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Abstract

Proteolytic cleavage of amyloid β-protein precursor (AβPP) by β– and γ–secretases results in 

production of the amyloid β peptide (Aβ) that accumulates in the brains of sufferers of 

Alzheimer’s Disease (AD). We have developed a monoclonal antibody, 2B12, which binds in the 

vicinity of the β-secretase cleavage site on AβPP but does not bind within the Aβ region. We 

hypothesised that this antibody, directed against the substrate rather than the enzyme, could inhibit 

cleavage of AβPP by β-secretase via steric hindrance and thus reduce downstream production of 

Aβ. The antibody would enter cells by binding to AβPP when it is at the cell surface and then be 

internalised with the protein. We subsequently demonstrated that, after addition of 2B12 to 

standard growth media, this antibody was indeed capable of inhibiting Aβ40 production in 

neuroblastoma and astrocytoma cells expressing native AβPP, as measured by an ELISA. This 

inhibition was both concentration- and time-dependent and was specific to 2B12. We were only 

able to inhibit approximately 50% of Aβ40 production suggesting that not all APP is trafficked to 

the cell surface. We propose that this antibody could be used as a novel, putative therapy for the 

treatment of AD.
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1. Introduction

Alzheimer’s disease (AD) is characterised by two main neuropathological features: an over-

accumulation in the brain of intracellular neurofibrillary tangles and extracellular deposits, 

termed senile plaques (SP) [1]. The main constituent of SP is amyloid β (Aβ), a 39-43 amino 

acid peptide that is cleaved from amyloid precursor protein (AβPP) [2]. Currently the 
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amyloid hypothesis is one of the dominant theories of the aetiology of AD [3] where an 

increase in Aβ levels, especially Aβ42 [1], is thought to be crucial for the pathogenesis of 

AD.

AβPP can be processed by two proteolytic pathways. The non-amyloidogenic route involves 

cleavage of AβPP by α–secretase within the Aβ region to release sAβPPα [4]. In the 

amyloidogenic pathway β–secretase (BACE1) first cleaves AβPP to liberate sAβPPβ and 

C99; γ–secretase then cleaves C99 to produce Aβ and a C–terminal intracellular fragment 

[5]. A homologue of BACE1, BACE2, has also been identified [6,7]. Although there is still 

some debate regarding the co-localisation of the enzymes and substrates involved, it is 

generally considered that, after synthesis, a proportion of AβPP is transported to the cell 

membrane and then internalised for processing in the endosomal-lysosomal system [8,9].

The only licensed treatments currently available for AD are symptomatic, and target 

cholinergic and glutamatergic systems [10]. Recent therapeutic research has targeted Aβ 

aggregation [11], Aβ degradation [12], Aβ clearance [13], antioxidants, cholesterol-lowering 

drugs [10] and inhibitors of BACE1 and γ–secretase [5,14]. However, γ–secretase also 

cleaves Notch which has many crucial functions [14] and, while BACE1 knockout mice 

exhibit no major deleterious symptoms [15], this enzyme does have other substrates 

[16,17,18]. Furthermore, an inhibitor would have to be specific for BACE1 over BACE2 

[19]. An alternative approach, Aβ vaccination, has been used successfully in transgenic mice 

to reduce Aβ deposition [20] and improve cognition [21,22,23]. A Phase 2 clinical trial was 

initiated based on these results but was terminated early when several of the patients 

developed meningoencephalitis [24].

We have devised a different approach which could reduce the build-up of Aβ. We have 

produced a monoclonal antibody (MAb) which should inhibit BACE1 activity by steric 

hindrance as it binds in the vicinity of the enzyme’s cleavage site in AβPP (Figure 1). We 

hypothesised that the antibody would bind to AβPP when it is at the cell surface and then 

become internalised. We describe below the characterisation of this antibody and 

experiments detailing its interactions with AβPP. We subsequently demonstrated that the 

antibody was capable of inhibiting Aβ40 production by cells in culture and suggest that this 

could be a novel therapy for the treatment of AD.

2. Materials and Methods

2.1 Materials

All peptides were synthesised by Severn Biotech LTD, Kidderminster, UK. Cell lines were 

purchased from ECACC, Porton Down, U.K. All chemicals and reagents were purchased 

from Sigma-Aldrich, Poole, U.K. or Fisher Scientific, Leicester, U.K. unless otherwise 

specified. The following primary antibodies were used: BAM401S (Autogen Bioclear, 

Calne, Wiltshire, U.K.), BAM401AP (Autogen Bioclear), 6E10 (Chemicon Europe, 

Chandlers Ford, Hampshire, U.K.) and nAβPP (Sigma-Aldrich). AβPP was detected in 

ELISAs with the APP DuoSet, (R & D Systems, Abingdon, Oxon., UK).
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2.2 Immunization procedures

Monoclonal antibodies were raised against an immunogenic peptide, termed Ka, which 

represented the amino acid sequence spanning the β–secretase cleavage site in human AβPP 

(Figure 2). The peptide was synthesised using a poly-lysine, multiple antigenic peptide 

(MAP) core and then used to immunise female Balb/c mice (20-25g). All experiments on 

mice were performed in accordance with the Animals (Scientific Procedures) Act 1986 

administered by the U.K. Government Home Office and with ethical approval from Cardiff 

University. Mice were immunized and hybridomas were generated by standard methods as 

first developed by Kohler and Milstein [25] and detailed elsewhere, including Liddell and 

Cryer [26]. The hybridoma supernatants were screened for high-affinity MAbs by indirect 

ELISA using the immunising peptide, prior to more complete cross-reactivity screenings. 

The 2B12-D2-F5 (2B12) clone was chosen for further screening based on preliminary 

experiments.

2.3 Cell Culture

Two human cell lines, astrocytoma MOG-G-UVW (MOG) and neuroblastoma SH-SY5Y 

(SY5Y) (e.g. [27], both of which constitutively express AβPP (Figure 4), were used to 

investigate the characteristics of 2B12. They were used as a source of AβPP and to 

characterise the binding properties of 2B12. They were also used as a model system to 

investigate whether 2B12 could reduce Aβ40 levels. MOG were grown in a 1:1 solution of 

Ham’s F10 and Dulbecco’s Modified Eagle’s Medium supplemented with 10% Foetal 

Bovine Serum (FBS) (Perbio Science U.K. LTD, Cramlington, Northumberland) and 2mM 

glutamine while SY5Y grew in a 1:1 solution of Ham’s F12 and Eagle’s Minimum Essential 

Medium supplemented with 10% FBS, 2mM glutamine and 1% non-essential amino acids. 

Cells lines were incubated at 37°C in 5% CO2 in air.

2.4 Antibody Processing and Characterisation

The 2B12 antibody was concentrated from culture medium using Amicon Centriplus 

YM-100 filters (Millipore, Billerica, Massachusetts, USA) with a nominal molecular weight 

cut off of 100kDa and the isotype determined using the Isostrip mouse monoclonal antibody 

isotyping kit (Serotec, Oxford, U.K.). Cross-reactivity studies were then performed with an 

indirect ELISA to test 2B12 against a number of peptides: Ka peptide, Aβ40, two unrelated 

peptides manufactured on a MAP core designated RAP and WYATT, C99 (generous gift 

from Prof. M. Ehrmann, Cardiff School of Biosciences, Cardiff University, U.K. [28]) and 

one other peptide also manufactured on a MAP core, Kb. Kb represented a portion of the 

amino acid sequence spanning the β–secretase cleavage site in human AβPP downstream 

from Ka, specifically the 5 residues before the cleavage site and the first 10 residues into the 

Aβ region (see Figure 2). 96-Well microplates (Falcon® Pro-BIND™ Flat Bottom, Becton 

Dickinson Labware, Oxford, UK) were standardised using a 10-point standard curve of the 

Ka peptide with the highest concentration at 10μg/ml. All test samples were plated at a 

protein concentration of 1 μg/ml in a carbonate / bicarbonate buffer (15mM Na2CO3, 35mM 

NaHCO3, pH9.8), and incubated overnight at 4°C. The plates were then aspirated and 

blocked with 0.1% (w/v) milk powder in phosphate-buffered saline (137mM NaCl, 1.5mM 

KH2PO4, 8mM Na2HPO4.12H2O, 2.5mM KCl, pH 7.4) with 0.05% Tween 20 (PBST) for 1 
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hour, followed by 2B12 at a concentration of 0.25μg/ml in PBST for 1 hour. 2B12 was 

detected with a secondary goat anti-mouse antibody conjugated to HRP, 1:3000 (Pierce 

Biotechnology Inc, Rockford, IL), incubated for 1 hour, and the enzyme substrate, o-

phenylenediamine (OPD), in 0.1M citrate-phosphate buffer, pH 5.0, incubated for 20 

minutes. The reaction was stopped with 1M H2SO4 and the absorbance determined at 

492nm. All incubations were performed at room temperature (RT), unless otherwise stated 

and wells were aspirated and washed four times with PBST between each stage. All results 

were converted to Ka peptide equivalents using the Ka standard curve and expressed as a % 

of Ka at 1 μg/ml.

2.5 Western Blot

Western Blotting was performed using standard methods [29]. The samples and molecular 

weight marker (Precision Plus Protein Standards marker, Bio-Rad Laboratories, Hercules, 

California) were loaded onto 10% polyacrylamide gels and separated by sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) in running buffer (25mM Tris 

base, 190mM glycine, 0.05% SDS, pH 8.3). The separated proteins were then blotted on to 

0.2μm nitrocellulose membranes (Amersham Biosciences, Little Chalfont, UK), washed in 

Tris-buffered saline with Tween 20 (TBST, 2mM Tris, 15mM NaCl, 0.1% Tween-20, pH 

7.5) and blocked for 1 hour, at RT, in TBST supplemented with 5% w/v fat-free dried milk 

(Blotto). Blots were then incubated with the relevant antibody in 1-5% Blotto at 4°C 

overnight. Membranes were washed five times in TBST and incubated with the relevant 

horseradish peroxidase-conjugated secondary antibody (1:20-30,000, Vector Laboratories, 

Burlingame, California) for 1 hour at RT. The membranes were washed as above in TBST, 

the bands visualised using enhanced chemiluminescent detection (Super Signal®, West 

Dura, Perbio Science U.K.) and exposed to high performance chemiluminescent X-ray film 

(Amersham Biosciences).

2.6 Immunocytochemistry

Immunocytochemistry (ICC) was performed as described in [29] with several modifications 

as detailed below. Both cell lines were grown on 10 μg/ml collagen-coated glass cover slips 

in 24 well cluster plates in the appropriate growth media. Cells were fixed in 2% 

formaldehyde in 0.1M phosphate buffered saline (PBS, 145mM NaCl, 96.4mM NaHPO4, 

21.5mM NaH2PO4), pH 7.4, for 15 minutes at RT and subsequently washed three times in 

PBS (each 5 minutes). Cover slips were blocked for 30 minutes in 3% horse serum, 1% 

bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS. The cover slips were 

incubated with 5μg/ml 2B12 in blocking buffer overnight at 4°C. The cover slips were 

washed with PBS as above before incubation with an anti-mouse secondary antibody 

conjugated to biotin (1:270, Vector Laboratories) for one hour at RT. After washing as 

above, coverslips were then incubated with avidin conjugated to fluorescein (FITC) (Vector 

Laboratories), 1:600, for 1 hour at RT. The coverslips were washed as above and finally 

dipped in distilled water to remove any residual buffer salts before being left to dry. Cover 

slips were mounted on ethanol-rinsed slides using VECTASHIELD Mounting Medium with 

propidium iodide (Vector Laboratories) and stored at 4°C. Slides were visualised using a 

Leica SP2 laser scanning confocal microscope system (Leica, Germany) and images were 

processed using Adobe Photoshop.
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2.7 AβPP detection

The amount of mature AβPP expressed in either cell line was relatively low (reaching only 

50 ng/ml after lysis and concentration through the Amicon Centriplus filter). It was therefore 

impossible to use this source of AβPP in its unpurifed form in an indirect ELISA in the 

above manner. To confirm that the 2B12 antibody detected AβPP, we therefore used a 

competition assay in conjunction with a sandwich ELISA which recognised an epitope in the 

region of the C-terminus of AβPP (APP DuoSet). Lysates were prepared from MOG cells 

using lysis buffer (50mM Tris, 5mM EDTA, 150mM NaCl, 1% Triton, 0.4mM NaVO4, 

50mM NaF, 1mM PMSF, 20μM phenylarsine oxide, 10mM sodium molybdate, 10μg/ml 

leupeptin, 10μg/ml aprotinin) and then concentrated through Amicon Centriplus YM-100 

centrifugal filters with a nominal molecular weight cut-off of 100 kDa. Recovered AβPP 

was quantified using a sandwich ELISA by comparing values with standard recombinant 

human AβPP from the APP DuoSet. The ELISA followed the manufacturer’s guidelines and 

methods detailed above unless otherwise stated. Briefly, the capture antibody was used at 4 

μg/ml in PBS to coat 96-well microplates and incubated overnight at RT. Plates were 

blocked with 1% BSA and 5% sucrose in PBS for a minimum of 30 minutes. Samples and 

standards were prepared in 1% BSA in PBS and incubated on the plate for 2 hours. A six 

point standard curve was prepared with a highest concentration of 20 ng/mL. Biotinylated 

detection antibody, 300ng/ml in 1% BSA in PBS, was incubated for 1.5 hours and detected 

using streptavidin-HRP, diluted 1:200 in PBST for 20 minutes, followed by OPD substrate 

as above. The competition assay for AβPP followed the same protocol except for the 

following modifications. MOG cell lysate was used to provide AβPP at a concentration of 

30ng/ml. Prior to incubating with the detection antibody, the samples were incubated with 

either 2B12 or an irrelevant mouse IgG antibody (Sigma-Aldrich) from 1.25 to 10 μg/ml for 

1 hour. Binding of these antibodies was then inferred by a decrease in binding of the 

detection antibody compared to the PBST control alone.

2.8 Concentration-response curve for effects of 2B12 on Aβ40 levels

All experiments were performed in 24 well cluster plates. An equal volume of well-

suspended MOG or SY5Y cells were distributed between experimental and control wells for 

each experimental run. Inter-plate differences were minimized as far as possible by plating 

the cells at a similar density for each experiment and including relevant controls on every 

plate. Concentrations and time points were done in triplicate on each plate. Cells were 

allowed to attach overnight then incubated in duplicate either with control media or 2B12 

(0.0005 - 10 μg/ml) in relevant culture media for 4 days at 37°C. Controls with irrelevant 

mouse IgG were also included at 10 μg/ml. For subsequent analysis of Aβ40, 450 μl of 

media were collected from each well and subjected to combined immunoprecipitation and 

ELISA. Media was first immunoprecipitated with 1:2,000 BAM401S, specific to the C-

terminus of human Aβ40, overnight at 4°C. Samples were then incubated with Protein A 

(Santa Cruz Biotechnology, Santa Cruz, California, USA) for 2 hours and then washed with 

CHAPS buffer (150mM NaCl, 50mMTris, 1mM EDTA, 10mM CHAPS) and centrifuged at 

3275g, repeated 3 times. This was followed by a final wash in PBS. Samples were then 

boiled at 95°C for 5 minutes to dissociate the Protein A before being centrifuged for 1 

minute at 3275g. The supernatant was subsequently removed and tested in an ELISA for 

Aβ40 following the methods above, except for the following. The ELISA employed the N-
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terminal MAb 6E10, as the capture antibody and affinity-purified BAM401AP, specific to 

the C-terminus of human Aβ40, as the detection antibody. 6E10, 5 μg/ml in carbonate/

bicarbonate buffer, was incubated overnight at 4°C. Plates were then blocked with 0.1% 

(w/v) milk powder in PBS for 1 hour at RT. Samples and standards were added to the plates 

and incubated for 1.5 hours followed by the detection antibody, 0.45 μg/ml in PBST for 1 

hour. The plates were then blocked for 30 minutes and a secondary anti-rabbit antibody 

conjugated to HRP, 1:4000 (Vector Laboratories), was incubated for 1 hour. This resulted in 

an ELISA with a lower limit of sensitivity of approximately 0.1 ng/ml giving good 

differentiation within the range of Aβ40 immunoprecipitated from the cell lines. The 

concentration of Aβ40 in samples from the cells was calculated from an Aβ40 standard 

curve (0-12.5ng/ml) run on the same plates and generated in Excel. Aβ40 concentrations 

were then expressed as a percentage of the relevant control values.

2.9 Time course to determine effect of incubation period with 2B12 on Aβ40 levels

Experiments were performed as above except for the following. All cells were exposed to 

2B12 at 10μg/ml and incubated in duplicate for a range of time periods from 3 hours to 6 

days. Relevant controls (media alone) were included at each time point. At the end of the 

time period, media was collected and Aβ40 detected by combined immunoprecipitation and 

ELISA as described above.

2.10 Cell Counts

Viable cell counts were performed once conditioned media had been removed for analysis 

for Aβ40 levels. Cells were treated with 0.25% trypsin solution for 3 minutes at 37°C, then 

neutralised with the same volume of growth media. A well-suspended sample of cells was 

incubated with 0.2 % Trypan Blue for 5 minutes at 37°C and 100 μl of the cells were 

counted on a haemocytometer. Cell numbers were expressed as a percentage of control at 

the relevant concentration and time point.

2.11 Statistical Analyses

The results from the cross-reactivity indirect ELISA were converted to Ka equivalents (ng/

ml), transformed (log(1 + Ka equivalents ng/ml)) and then analysed by ANOVA and LSD 

test to determine if any significant differences occurred between the responses of 2B12 to 

the peptides tested. The data generated in the ELISAs to measure Aβ40 levels were analysed 

using a Student’s t-test at the one-tailed significance level to determine if Aβ concentrations 

were significantly lower than media controls (100%). Viable cell counts were tested in the 

same manner (except two-tailed significance tests were used) to determine if the presence of 

antibody (2B12 or irrelevant IgG control) significantly altered this number from media 

control values.

3. Results

3.1 Antibody Characterisation

A number of monoclonal antibodies were raised following immunisation with the Ka 

peptide, representing the 15 amino acid sequence spanning the β-secretase cleavage site 

(Figure 2). One, 2B12-D2-F5 (2B12), isotype IgG2b, appeared to be the most promising in 
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preliminary indirect ELISAs against the immunising peptide and was used in subsequent 

experiments.

Binding to the immunising peptide was confirmed using ICC in the MOG cell line (Figure 

3). 2B12 resulted in punctate labelling of the cytoplasm and perinuclear staining. This signal 

was blocked when cells were labelled with 2B12 previously incubated with the immunising 

peptide, Ka (10μg) for 24 hours (Figure 3, A-C). Similar results were also obtained with the 

SY5Y cell line (data not shown).

We also confirmed that 2B12 bound to AβPP in lysates from both cell lines, MOG and 

SY5Y by Western blotting. Bands of 106kDa and 56kDa were seen for 2B12 corresponding 

to AβPP [30] and a thrombin cleavage fragment of AβPP [31]. A similar pattern was seen 

with a commercial antibody to the N-terminal of AβPP (Figure 4). We also confirmed that 

2B12 bound to human AβPP in brain preparations from Tg2576 mice which over-express 

AβPP [32] (data not shown).

In a competition ELISA using MOG cell lysate as a source of protein, 2B12 interfered with 

the binding of the detection antibody from the AβPP DuoSet, in a concentration-dependent 

manner (Figure 5). This latter antibody was directed against an epitope in the C-terminal 

region of AβPP, some distance from the β-secretase cleavage site. The binding of this 

antibody was significantly reduced from control values at 2B12 concentrations of 5 and 10 

μg/ml. No such reductions in absorbance from control levels were observed with an 

irrelevant mouse IgG (Figure 5). These data confirmed that 2B12 was binding to AβPP 

captured by the DuoSet antibody.

2B12 demonstrated significantly different responses to the peptides tested in an indirect 

ELISA as evidenced by an ANOVA (p<0.001) (Table 1). It strongly recognised the Ka 

peptide and produced significantly higher reactions when compared to the other peptides 

(LSD test). Reactions against Kb, although less than to Ka, were significantly greater than 

reactions to all the other peptides tested. 2B12 only very weakly recognised Aβ in the 

indirect ELISA and not at all in a Western blot (data not shown). The antibody did bind 

more strongly to C99, the C-terminal fragment of AβPP produced after cleavage by β–

secretase, in a Western blot (data not shown). However, cross reactivity as measured in an 

ELISA was low with absorbance readings of only 2.53 (+/− 1.19) Ka equivalents. Reactions 

against the two other unrelated peptides, RAP and WYATT, in the ELISA were also low 

(Table 1). The binding of 2B12 to WYATT was significantly greater than that to Aβ and 

RAP but not C99. There was no significant difference in the binding of 2B12 to C99, Aβ40, 

and RAP.

3.2 Concentration-response curve for effects of 2B12 on Aβ40 levels

The effect of 2B12 on the concentration of Aβ40 in conditioned media was investigated in 

both cell lines, MOG and SY5Y (Figure 6). The presence of 2B12 significantly reduced the 

amount of Aβ40, expressed as % of control, in both cell lines in a concentration-dependent 

manner, as detected in a sandwich ELISA. Initially no effect was observed, however, at 0.05 

μg/ml 2B12, Aβ40 was significantly reduced to 78.8+/−8.8% of control levels in the SY5Y 

cell line and at 0.5 μg/ml, to 75.5+/− 11.3% of control levels in the MOG cells. This trend 
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continued and at 10μg/ml 2B12, Aβ40 levels were further reduced to 54.5+/−5.7% of 

controls in the SY5Y and 45.1+/−4.7% of controls in the MOG cells.

No such reductions in Aβ40 levels were observed when either cell line was incubated with 

the irrelevant mouse IgG antibody at 10μg/ml (Figure 6).

3.3 Time course to determine effect of incubation period with 2B12 on Aβ40 levels

Altering the 2B12 incubation period was shown to have a significant effect on Aβ40 levels 

in conditioned media of both cell lines (Figure 7). No significant reduction in Aβ40 levels 

was observed when cells were incubated with the antibody for only 3 hours. A significant 

effect was, however, observable after 6 hours in the SY5Y when levels were reduced to 

70.1+/−3.8% of control levels and after 1 day in the MOGs when Aβ40 was reduced to 

67.6+/−6.7%. After this point Aβ40 was significantly reduced from control levels in both 

cell lines, for up to 6 days in the SY5Y line (with the exception of day 3) and for up to 4 

days in the MOG cell line. There was an apparent increase in Aβ40 at day 6 in the MOG 

cells when compared to shorter incubation periods, probably due to increased cell death at 

this time point (seen in both control and antibody-treated cells) as MOG cells exhibited a 

higher growth rate than SY5Y cells and were over-confluent by day 6.

When viable cell counts were compared (Table 2), neither the presence of 2B12 nor the 

irrelevant mouse IgG antibody, both at 10μg/ml, significantly altered the number of viable 

cells at any time point compared to media controls.

4. Discussion

2B12 strongly recognised the immunising Ka peptide, showed reduced binding to another β-

secretase cleavage site peptide, Kb, but exhibited very limited cross reactivity with the other 

cleavage products of AβPP tested. It did, however, bind to AβPP as evidenced in both 

ELISA and Western blots. In the latter an additional band at 56kDa was also seen which is 

likely to be a fragment of AβPP arising from thrombin cleavage [31]. In the competition 

ELISA, 2B12 interfered with the binding of another antibody that also recognises an epitope 

on AβPP therefore strongly suggesting that both antibodies do indeed bind to the same 

protein. The presence of an irrelevant IgG at similar concentrations did not interfere with the 

binding of this antibody indicating that the effect was due to 2B12. Crucially, 2B12 

exhibited virtually no cross-reactivity with Aβ as no detectable signal was obtained in 

Western blots and very low cross reactions were seen in the ELISA. In 

immunocytochemical studies the labelling pattern seen with 2B12 was similar to that 

previously show for antibodies binding to AβPP [9]. Interestingly, 2B12 very weakly 

recognised a C99 construct including an extra amino acid, a methionine before the N-

terminus of Aβ (M. Ehrmann, personal communication). This small cross-reaction, together 

with the reaction against Kb and lack of binding to Aβ, suggests that 2B12 binds to an 

epitope spanning the β-secretase cleavage site on AβPP, or to one just upstream of this site 

(the C-terminus of sAβPPβ).

Importantly, the presence of 2B12 led to a significant reduction in concentrations of Aβ40 in 

the conditioned media of both cell lines. The irrelevant IgG had no effect on Aβ40 levels 
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indicating again that the effect was specific to 2B12. 2B12 does not recognise Aβ and 

therefore cannot be reducing Aβ40 levels by binding to this peptide in cell media thereby 

making it unrecognisable to the immunoprecipitating antibodies. Viable cell counts made on 

the same cells in parallel to measurements of Aβ40 showed no significant alteration in cell 

numbers from controls indicating that 2B12 does not have a toxic effect. We therefore 

suggest that the reduction in Aβ40 is due to the presence of 2B12 interfering with the 

cleavage of AβPP by β-secretase by steric hindrance. A number of studies have suggested 

that BACE1 and BACE2 have distinct specificities, cleave AβPP at different residues and 

therefore recognise different sequences [33]. It is therefore unlikely that our antibody would 

interfere with the activity of BACE2. Similarly, other physiological processes should not be 

affected as the metabolism of other substrates by β-secretase would not be altered. It is also 

possible that 2B12 may enhance APP processing by the lysosomal degradation pathway by 

interfering with the internalisation of APP into endosomes. This would also produce the 

desirable end result of reducing Aβ40 levels. However, since a previous study showed that 

monoclonal antibodies bound to APP were rapidly internalized into endosomal 

compartments via coated pits and that the APP could be recycled to the cell surface [9], it 

seems unlikely that 2B12 should affect the normal processing of APP.

Such a reduction has obvious potential as a therapy. Vaccination with Aβ or passive 

immunisation with MAbs to Aβ have shown that antibodies generated in, or administered to, 

the periphery cross the blood-brain barrier (BBB) and enter the CNS, possibly via 

extracellular pathways [34]. These levels have been shown to be physiologically relevant 

and led to an improvement in AD pathology [35,36]. It would seem likely that 2B12 would 

cross the BBB in a similar manner. However, antibodies raised against Aβ might also 

stimulate a cellular response against the peptide and microglial activation. Since 2B12 does 

not recognise Aβ this response would be absent. Furthermore, IgG2b (the isotype of 2B12) 

is the least effective activator of the complement system and binds with the lowest affinity to 

cell-associated Fc receptors [37,38] so is less likely to cause inflammation. It is therefore 

unlikely that 2B12 would affect existing plaque load directly but would alter the generation 

of Aβ leading to a reduction in non-fibrillar forms. Other studies have shown behavioural 

improvements with no major change in overall amyloid plaque load, although diffuse 

fibrillar forms of Aβ (oligomers and protofibrils) were reduced [39]. There is also evidence 

to suggest that oligomers and protofibrils correlate better with AD pathology rather than 

overall plaque load suggesting that they are also toxic [40]. Indeed, the level of soluble Aβ 

assemblies in Tg2576 mice was shown to have a strong inverse correlation with memory 

and suggested to be the causative agent for the cognitive decline seen in this mouse model of 

AD [41].

The efficacy of 2B12 in reducing Aβ42 levels has not yet been tested, nor has its effects on 

levels of Aβ retained intracellularly been ascertained. Since the β-secretase cleavage site is 

the same for both peptides, we believe that it is probable that 2B12 will also reduce levels of 

Aβ42. However, there is still some debate regarding the exact subcellular cleavage locations 

of the relevant secretases. Although early studies showed that the cleavage events for Aβ 

took place in the endosomal/lysosomal system [42,43], later studies showed that the γ-

secretase complex resided in other cellular compartments – the “spatial paradox” [44]. 

While many authors still regard the endosomal/lysosomal system as the most likely site of 
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Aβ production [45], others support the idea that there are multiple intracellular sites for the 

production of Aβ. The trans-golgi network [46,47] has been suggested as a site for Aβ40 

production whereas Aβ42 is thought to be produced in the endoplasmic/intermediate 

compartments [48,49], possibly even in the absence of PS-1 and PS-2 [50] and is primarily 

retained intracellularly. Our data support the existence of multiple intracellular processing 

sites for AβPP as the maximum inhibition of Aβ40 levels produced by 2B12 was 

approximately 50%. This implies that a significant proportion of AβPP does not come to the 

surface but is cleaved directly after synthesis. Alternatively, the 2B12 concentration may not 

have been high enough to bind all free epitopes. Higher concentrations than those tested 

were, however, judged to be physiologically unrepresentative and therefore not investigated. 

Since the efficacy of our antibody relies on AβPP trafficking to the cell membrane so that it 

can bind to that molecule prior to cleavage, any variation in the intracellular fate of AβPP 

prior to its cleavage may alter the efficacy of 2B12. Interestingly, the reduction in Aβ40 

became apparent relatively quickly and could be detected at 6 hours after addition of the 

antibody. This would imply a rapid turnover of Aβ and a rapid cycling of AβPP to the cell 

membrane agreeing with the findings of Savage et al. [51] who detected a similarly rapid 

turnover of Aβ and a reduction in Aβ levels 6 hours after inducing protein kinase C activity.

Similar results to ours have been obtained very recently by two other groups [52,53]. 

Paganetti et al. [52] co-expressed human AβPP695 and an ‘intrabody’ consisting of the 

variable region of an antibody which recognises Aβ3-6 in AβPP. They observed a stable 

association between AβPP and the intrabody which persisted throughout the maturation of 

AβPP and resulted in a reduction of intracellular Aβ. Arbel et al. [53] produced monoclonal 

antibodies using a peptide containing part of the Swedish mutation at the β-secretase 

cleavage site. They showed internalisation of their antibody and reduced both extracellular 

and intracellular Aβ levels. They also demonstrated that it was possible to produce these 

antibodies and reduce Aβ levels by vaccination of Tg2576 mice with the peptide. The 

approach of both these groups relied on using cell lines over expressing AβPP and Paganetti 

et al. [52] relied on directly transfecting HEK 293 cells with their intrabody which would 

not be a feasible therapeutic approach. As far as we are aware, we have demonstrated for the 

first time that it is possible to inhibit the action of β-secretase by blocking its cleavage site 

with a whole IgG molecule in cells that constitutively express AβPP. We believe that our use 

of model cell lines which do not over-express AβPP is very important as the majority of 

cases of AD occur in people with much lower levels of AβPP than those associated with 

transfected cells. Our antibody produced larger reductions in Aβ levels than that of Arbel 

and co-workers [53] and these were sustained for up to 6 days. Similarly to Arbel et al. [53], 

we consider that it is very important that 2B12 was internalised with AβPP without the need 

for transfection and does not recognise Aβ. This lack of binding to Aβ and the IgG2b isotype 

of 2B12 means that is should be less likely to trigger an undesirable immune response.

Our findings suggest that it may be possible to use 2B12 to prevent or slow the development 

of AD. In conjunction with other strategies to reduce plaque load, the use of such an 

antibody might potentially revolutionise the current treatments available for this 

neurodegenerative disease.
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Figure 1. 
Potential action of 2B12. Antibody binding to the β–secretase cleavage site on AβPP 

blocking access of BACE1 to its substrate by steric hindrance
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Figure 2. 
The 30 amino acid sequence spanning the β-secretase cleavage site on human AβPP and the 

15 amino acid sequence of the synthesised peptide spanning the cleavage site, Ka, used to 

immunise Balb/c mice to produce 2B12.
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Figure 3. 
Representative examples of the labelling of AβPP in MOG cells by 2B12 (A-C). (A) 

Punctuate labelling of MOG cytoplasm and perinuclear staining by 2B12 (5μg/ml) detected 

using a biotinylated anti-mouse antibody (1:270) and Avidin-FITC (1:600); (B) MOG 

incubated with 2B12 following pre-adsorption with Ka (10μg) and detected as above; (C) 

MOG incubated with the block solution alone, followed by detection as above. No labelling 

was detected in the absence of 2B12 or after pre-adsorption with Ka. Coverslips were 

mounted with VECTASHIELD mounting medium with propidium iodide to counter-stain 

the nuclei. Scale bar = 25μm, n=3.
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Figure 4. 
Representative Western Blots comparing the labelling of AβPP in MOG and SY5Y cells 

obtained with (A) 2B12 and (B) a commercial anti-N-terminus AβPP antibody (Sigma-

Aldrich). 50μg cell lysate samples were separated on a 10% SDS-PAGE gel, transferred to 

nitrocellulose membranes and probed with either 2B12 (2.7 μg/ml) followed by an anti-

mouse IgG-HRP conjugate (1:30,000) or the n AβPP antibody (1:1000) followed by an anti-

rabbit IgG-HRP conjugate (1:20,000) and the signal was detected using ECL. A 106kDa 

band corresponding to AβPP 695 and a 56kDa band corresponding to a thrombin cleavage 

product of AβPP were seen in both cell lines with both antibodies. n=3-6.
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Figure 5. 
Competition sandwich ELISA for AβPP from concentrated MOG cell lysate using anti-

AβPP antibodies (capture and detection antibodies at 4 μg/ml and 300 ng/ml, respectively). 

Prior to incubation with the detection antibody, ELISA plates were coated with a range of 

concentrations of either 2B12 or an irrelevant mouse IgG antibody. Controls of PBST were 

also included and data are expressed as mean % of control absorbance (+/− 1 SEM). The 

irrelevant IgG had no effect on the ELISA. * Significantly different from control at p<0.05 

in one-tailed Student’s t tests, n=3.
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Figure 6. 
Effect of 2B12 or an irrelevant mouse IgG on Aβ40 levels in MOG (A) and SY5Y (B) cells. 

Data are expressed as mean (+/− 1 SEM) % of control (media only) Aβ40 levels as detected 

in a sandwich ELISA. Cells were incubated with 2B12 or the irrelevant IgG for 4 days. 

Increasing concentrations of 2B12 significantly reduced Aβ40 levels from control in both 

cell lines (one-tailed Student’s t tests). The irrelevant IgG had no effect on Aβ40 levels. * 

Significantly different from control at p<0.05 in one-tailed Student’s t tests, n=3-4.
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Figure 7. 
Effect of period of incubation with 2B12 at 10 μg/ml on Aβ40 in MOG (A) and SY5Y (B) 

cells. Data are expressed as mean (+/− 1 SEM) % of control (media only) Aβ40 levels as 

detected in a sandwich ELISA. No effect was observed at 3 hours (MOG and SY5Y) or at 6 

hours (MOG). The effect of the antibody was, however, significant at all other time points 

except 6 days (MOG) (one-tailed Student’s t tests). * Significantly different from control at 

p<0.05 in one-tailed Student’s t tests, n=3-4.
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Table 1

Cross-reactivity profile of 2B12 (0.2 μg/ml) against peptides at 1 μg/ml. All values are expressed as % 

absorbance of Ka at 1 μg/ml after conversion to Ka equivalents (ng/ml). ANOVA followed by LSD tests were 

used to detect significant differences at p<0.05.

Compound Ka equivalents
ng/ml

(+/− 1 SEM)

% Cross Reactivity
(+/− 1 SEM)

Ka
a 1041.67 +/− 208.33 -

Kb
b 30.95 +/− 3.28 3.48 +/− 1.26

C99
c,d 2.53 +/− 1.19 0.32 +/− 0.20

Aβ
d 1.05 +/− 0.54 0.13 +/− 0.08

WYATT
c 5.14 +/− 1.37 0.62 +/− 0.31

RAP
d 0.96 +/− 0.63 0.13 +/− 0.09

a
The reaction of 2B12 with Ka was significantly greater than all other peptides.

b
The reaction of 2B12 with Kb was significantly greater than all others except Ka.

c
The reaction of 2B12 with WYATT was significantly greater than Aβ and RAP but not Ka, Kb or C99.

d
There were no significant differences between the cross-reactivity of 2B12 with RAP, Aβ or C99. (n=3).
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Table 2

Viable cell counts for cells treated with either 2B12 or an irrelevant IgG, both at 10μg/ml, expressed as a 

percentage of cell counts of controls (growth media alone). Counts were performed after incubations lasting 

from 3 hours to 6 days. No significant differences (p<0.05) from control were detected in two-tailed Student’s 

t tests, n=3-4.

Incubation period
(days)

Antibody % no. of cells
(+/− 1 SEM)

MOG

3 hrs 2B12 81.2 +/− 7.1

6 hrs 2B12 145.4 +/− 38.4

1 day 2B12 78.1 +/− 15.8

2 days 2B12 79.7 +/− 7.8

3 days 2B12 81.3 +/− 11.2

6 days 2B12 106.1 +/− 3.9

4 days IgG 94.8 +/− 21.9

SY5Y

3 hrs 2B12 109.9 +/− 9.3

6 hrs 2B12 86.7 +/− 16.4

1 day 2B12 129.7 +/− 12.0

2 days 2B12 96.1 +/− 12.2

3 days 2B12 130.2 +/− 17.2

6 days 2B12 103.0 +/− 13.7

4 days IgG 83.2 +/− 6.8
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