloning and expression of recombinant 3D6Fab, and Frederique Bard for critical reading of the manuscript. All co-authors with the exception of William Weis and Hadar Feinberg were employees of and shareholders in either Elan Pharmaceuticals, or Wyeth Inc., during the time this work was performed. Jose Saldanha was a consultant to Elan Pharmaceuticals, Inc.. This work was supported by Elan Pharmaceuticals Inc., and Wyeth Inc., and the manuscript was reviewed and approved for publication by Elan, Pfizer, and Janssen Alzheimer Immunotherapy prior to submission. Portions of this work were conducted at the Stanford Synchrotron Radiation Lightsource, supported by the U.S. Department of Energy and the National Institutes of Health.

References
1.
Masliah E, Hansen L, Adame A, Crews L, Bard F, Lee C, Seubert P, Games D, Kirby L, Schenk D: Abeta vaccination effects on plaque pathology in the absence of encephalitis in Alzheimer disease. Neurology. 2005, 64: 129-131.CrossRefPubMed

2.
Nicoll JA, Wilkinson D, Holmes C, Steart P, Markham H, Weller RO: Neuropathology of human Alzheimer disease after immunization with amyloid-beta peptide: a case report. Nat Med. 2003, 9: 448-452.CrossRefPubMed

3.
Rinne JO, Brooks DJ, Rossor MN, Fox NC, Bullock R, Klunk WE, Mathis CA, Blennow K, Barakos J, Okello AA, Rodriguez Martinez de Liano S, Liu E, Koller M, Gregg KM, Schenk D, Black R, Grundman M: 11C-PiB PET assessment of change in fibrillar amyloid-beta load in patients with Alzheimer's disease treated with bapineuzumab: a phase 2, double-blind, placebo-controlled, ascending-dose study. Lancet Neurol. 2010, 9: 363-372.CrossRefPubMed

4.
Schenk D, Barbour R, Dunn W, Gordon G, Grajeda H, Guido T, Hu K, Huang J, Johnson-Wood K, Khan K, Kholodenko D, Lee M, Liao Z, Lieberburg I, Motter R, Mutter L, Soriano F, Shopp G, Vasquez N, Vandevert C, Walker S, Wogulis M, Yednock T, Games D, Seubert P: Immunization with amyloid-beta attenuates Alzheimer-disease-like pathology in the PDAPP mouse. Nature. 1999, 400: 173-177.CrossRefPubMed

5.
Zago W, Buttini M, Comery TA, Nishioka C, Gardai SJ, Seubert P, Games D, Bard F, Schenk D, Kinney GG: Neutralization of soluble, synaptotoxic amyloid beta species by antibodies is epitope specific. J Neurosci. 2012, 32: 2696-2702.CrossRefPubMed

6.
Dodart JC, Bales KR, Gannon KS, Greene SJ, DeMattos RB, Mathis C, DeLong CA, Wu S, Wu X, Holtzman DM, Paul SM: Immunization reverses memory deficits without reducing brain Abeta burden in Alzheimer's disease model. Nat Neurosci. 2002, 5: 452-457.PubMed

7.
Janus C, Pearson J, McLaurin J, Mathews PM, Jiang Y, Schmidt SD, Chishti MA, Horne P, Heslin D, French J, Mount HT, Nixon RA, Mercken M, Bergeron C, Fraser PE, St George-Hyslop P, Westaway D: A beta peptide immunization reduces behavioural impairment and plaques in a model of Alzheimer's disease. Nature. 2000, 408: 979-982.CrossRefPubMed

8.
Lemere CA, Maier M, Jiang L, Peng Y, Seabrook TJ: Amyloid-beta immunotherapy for the prevention and treatment of Alzheimer disease: lessons from mice, monkeys, and humans. Rejuvenation Res. 2006, 9: 77-84.CrossRefPubMed

9.
Morgan D, Diamond DM, Gottschall PE, Ugen KE, Dickey C, Hardy J, Duff K, Jantzen P, DiCarlo G, Wilcock D, Connor K, Hatcher J, Hope C, Gordon M, Arendash GW: A beta peptide vaccination prevents memory loss in an animal model of Alzheimer's disease. Nature. 2000, 408: 982-985.CrossRefPubMed

10.
Doody RS, Thomas RG, Farlow M, Iwatsubo T, Vellas B, Joffe S, Kieburtz K, Raman R, Sun X, Aisen PS, Siemers E, Liu-Seifert H, Mohs R: Phase 3 trials of Solanezumab for mild-to-moderate Alzheimer's disease. New Engl J Med. 2014, 370: 311-321.CrossRefPubMed

11.
Salloway S, Sperling R, Fox NC, Blennow K, Klunk W, Raskind M, Sabbagh M, Honig LS, Porsteinsson AP, Ferris S, Reichert M, Ketter N, Nejadnik B, Guenzler V, Miloslavsky M, Wang D, Lu Y, Lull J, Tudor IC, Liu E, Grundman M, Yuen E, Black R, Brashear HR: Two phase 3 trials of Bapineuzumab in mild-to-moderate Alzheimer's disease. New Engl J Med. 2014, 370: 322-333.PubMedCentralCrossRefPubMed

12.
Adolfsson O, Pihlgren M, Toni N, Varisco Y, Buccarello AL, Antoniello K, Lohmann S, Piorkowska K, Gafner V, Atwal JK, Maloney J, Chen M, Gogineni A, Weimer RM, Mortensen DL, Friesenhahn M, Ho C, Paul R, Pfeifer A, Muhs A, Watts RJ: An effector-reduced anti-beta-amyloid (Abeta) antibody with unique abeta binding properties promotes neuroprotection and glial engulfment of Abeta. J Neurosci. 2012, 32: 9677-9689.CrossRefPubMed

13.
Callaway E: Alzheimer's drugs take a new tack. Nature. 2012, 489: 13-14.CrossRefPubMed

14.
Miller G: Alzheimer's research. Stopping Alzheimer's before it starts. Science. 2012, 337: 790-792.CrossRefPubMed

15.
Ostrowitzki S, Deptula D, Thurfjell L, Barkhof F, Bohrmann B, Brooks DJ, Klunk WE, Ashford E, Yoo K, Xu ZX, Loetscher H, Santarelli L: Mechanism of amyloid removal in patients with Alzheimer disease treated with gantenerumab. Arch Neurol. 2012, 69: 198-207.CrossRefPubMed

16.
Bard F, Barbour R, Cannon C, Carretto R, Fox M, Games D, Guido T, Hoenow K, Hu K, Johnson-Wood K, Khan K, Kholodenko D, Lee C, Lee M, Motter R, Nguyen M, Reed A, Schenk D, Tang P, Vasquez N, Seubert P, Yednock T: Epitope and isotype specificities of antibodies to beta -amyloid peptide for protection against Alzheimer's disease-like neuropathology. Proc Natl Acad Sci U S A. 2003, 100: 2023-2028.PubMedCentralCrossRefPubMed

17.
Schroeter S, Khan K, Barbour R, Doan M, Chen M, Guido T, Gill D, Basi G, Schenk D, Seubert P, Games D: Immunotherapy reduces vascular amyloid-beta in PDAPP mice. J Neurosci. 2008, 28: 6787-6793.CrossRefPubMed

18.
Lee M, Bard F, Johnson-Wood K, Lee C, Hu K, Griffith SG, Black RS, Schenk D, Seubert P: Abeta42 immunization in Alzheimer's disease generates Abeta N-terminal antibodies. Ann Neurol. 2005, 58: 430-435.CrossRefPubMed

19.
Walsh DM, Selkoe DJ: A beta oligomers - a decade of discovery. J Neurochem. 2007, 101: 1172-1184.CrossRefPubMed

20.
Sperling R, Salloway S, Brooks DJ, Tampieri D, Barakos J, Fox NC, Raskind M, Sabbagh M, Honig LS, Porsteinsson AP, Lieberburg I, Arrighi HM, Morris KA, Lu Y, Liu E, Gregg KM, Brashear HR, Kinney GG, Black R, Grundman M: Amyloid-related imaging abnormalities in patients with Alzheimer's disease treated with bapineuzumab: a retrospective analysis. Lancet Neurol. 2012, 11: 241-249.PubMedCentralCrossRefPubMed

21.
Blennow K, Zetterberg H, Rinne JO, Salloway S, Wei J, Black R, Grundman M, Liu E: Effect of immunotherapy with Bapineuzumab on cerebrospinal fluid biomarker levels in patients with mild to moderate Alzheimer disease. Arch Neurol. 2012, 69: 1002-1010.CrossRefPubMed

22.
Salloway S, Sperling R, Gilman S, Fox NC, Blennow K, Raskind M, Sabbagh M, Honig LS, Doody R, van Dyck CH, Mulnard R, Barakos J, Gregg KM, Liu E, Lieberburg I, Schenk D, Black R, Grundman M: A phase 2 multiple ascending dose trial of bapineuzumab in mild to moderate Alzheimer disease. Neurology. 2009, 73: 2061-2070.PubMedCentralCrossRefPubMed

23.
Basi GS, Feinberg H, Oshidari F, Anderson J, Barbour R, Baker J, Comery TA, Diep L, Gill D, Johnson-Wood K, Goel A, Grantcharova K, Lee M, Li J, Partridge A, Griswold-Prenner I, Piot N, Walker D, Widom A, Pangalos MN, Seubert P, Jacobsen JS, Schenk D, Weis WI: Structural correlates of antibodies associated with acute reversal of amyloid beta-related behavioral deficits in a mouse model of Alzheimer disease. J Biol Chem. 2010, 285: 3417-3427.PubMedCentralCrossRefPubMed

24.
Miles LA, Crespi GA, Doughty L, Parker MW: Bapineuzumab captures the N-terminus of the Alzheimer's disease amyloid-beta peptide in a helical conformation. Sci Rep. 2013, 3: 1302-PubMedCentralPubMed

25.
Bohrmann B, Baumann K, Benz J, Gerber F, Huber W, Knoflach F, Messer J, Oroszlan K, Rauchenberger R, Richter WF, Rothe C, Urban M, Bardroff M, Winter M, Nordstedt C, Loetscher H: Gantenerumab: a novel human anti-Abeta antibody demonstrates sustained cerebral amyloid-beta binding and elicits cell-mediated removal of human amyloid-beta. J Alzheimers Dis. 2012, 28: 49-69.PubMed

26.
Gardberg A, Dice L, Pridgen K, Ko J, Patterson P, Ou S, Wetzel R, Dealwis C: Structures of Abeta-related peptide–monoclonal antibody complexes. Biochemistry. 2009, 48: 5210-5217.PubMedCentralCrossRefPubMed

27.
Collaborative Computational Project, Number 4: The CCP4 suite: programs for protein crystallography. Acta Crystallogr D Biol Crystallogr. 1994, 50: 760-763.CrossRef

28.
Tong L: Combined molecular replacement. Acta Cryst. 1996, A52: 782-784.CrossRef

29.
Emsley P, Cowtan K: Coot: model-building tools for molecular graphics. Acta Crystallogr D Biol Crystallogr. 2004, 60: 2126-2132.CrossRefPubMed

30.
Adams PD, Grosse-Kunstleve RW, Hung LW, Ioerger TR, McCoy AJ, Moriarty NW, Read RJ, Sacchettini JC, Sauter NK, Terwilliger TC: PHENIX: building new software for automated crystallographic structure determination. Acta Crystallogr D Biol Crystallogr. 2002, 58: 1948-1954.CrossRefPubMed

31.
Kettleborough CA, Saldanha J, Heath VJ, Morrison CJ, Bendig MM: Humanization of a mouse monoclonal antibody by CDR-grafting: the importance of framework residues on loop conformation. Protein Eng. 1991, 4: 773-783.CrossRefPubMed

32.
Queen C, Schneider WP, Selick HE, Payne PW, Landolfi NF, Duncan JF, Avdalovic NM, Levitt M, Junghans RP, Waldmann TA: A humanized antibody that binds to the interleukin 2 receptor. Proc Natl Acad Sci U S A. 1989, 86: 10029-10033.PubMedCentralCrossRefPubMed

33.
Lee C, Levitt M: Accurate prediction of the stability and activity effects of site-directed mutagenesis on a protein core. Nature. 1991, 352: 448-451.CrossRefPubMed

34.
Levitt M: Accurate modeling of protein conformation by automatic segment matching. J Mol Biol. 1992, 226: 507-533.CrossRefPubMed

35.
Saldanha JW: Humanization of recombinant antibodies. Recombinant Antibodies for Immunotherapy. 2009, New York: Cambridge University Press, 3-19. [Little M (Series Editor)]CrossRef

36.
Kabat EA, Wu TT, Perry HM, Gottesman KS, Foeller C: Sequences of Proteins of Immunological Interest. 1991, Bethesda, MD: U.S. Department of Health and Human Services, National Institutes for Health, 5

37.
Gardberg AS, Dice LT, Ou S, Rich RL, Helmbrecht E, Ko J, Wetzel R, Myszka DG, Patterson PH, Dealwis C: Molecular basis for passive immunotherapy of Alzheimer's disease. Proc Natl Acad Sci U S A. 2007, 104: 15659-15664.PubMedCentralCrossRefPubMed

38.
Miles LA, Wun KS, Crespi GA, Fodero-Tavoletti MT, Galatis D, Bagley CJ, Beyreuther K, Masters CL, Cappai R, McKinstry WJ, Barnham KJ, Parker MW: Amyloid-beta-anti-amyloid-beta complex structure reveals an extended conformation in the immunodominant B-cell epitope. J Mol Biol. 2008, 377: 181-192.CrossRefPubMed

39.
Crescenzi O, Tomaselli S, Guerrini R, Salvadori S, D'Ursi AM, Temussi PA, Picone D: Solution structure of the Alzheimer amyloid beta-peptide (1–42) in an apolar microenvironment. Similarity with a virus fusion domain. Eur J Biochem. 2002, 269: 5642-5648.CrossRefPubMed

40.
Talafous J, Marcinowski KJ, Klopman G, Zagorski MG: Solution structure of residues 1–28 of the amyloid b-peptide. Biochemistry. 1994, 33: 7788-7796.CrossRefPubMed

41.
Bertini I, Gonnelli L, Luchinat C, Mao J, Nesi A: A new structural model of Abeta40 fibrils. J Am Chem Soc. 2011, 133: 16013-16022.CrossRefPubMed

42.
Hoyer W, Gronwall C, Jonsson A, Stahl S, Hard T: Stabilization of a beta-hairpin in monomeric Alzheimer's amyloid-beta peptide inhibits amyloid formation. Proc Natl Acad Sci U S A. 2008, 105: 5099-5104.PubMedCentralCrossRefPubMed

43.
Streltsov VA, Varghese JN, Masters CL, Nuttall SD: Crystal structure of the amyloid-beta p3 fragment provides a model for oligomer formation in Alzheimer's disease. J Neurosci. 2011, 31: 1419-1426.CrossRefPubMed

44.
Riechmann L, Clark M, Waldmann H, Winter G: Reshaping human antibodies for therapy. Nature. 1988, 332: 323-327.CrossRefPubMed

45.
Co MS, Deschamps M, Whitley RJ, Queen C: Humanized antibodies for antiviral therapy. Proc Natl Acad Sci U S A. 1991, 88: 2869-2873.PubMedCentralCrossRefPubMed

46.
Basi G, Saldanha JW: Humanized antibodies that recognize beta amyloid peptide. US Patent 7,189,819 B2. Filed 6 December 2003. Published 13 March 2007. Assignee: Wyeth, Madison NJ, US, Neuralab Ltd

47.
Jones PT, Dear PH, Foote J, Neuberger MS, Winter G: Replacing the complementarity-determining regions in a human antibody with those from a mouse. Nature. 1986, 321: 522-525.CrossRefPubMed

48.
Demattos RB, Lu J, Tang Y, Racke MM, Delong CA, Tzaferis JA, Hole JT, Forster BM, McDonnell PC, Liu F, Kinley RD, Jordan WH, Hutton ML: A plaque-specific antibody clears existing beta-amyloid plaques in Alzheimer's disease mice. Neuron. 2012, 76: 908-920.CrossRefPubMed

49.
Verhoeyen M, Milstein C, Winter G: Reshaping human antibodies: grafting an antilysozyme activity. Science. 1988, 239: 1534-1536.CrossRefPubMed

50.
Martin AC, Cheetham JC, Rees AR: Modeling antibody hypervariable loops: a combined algorithm. Proc Natl Acad Sci U S A. 1989, 86: 9268-9272.PubMedCentralCrossRefPubMed

51.
Morea V, Lesk AM, Tramontano A: Antibody modeling: implications for engineering and design. Methods. 2000, 20: 267-279.CrossRefPubMed

52.
Barbas CF, Kang AS, Lerner RA, Benkovic SJ: Assembly of combinatorial antibody libraries on phage surfaces: the gene III site. Proc Natl Acad Sci U S A. 1991, 88: 7978-7982.PubMedCentralCrossRefPubMed

53.
Clackson T, Hoogenboom HR, Griffiths AD, Winter G: Making antibody fragments using phage display libraries. Nature. 1991, 352: 624-628.CrossRefPubMed

54.
Huse WD, Sastry L, Iverson SA, Kang AS, Alting-Mees M, Burton DR, Benkovic SJ, Lerner RA: Generation of a large combinatorial library of the immunoglobulin repertoire in phage lambda. Science. 1989, 246: 1275-1281.CrossRefPubMed

55.
Kang AS, Barbas CF, Janda KD, Benkovic SJ, Lerner RA: Linkage of recognition and replication functions by assembling combinatorial antibody Fab libraries along phage surfaces. Proc Natl Acad Sci U S A. 1991, 88: 4363-4366.PubMedCentralCrossRefPubMed

56.
Marks JD, Hoogenboom HR, Bonnert TP, McCafferty J, Griffiths AD, Winter G: By-passing immunization. Human antibodies from V-gene libraries displayed on phage. J Mol Biol. 1991, 222: 581-597.CrossRefPubMed

57.
Green LL, Hardy MC, Maynard-Currie CE, Tsuda H, Louie DM, Mendez MJ, Abderrahim H, Noguchi M, Smith DH, Zeng Y, David NE, Sasai H, Garza D, Brenner DG, Hales JF, McGuinness RP, Capon DJ, Klapholz S, Jakobovits A: Antigen-specific human monoclonal antibodies from mice engineered with human Ig heavy and light chain YACs. Nat Genet. 1994, 7: 13-21.CrossRefPubMed

58.
Jakobovits A: YAC vectors. Humanizing the mouse genome. Curr Biol. 1994, 4: 761-763.CrossRefPubMed

59.
Lonberg N, Taylor LD, Harding FA, Trounstine M, Higgins KM, Schramm SR, Kuo CC, Mashayekh R, Wymore K, McCabe JG: Antigen-specific human antibodies from mice comprising four distinct genetic modifications. Nature. 1994, 368: 856-859.CrossRefPubMed

60.
Carter PJ: Potent antibody therapeutics by design. Nat Rev Immunol. 2006, 6: 343-357.CrossRefPubMed

61.
Holliger P, Hudson PJ: Engineered antibody fragments and the rise of single domains. Nat Biotechnol. 2005, 23: 1126-1136.CrossRefPubMed

62.
Labrijn AF, Aalberse RC, Schuurman J: When binding is enough: nonactivating antibody formats. Curr Opin Immunol. 2008, 20: 479-485.CrossRefPubMed

63.
Queen CL, Schneider WP, Selick HE: Polynucleotides encoding improved humanized immunoglobulins. US patent 5,693,761. Filed 1995 Published Dec 2, 1997. Assignee: Protein Design Labs, Inc., Mountain View, Calif.

64.
Queen CL, Selick HE: Humanized Immunoglobulins. US patent 5,530,101. Filed 1990 Published June 25, 1996. Assignee: Protein Design Labs, Inc., Mountain View, Calif.

65.
Winter GP: Recombinant altered antibodies and methods of making altered antibodies. US patent 5,255,539. Filed Oct. 25, 1991 Published July 6, 1993. Assignee: Medical Research Council, London, England

66.
Winter GP, Duncan AR, Burton DR: Antibodies with altered effector function. US patent 5,624,821. Filed Jun. 7, 1995 Published Apr. 29, 1997. Assignee: Scotgen Biopharmaceuticals Incorporated, Menlo Park, Calif.

67.
Ridgway JB, Presta LG, Carter P: 'Knobs-into-holes' engineering of antibody CH3 domains for heavy chain heterodimerization. Protein Eng. 1996, 9: 617-621.CrossRefPubMed

68.
Schaefer W, Regula JT, Bahner M, Schanzer J, Croasdale R, Durr H, Gassner C, Georges G, Kettenberger H, Imhof-Jung S, Schwaiger M, Stubenrauch KG, Sustmann C, Thomas M, Scheuer W, Klein C: Immunoglobulin domain crossover as a generic approach for the production of bispecific IgG antibodies. Proc Natl Acad Sci U S A. 2011, 108: 11187-11192.PubMedCentralCrossRefPubMed

69.
Wu C, Ying H, Grinnell C, Bryant S, Miller R, Clabbers A, Bose S, McCarthy D, Zhu RR, Santora L, Davis-Taber R, Kunes Y, Fung E, Schwartz A, Sakorafas P, Gu J, Tarcsa E, Murtaza A, Ghayur T: Simultaneous targeting of multiple disease mediators by a dual-variable-domain immunoglobulin. Nat Biotechnol. 2007, 25: 1290-1297.CrossRefPubMed

70.
Yanamandra K, Kfoury N, Jiang H, Mahan TE, Ma S, Maloney SE, Wozniak DF, Diamond MI, Holtzman DM: Anti-tau antibodies that block tau aggregate seeding in vitro markedly decrease pathology and improve cognition in vivo. Neuron. 2013, 80: 402-414.PubMedCentralCrossRefPubMed

71.
Golde TE, Schneider LS, Koo EH: Anti-abeta therapeutics in Alzheimer's disease: the need for a paradigm shift. Neuron. 2011, 69: 203-213.PubMedCentralCrossRefPubMed

72.
Huang Y, Mucke L: Alzheimer mechanisms and therapeutic strategies. Cell. 2012, 148: 1204-1222.PubMedCentralCrossRefPubMed

73.
Iqbal K, Grundke-Iqbal I: Alzheimer's disease, a multifactorial disorder seeking multitherapies. Alzheimers Dement. 2010, 6: 420-424.PubMedCentralCrossRefPubMed

74.
Selkoe DJ: Preventing Alzheimer's disease. Science. 2012, 337: 1488-1492.CrossRefPubMed

75.
Farlow M, Arnold SE, van Dyck CH, Aisen PS, Snider BJ, Porsteinsson AP, Friedrich S, Dean RA, Gonzales C, Sethuraman G, Demattos RB, Mohs R, Paul SM, Siemers ER: Safety and biomarker effects of solanezumab in patients with Alzheimer's disease. Alzheimers Dement. 2012, 8: 261-271.CrossRefPubMed

76.
Habicht G, Haupt C, Friedrich RP, Hortschansky P, Sachse C, Meinhardt J, Wieligmann K, Gellermann GP, Brodhun M, Gotz J, Halbhuber KJ, Rocken C, Horn U, Fandrich M: Directed selection of a conformational antibody domain that prevents mature amyloid fibril formation by stabilizing Abeta protofibrils. Proc Natl Acad Sci U S A. 2007, 104: 19232-19237.PubMedCentralCrossRefPubMed

77.
Lafaye P, Achour I, England P, Duyckaerts C, Rougeon F: Single-domain antibodies recognize selectively small oligomeric forms of amyloid beta, prevent Abeta-induced neurotoxicity and inhibit fibril formation. Mol Immunol. 2009, 46: 695-704.CrossRefPubMed

78.
Zameer A, Kasturirangan S, Emadi S, Nimmagadda SV, Sierks MR: Anti-oligomeric Abeta single-chain variable domain antibody blocks Abeta-induced toxicity against human neuroblastoma cells. J Mol Biol. 2008, 384: 917-928.CrossRefPubMed

79.
Lu JX, Qiang W, Yau WM, Schwieters CD, Meredith SC, Tycko R: Molecular structure of beta-amyloid fibrils in Alzheimer's disease brain tissue. Cell. 2013, 154: 1257-1268.CrossRefPubMed



Competing interests
All co-authors with the exception of Drs. William Weis and Hadar Feinberg were employees of and shareholders in either Elan Pharmaceuticals or Wyeth Inc., during the time this work was performed. Jose Saldanha was a consultant to Elan Pharmaceuticals, Inc.. Drs. Schenk, Basi, and Saldanha are co-inventors on patents related to Aβ immunotherapy.

Authors’ contributions
HF conducted crystallography, data analysis, generated figures, and contributed to writing of the manuscript. JS provided the design of humanized 3D6, conducted data analysis comparing murine and humanized structures, generated figures, and contributed to writing of the manuscript. LD purified recombinant Fab for x-ray crystallization. AG conducted scale-up expression recombinant Fab. AW conducted biacore studies, performed data analysis and contributed to writing of the manuscript. GV designed and supervised kinetic studies, reviewed the biacore data, and contributed to writing of the manuscript. WIW supervised x-ray crystallography and audited x-ray data, partnered in establishing collaboration with Elan, and contributed to writing of the manuscript. DS established the collaboration with the Stanford group, and contributed to writing of the manuscript. GSB conceived of the study, supervised the molecular biology activities involving protein expression, and antibody humanization, and contributed to writing the manuscript. All authors read and approved the final manuscript.


OEBPS/sidebar.gif





OEBPS/A13195_2014_Article_216_Fig6_HTML.jpg
Y1l

Y1l





OEBPS/A13195_2014_Article_216_Fig4_HTML.jpg
CDR-L1

CDR-H2

CDR-H3

CDR-H1






OEBPS/A13195_2014_Article_216_Fig1_HTML.jpg





OEBPS/A13195_2014_Article_216_Fig5_HTML.jpg
>
B 1 2 3 4 5 6 7
12A117 Asp-Ala-Glu-Phe-Arg-His-Asp
L HL H HL

306  Asp-Ala-Glu-Phe-Arg-His-Asp
HL L HL H L





OEBPS/contact.gif





OEBPS/A13195_2014_Article_216_Fig2_HTML.jpg





OEBPS/A13195_2014_Article_216_Fig7_HTML.jpg
G42






OEBPS/A13195_2014_Article_216_Fig3_HTML.jpg
° ! L-Phe99

H-Tyr99

-Arg5 ,' L-Gly961
-~ s>

L-Tyr37 § S LTheo7
\ L-Asp31
N a

AL'ASP” H-Arg57
]L-Aspsl V-%
\ .

<
rois 2

\ o ~
VYN >





