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Summary
The αvβ6 integrin is a promising target for cancer therapy. Its expression is up-regulated de novo
on many types of carcinoma where it may activate transforming growth factor-β1 and
transforming growth factor-β3, interact with the specific extracellular matrix proteins and promote
migration and invasion of tumour cells. The viral protein 1 (VP1) coat protein of the O1 British
field strain serotype of foot-and-mouth disease virus is a high-affinity ligand for αvβ6, and we
recently reported that a peptide derived from VP1 exhibited αvβ6-specific binding in vitro and in
vivo. We hypothesized that this peptide could confer binding specificity of an antibody to αvβ6. A
17-mer peptide of VP1 was inserted into the complementary-determining region H3 loop of
MFE-23, a murine single-chain Fv (scFv) antibody reactive with carcinoembryonic antigen
(CEA). The resultant scFv (B6-1) bound to αvβ6 but retained residual reactivity with CEA. This
was eliminated by point mutation (Y100bP) in the variable heavy-chain domain to create an scFv
(B6-2) that was as structurally stable as MFE-23 and reacted specifically with αvβ6 but not α5β1,
αvβ3, αvβ5, αvβ8 or CEA. B6-2 was internalized into αvβ6-expressing cells and inhibited αvβ6-
dependent migration of carcinoma cells. B6-2 was subsequently humanized. The humanized form
(B6-3) was obtained as a non-covalent dimer from secretion in Pichia pastoris (115 mg/l) and was
a potent inhibitor of αvβ6-mediated cell adhesion. Thus, we have used a rational stepwise
approach to create a humanized scFv with therapeutic potential to block αvβ6-mediated cancer
cell invasion or to deliver and internalize toxins specifically to αvβ6-expressing tumours.
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Introduction
Integrins are a family of heterodimeric class I transmembrane receptors that comprise an α
subunit and β subunit in non-covalent association.1 They mediate cell-matrix and cell-cell
interactions involving adhesion, proliferation, migration and invasion. These processes
underpin many normal and pathological events, including embryonic development, wound
healing, inflammation and tumour growth as well as metastasis.1-4

αvβ6 is an epithelial cell-restricted integrin that shows de novo expression in many
carcinomas.2,5-8 Known biological roles of αvβ6 include binding to extracellular matrix
proteins (fibronectin, vitronectin and tenascin), which facilitates migration of αvβ6-
expressing cells,5 and generation of active transforming growth factor (TGF)-β1 and TGF-
β3, which is mediated by αvβ6 binding to the latency associated protein (LAP) of the TGF-
β complex.9 There is growing evidence5 that αvβ6 expression is functionally linked to
malignant progression: elevated expression of αvβ6 is associated with significantly reduced
survival time of patients with colorectal carcinoma,10 those with cervical carcinoma11 and
those with non-small cell lung cancer;12 transcriptional activation of β6 and subsequent
expression of αvβ6 have been observed during the epithelial-mesenchymal transition, which
is thought to allow cells to acquire a more aggressive phenotype,10 and, in oral squamous
cell carcinomas, expression of αvβ6 in a poorly invasive cell line leads to increased
migration on fibronectin and invasion through a reconstituted basement membrane.13 These
accumulated data strongly indicate a pro-invasive role for αvβ6 and, combined with the
evidence of selective tumour expression,2,5-8 make αvβ6 a very promising new target for
cancer treatment.

Antibodies have had notable success in targeting tumour cell surface antigens.14 Current
clinical use is mainly restricted to monoclonal antibodies (murine or humanized), but
recombinant antibody-based treatments are becoming increasingly available and offer
exciting new possibilities.15,16 We aimed to engineer a recombinant antibody with potential
to inhibit the biological activity of αvβ6 and to deliver a toxic payload specifically to αvβ6-
expressing cancer cells. The single-chain Fv (scFv) antibody fragment format was selected
because scFvs are the smallest fragment to retain the full binding structure of a native
antibody, and they are readily engineered to express as fusion proteins with natural effectors
or toxic agents.15,16 scFv consist of the variable heavy-chain (VH) and variable light-chain
(VL) regions of an antibody tethered by a flexible linker. Each scFv contains six
complementarity-determining regions (CDRs) of varying lengths and sequence; these
determine antigen recognition and are stabilized by relatively conserved framework regions.
We reasoned that an αvβ6 ligand could function as a CDR if suitably engineered into
supporting scFv frameworks.

The viral protein 1 (VP1) of the foot-and-mouth disease virus (FMDV) serotype O1 British
field strain17 is a known ligand for αvβ6. In cattle, the integrin is expressed constitutively
on certain normal epithelial cells where it is thought to act as receptor for attachment and
uptake of the virus.18-20 Tropism of the FMDV for αvβ6 is mediated in part by the
arginine-glycine-aspartic acid (RGD) sequence followed by two leucines (L) to give an
RGDLXXL motif.21 Potency and specificity of VP1 for αvβ6 are remarkably high and
surpass that of the LAP.21-23
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FMDV peptides have been shown for many years to inhibit integrin functions; more
recently, 17-mer and 20-mer peptides of VP1 containing an RGDLXXL motif were
identified as potent inhibitors of FMDV binding to purified αvβ6 and to αvβ6-expressing
cells (Ref. 21 and references therein) and a 20-mer VP1 peptide (A20FMDV2) with this
motif that inhibited binding of αvβ6 to LAP.24 We proposed that this evolutionary-
optimized VP1 sequence could be exploited to define binding specificity of an antibody to
αvβ6. MFE-23, an existing scFv, was selected as a scaffold to test this hypothesis. MFE-23
is a favourable starting point as it is structurally well defined,25 including its interaction
with cognate antigen, carcinoembryonic antigen (CEA), and it has a proven high
performance in a number of clinical trials.26-30 The third variable loop of the heavy chain
(CDR-H3) of MFE-23 provides the major site of interaction with CEA, as assessed by
mutagenesis,31 and was therefore the preferred site for insertion.

We describe a series of anti-αvβ6 scFvs generated by insertion of a 17-mer peptide of VP1,
comprising the inhibiting 20-mer peptide24 minus the first N-terminal and two C-terminal
residues, into CDR-H3. First the murine MFE-23 was used as a scaffold because this
enabled direct structural and functional comparisons of the new anti-αvβ6 scFvs with an
existing well characterized molecule. We then showed that the murine scaffold was
exchangeable with a humanized framework and that αvβ6 binding was maintained. The
humanized anti-αvβ6 scFv has potential as a therapeutic to inhibit αvβ6-mediated functions
or to specifically target αvβ6-expressing tumours.

RESULTS
Changing the target specificity of MFE-23 from anti-CEA to anti-αvβ6

DNA encoding the 17-mer peptide sequence from A140 to A156 of VP1 was inserted at the
tip of CDR-H3 of MFE-23, between T98 and G99 (Kabat nomenclature) as depicted in Fig.
1, to generate the gene for B6-1, the first of a series of anti-αvβ6 scFvs. B6-1 protein was
expressed and purified from Escherichia coli and when tested by ELISA showed
concentration-dependent binding to αvβ6 (Fig. 2a). In agreement with cation-dependent
integrin-ligand binding, B6-1 did not bind in the presence of ethylenediaminetetraacetic acid
(EDTA) (Fig. 2b). Binding of the B6-1 scFv to αvβ6 on the surface of cells was investigated
by flow cytometry using αvβ6 positive A375Pβ6 cells in comparison with A375Ppuro
αvβ6-negative cells. The results demonstrated specific concentration-dependent binding of
B6-1 to the β6-transfected cells as illustrated in Fig. 2c (bottom left panel). Observed
fluorescence shifts were similar for B6-1 at 5- and 0.5 μg/ml concentrations, indicating that
B6-1 reached almost-saturation levels of binding at 0.5 μg/ml. Tropism for αvβ6 was shown
to be mediated by the inserted VP1 peptide because the parent scFv, MFE-23, did not bind
to either of these cell lines (Fig. 2c, top left and top right panels).

Lack of binding of B6-1 to A375Ppuro cells indicates specificity for αvβ6, because
although A375Ppuro cells do not express avb6, they do express other RGD-directed
integrins, namely, αvβ8, αvβ5, αvβ3 and α5β1, at levels similar to those with the β6-
expressing A375Pβ6 cells (Fig. 3a). The lack of detectable binding of B6-1 to A375Ppuro
cells indicates that, as far as is detectable by flow cytometry, B6-1 did not cross-react with
the other four integrins. These findings were consistent with experiments showing that B6-1
did not bind to immobilized αvβ3 on ELISA plates, although a strong signal was obtained
with αvβ6 (Fig. 3b). The parent scFv, MFE-23, did not bind to either αvβ3 or αvβ6.
Immobilization of both integrins to the wells was confirmed with an anti-αv antibody (Fig.
3b). In further support of the specificity of B6-1 binding to αvβ6, we investigated whether
this binding could be inhibited by the function-blocking anti-αvβ6 antibody 10D5 or the 20-
mer VP1 peptide24 that contains amino acids identical with the 17-mer inserted into the VH
CDR3 loop of MFE-23 to give B6-1. Figure 3c shows that the function-blocking anti-αvβ6
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antibody and the 20-mer VP1 peptide inhibited binding of B6-1 to immobilized αvβ6. The
function-blocking anti-αvβ3 antibody, however, was not an inhibitor in this assay. Binding
of B6-1 to αvβ6 was also inhibited by the function-blocking anti-αvβ6 antibody when αvβ6
was expressed on the surface of cells that also expressed integrins αvβ8, αvβ5, αvβ3 and
α5β1 (Fig. 3d). However, in the same experiments, the function-blocking anti-αvβ3
antibody had no inhibitory effect on this binding. These data provide further support of the
specificity of B6-1 for αvβ6.

Next, we investigated whether B6-1 could functionally inhibit αvβ6-dependent migration of
cells to LAP. We used VB6 cells as their migration towards LAP is solely mediated through
αvβ6.32 The function-blocking αvβ6 specific antibody 10D5 was used as a positive control
(Fig. 4a and b). Inhibition potential of the scFv B6-1, was compared with the 20-mer VP1
peptide A20FMDV2.24 Addition of 50 μg/ml (1.75 μM) of B6-1 to VB6 cells was shown to
considerably inhibit migration towards LAP when compared to MFE-23 (Fig. 4a). Inhibition
was concentration dependent (Fig. 4b) and apparent at 100 nM, whereas the peptide showed
no inhibition when used at 10-fold higher concentrations, i.e. at 1 μM (Fig. 4c). The peptide
inhibited migration of VB6 cells when used at 10 or 100 μM (Fig. 4c). In this assay,
therefore, the scFv B6-1 was more potent than the 20-mer VP1 peptide. Taken together, the
experiments with B6-1 confirmed our hypothesis that a peptide sequence from VP1 could be
used to create a biologically active anti-αvβ6 scFv.

Elimination of residual binding to CEA
The reactivity of the B6-1 parental scFv (MFE-23) was directed against CEA; therefore,
binding of B6-1 to CEA was investigated. ELISA experiments showed residual
concentration-dependent reactivity of B6-1 with CEA (Fig. 3a, middle panel), although
considerably below that obtained with MFE-23 (Fig. 5a, left panel). This was addressed by
introduction of a Y100bP mutation in CDR-H3, yielding a second scFv, B6-2, which was
expressed in E. coli and in the yeast Pichia pastoris. The size-exclusion chromatographic
profiles of the expressed proteins from both organisms were superimposable (Fig. 5b) and
showed that B6-2 eluted as two distinct peaks, representing the monomeric form and a non-
covalently associated dimeric form of the scFv. The monomeric form was used for all
subsequent experiments and when tested by ELISA showed no binding to CEA (Fig. 5a,
right panel). Consistent with ELISA, B6-2 also showed no binding to the CEA-expressing
LS174T cells as the observed fluorescence intensity was equal to that of the omission
control (Fig. 5c). These results indicate that the Y100bP mutation in B6-2 had successfully
eliminated all residual binding of the scFv to CEA. In addition, the Y100bP mutation did not
cause cross-reactivity with αvβ3, as shown by ELISA (Fig. 3b), or with αvβ8, αvβ5, αvβ3
and α5β1, as shown by lack of binding to A375Ppuro cells (which express these integrins;
see ‘Changing the target specificity of MFE-23 from anti-CEA to anti-αvβ6′) by flow
cytometry (Fig. 5d). This mutation had also no detrimental effects on biological activity,
because B6-2 bound as least as well as B6-1 to immobilized αvβ6 6 in ELISA (Fig. 3b) and
was able to inhibit αvβ6-mediated cell migration towards LAP in the Transwell assay in a
similar manner as B6-1 (Fig. 4a and c).

Interestingly, although B6-1 binding to immobilized CEA on ELISA was substantially
below that of MFE-23, this was not the case when the scFvs were tested by flow cytometry
on CEA-expressing cells. Here, experiments showed that B6-1 bound to the human colon
adenocarcinoma cell line LS174T with a shift in fluorescence intensity only slightly below
that of MFE-23. The gated cells that are present in the fluorescence intensity window of
7×101−104, as indicated in Fig. 5c, were 31.6% for MFE-23 and 26.0% for B6-1.
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Structure and stability of B6-2
We investigated whether insertion of the 17-mer VP1 peptide and subsequent Y100bP
mutation had affected the structure and stability of the protein in comparison with MFE-23.
The B6-2 second derivative Fourier transform infrared (FT-IR) spectrum showed a strong
band at 1635 cm−1, in agreement with a protein which consists mainly of β-sheet and as
shown previously in the X-ray structure of MFE-23.25 Indeed, the spectra of B6-2 and
MFE-23 were superimposable as shown in Fig. 6a, indicating that insertion of the VP1
peptide was not detrimental to protein structure. The intensity of the β-sheet band at 1635
cms−1 was used to monitor stability of the protein, because with increasing temperature, this
band will reduce in intensity as an indicator of the protein denaturation. Recording of the
denaturing curve and fitting to a sigmoidal curve gave a midpoint of denaturation of 45 °C
for B6-2 (Fig. 6b). For MFE-23, this temperature was 47 °C, as was previously reported.33
The FT-IR results confirmed that B6-2 had very similar stability to the parent scFv.

Internalization of B6-2 into β6-transfected A375P cells
For drug development, it is important to know whether the scFv has potential to internalize
specifically into cells expressing αvβ6. Therefore, we next investigated whether binding of
B6-2 to αvβ6 on the cell surface resulted in internalization of the scFv. A375Pβ6 cells were
incubated with B6-2 at 4 °C to allow adsorption but prevent endocytosis. After they were
washed, cells were incubated at 37 °C to follow the internalization of surface-bound scFv.
Results demonstrated that after 10 min of incubation at 37 °C, the B6-2 scFv (red in Fig. 7)
was predominantly localized to the plasma membrane (Fig. 7b-d). However, after 3 h of
incubation, in addition to some plasma membrane staining, B6-2 localized to numerous
intracellular puncta (Fig. 7f-h). B6-2 was also found to localize to similar puncta at 30-min
and 1-h time points (data not shown). Control images acquired using identical conditions
with the αvβ6-negative A375Ppuro cells showed little or no internalisation at 10 min (Fig.
7j-l) or 3 h (Fig. 7n-p). There was also no significant signal with the αvβ6-positive cells
when B6-2 was omitted from the experiment (data not shown). These results indicated that
binding of B6-2 was specific for αvβ6 on the cell surface and that binding to αvβ6 was
followed by internalization.

Humanization
Although we had successfully demonstrated that B6-2 had the required properties of its
rational design, the MFE-23 scaffold used to create B6-2 is murine in origin and is
predicated to lead to production of human anti-mouse antibodies if used repeatedly in
patients. We therefore set out to create a humanized version of B6-2 using the previously
described stabilized humanized MFE-23 (shMFE)34 as a scaffold.

B6-3, the humanized variant and third of the series of anti-αvβ6 scFvs, was expressed by P.
pastoris with a yield of 115 mg/l after initial expanded-bed immobilized metal-affinity
chromatography (IMAC). Interestingly, unlike B6-2, which was largely obtained in
monomeric form (Fig. 5b), the B6-3 protein formed predominantly a non-covalent dimer
when analyzed by size-exclusion chromatography (data not shown). The purified dimer
retained a single peak after freeze thawing (Fig. 8a) and was remarkably stable in dimeric
form in that it was not separated into monomer by either 3 M urea, or acidic and basic pH.

B6-3 bound to immobilized αvβ6 in ELISA in a similar fashion to B6-2 (Fig. 8b).
Furthermore, B6-3 inhibited the αvβ6-dependent adhesion of [51Cr]αvβ6-expressing
3T3β6.19 fibroblasts to LAP in a concentration-dependent manner (Fig. 8c). The potency of
the dimeric B6-3 as an inhibitor (IC50 = 196.2±27.6 nM) was higher than that of the
A20FMDV2 VP1 peptide (IC50 = 589.6±101.0 nM) and that of the monomeric scFv, B6-2
(IC50 = 483.5±40.5 nM). MFE-23 was used as a negative control in these experiments and
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showed no inhibition of adhesion. The10D5 murine αvβ6 function-blocking antibody was
used as a positive control (Fig. 8c).

DISCUSSION
The αvβ6 integrin is an emerging cancer target that is expressed on epithelial cells and
associated with extracellular matrix interactions. We aimed to engineer a recombinant scFv
antibody with specificity for αvβ6, and we used an evolutionarily optimized RGDLXXL-
containing 17-mer sequence from FMDV to achieve this goal. We first showed that the
peptide could alter the tropism of MFE-23, an anti-CEA scFv, when inserted into CDR-H3.
It was predicted that the peptide would confer specificity to αvβ6 because, in β6-transfected
cells, αvβ6 functions as the major receptor for virus attachment, whereas other epithelial
expressed integrins, namely, α5β1 and αvβ5, appear not to have a role.35 Our results
confirmed the predictions because, when the 17-mer was inserted into MFE-23, the resulting
scFv loop variant (B6-1) was specific for αvβ6 and inhibited its biological activity.

The next stage was to detect and eliminate any residual binding of the scFv to CEA. This
was readily achieved by the Y100bP mutation in the VH domain to create a non-CEA
binding variant, B6-2. The mutation was based on previous work that showed that binding
of MFE-23 to CEA was abolished by this mutation.31 The interaction of MFE-23 with CEA
was predicted from the MFE-23 crystal structure and from modelling.25,36 Reassuringly, in
our current experiments, FT-IR analysis indicated that insertion of VP1 and Y100bP
mutation was not detrimental to the overall structure of the scFv. Stability is of major
importance for therapeutics, and FT-IR showed that B6-2 was of similar stability to parent
scFv, MFE-23, which has been used successfully in the clinic.

Having established proof of concept by comparison of our anti-αvβ6 scFvs with the well-
characterized MFE-23, we set out to address the issue of potential immunogenicity. B6-2 is
of murine origin, and our ultimate aim was to create an scFv with potential to deliver cancer
therapy; therefore, the last stage was to create a humanized version of B6-2. A rational basis
for humanizing mutations had been provided by comparison of the X-ray structure of
MFE-23 with a human analogue that suggested 28 surface residues suitable for
humanization.25 These residues, when introduced into MFE-23, combined with three
additional mutations produced shMFE.34 In our current study, shMFE was shown to be a
suitable scaffold for insertion of the VP1 peptide. B6-3, the resulting humanized scFv, was
naturally almost entirely dimeric and appeared to be a better inhibitor of αvβ6-dependent
cell binding to LAP than the VP1 peptide, A20FMDV2, or the monomeric scFv, B6-2.
scFvs are readily amenable to genetic manipulation, resulting in variants with higher affinity
or specificity for target, for example, as we have shown with shMFE using yeast display.34
Therefore, as it is beyond the scope of this current study, future work could include creation
of optimized humanized anti-αvβ6 antibodies, fully characterized in terms of integrin cross-
reactivity. This could be achieved by using libraries of scFvs with CDRs grafted with
different peptides, loop lengths or flanking regions37 and by utilizing further CDR loops.
The system also has potential for peptide insertion into other protein scaffolds.

The loop grafting approach to making a new humanized scFv that we have taken is unusual.
Antibodies with specificity for their target have been classically obtained by hybridoma
screening technology after immunization with the antigen38 or, in the case of scFvs, by
phage technology where repertoires of scFvs are displayed on the surface of filamentous
bacteriophage and screened for binding to antigen.39 There are a small number of antibodies
reported to have been successfully generated using a structure-based approach, although
usually by replacement of CDR loops rather than addition of amino acids to these loops. For
example, a DNA-binding antibody has been generated by replacing CDR-H3 with a
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sequence from a class B basic helix-loop-helix protein.40 In a further study, peptides of the
cellular prion protein, believed to be involved in binding to the abnormal scrapie prion
protein conformation, were grafted into CDR-H3 of an immunoglobulin G (IgG) antibody
that is specific for the envelope glycoprotein of HIV-1.41 The resultant antibodies bound
specifically to disease-associated conformations of prion protein and not to the HIV-1
envelope. In some cases, the functional activity of peptide-grafted antibodies has been
improved by simultaneous grafting more than one peptide into various CDR loops. An anti-
tumor necrosis factor(TNF)-α domain antibody, for example, was obtained by displaying
simultaneously three peptides on the VH region of a human antibody.42 The antibody bound
to TNF-α and inhibited the interaction of TNF-α with its two receptors, TNFR1 and
TNFR2, reduced the TNF-α-mediated cytotoxicity and inhibited TNF-α-mediated caspase
activity. In another instance, a peptide with cMpI receptor-binding capability was first
grafted individually into different CDRs of a fully human scaffold.37 Optimal presentation
within the scaffold was selected by randomising two amino acids flanking each end of the
grafted peptide and phage display and biopanning. A Fab fragment with two peptides
showed agonistic activity in an in vitro cMpI receptor signaling assay and was able to
effectively stimulate platelet production in mice.

In our study we added a 17-mer peptide of VP1 to the existing CDR-H3 of MFE-23. We
reasoned that this would give maximal accessibility for binding to αvβ6, based on the X-ray
structure of FMDV, which revealed that the αvβ6-recognizing RGDLXXL motif is located
on a long highly mobile loop between β-strands G and H and forms a self-contained unit.17
Similarly, in fibronectin, a further ligand for αvβ6, the RGD loop is highly mobile,
protruding from the rest of the 10th type III module.43 The insertion of a target-binding
peptide sequence into an existing loop is a rather rarely used approach. Two previous
examples are the insertion of three RGD repeats into the CDR3 of an immunoglobulin
human/mouse chimeric heavy chain to create a chimeric antibody that recognized
specifically the integrin αvβ344 and the insertion of a peptide from the CD4 receptor to give
an antibody that was subsequently used as an immunogen to generate murine monoclonal
antibodies to the receptor.45 However, to our knowledge, the CDR insertion method has not
been previously used to create function-blocking recombinant scFvs.

B6-3, the rationally designed humanized scFv created with our approach, has potential to
form the basis for new anti-cancer therapies because its target, the αvβ6 integrin, is linked
with carcinoma progression due to its ability to modulate invasion, inhibit apoptosis,
regulate protease expression and activate TGF-β1 and TGF-β3. B6-3 could be used to
specifically deliver toxic agents since αvβ6 is de novo expressed on various cancerous
tissues, and the scFvs we created were specifically internalized into αvβ6-expressing cells.

We have also shown that the MFE-23 scFv can be modified to provide a stable non-CEA-
binding humanized scaffold. This has potential to provide a platform technology for creating
scFvs to a range of targets, in particular, when the specificity-determining region of the
ligand is known and can be exploited as a CDR. In theory, other CDRs may be employed
and higher specificity/affinity obtained by mutation and selection using standard antibody
engineering technology.46

Materials and Methods
Antibodies

Murine monoclonal antibodies to αvβ3 (LM609), αvβ6 (10D5), α5β1 (P1D6) and αv
(P3G8) were purchased from Chemicon International. Antibodies to αvβ5 (P1F6) and αvβ8
(14E5) were generous gifts from Drs. Dean Sheppard and Steve Nishimura (University of
California, San Fransisco, San Fransisco, CA), respectively. Antibody W6/32 (anti-major
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histocompatibility complex class 1) was a generous gift from Sir W. Bodmer (Institute of
Molecular Medicine, Oxford). MFE-2325,26 and shMFE34 were described previously;
polyclonal rabbit anti-MFE IgG antibody was produced in the University College London
Department of Oncology.

Three-dimensional protein visualisation
The X-ray structure of MFE-23 (Protein Data Bank code 1QOK)25 was visualized in Insight
II (Accelrys) on a Silicon Graphics workstation.

Primer synthesis and sequence analysis
All primers were ordered from and sequencing reactions were performed by MWG (Biotech
AG).

Cell lines
A375Pβ6 is an αvβ6-positive cell line obtained by retroviral transduction of melanoma cells
with human β6 cDNA and the puromycin-resistance gene as described previously.24
Control A375Ppuro cells were transduced with the puromycin-resistance gene alone.24 VB6
is a well-characterized αvβ6-expressing oral squamous cell carcinoma cell line.47

Nomenclature
B6-1 is MFE-23 with a 17-mer peptide of VP1 inserted into CDR-H3 to confer αvβ6
reactivity. B6-2 is B6-1 with additional Y100bP in the VH domain. B6-3 is a humanized
version of B6-2.

E. coli expression
The gene encoding the B6-1 scFv was constructed by PCR insertion of a 51-bp fragment,
encoding a 17-mer peptide harboring the αvβ6-binding sequence of VP1, into CDR-H3 of
MFE-23 (Fig. 1). First, the 5′ fragment was constructed using primers: VH B6-1 sense 5′-
CATGCCATGGCCCAGGTGAAACTG-3′ containing an NcoI site (underlined in bold)
and VH B6-1 anti-sense 5′-
GCGCCAGCACCTGCAGATCACCTCGCAGATTCGGAACTGCAGTCGGAGTCCCCT
CATTAC-3′ containing parts of the αvβ6-binding motif. Second, the 3′ B6-1 fragment was
constructed using primers: VL B6-1 sense 5′-
CTGCGAGGTGATCTGCAGGTGCTGGCGCAGAAAGTTGCAGGGCCGTACTACTTT
GACTACTG-3′ containing overlapping regions with VH B6-1 anti-sense primer (shown
underlined) and the remaining parts of the αvβ6-binding motif and VL B6-1 anti-sense 5′-
ATAGTTTAGCGGCCGCCCGTTTCAGCTC-3′ containing a NotI site (bold and
underlined). Finally, the PCR products from the first two reactions were used as templates
and amplified with the primers: VH B6-1 sense and VL B6-1 anti-sense to give the full-
length B6-1 gene flanked by NcoI and NotI sites. The final PCR product was cloned NcoI/
NotI (downstream of a PelB leader sequence) into the respective sites of a pUC119
derivative with a C-terminal hexahistidine tag (His-tag).48 The fragment encoding B6-1 in
the resulting plasmid (pB6-1) was verified by DNA sequencing.

TheY100bP mutation in VH B6-1 was introduced by site-directed mutagenesis of pB6-1
using 5′-GTTGCAGGGCCGTACCCGTTTGACTACTGGGGC-3′ sense and 5′-
GCCCCAGTAGTCAAACGGGTACGGCCCTGCAAC-3′ anti-sense primers (proline
encoding nucleotide sequence is shown in bold) to give pB6-2. Success of mutation was
confirmed by DNA sequencing.
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The pB6-1 and pB6-2 plasmids were electroporated into competent E. coli TG1 cells and
grown on agar plates containing 2x YT, 50 μg/ml ampicillin and 1% glucose at 37 °C.
Single colonies were used to inoculate 5 ml of 2x YT, 50 μg/ml ampicillin and 1% glucose.
After overnight incubation, the cultures were used to inoculate (1:500) 2x 500ml of 2x YT,
50 μg/ml ampicillin and 0.05% glucose. The 500-ml cultures were grown at 37 °C until
OD600 was 0.9, at which point protein expression was induced by addition of 1 mM IPTG
(isopropyl-β-D-thiogalactoside), and growth was continued at 30 °C overnight. The
supernatant (approximately 1 l) was separated from the cells by centrifugation at 16,000g for
25 min at 4 °C, further clarified by filtration through 0.2 μm membranes (Nalgene), dialyzed
into phosphate-buffered saline (PBS) and adjusted to 1 M NaCl. B6-1 and B6-2 scFvs were
purified from the dialyzed supernatant by IMAC as follows. 10 ml of Cu2+-charged
Streamline™ chelating resin (GE Healthcare) was incubated with the above supernatant,
under agitation. After 1 h at room temperature, the resin was washed with 1 M NaCl/PBS,
pH 7.4, followed by 40 mM imidazole, pH 7.4. Bound proteins were eluted with 200 mM
imidazole, pH 7.4, dialyzed against Tris-buffered saline (TBS), pH 7.5, concentrated by an
Amicon stirred cell with a YM3 membrane (Millipore) and further purified by Superdex 75
(125-ml bed volume; GE Healthcare) size-exclusion chromatography in TBS, pH 7.5. The
column was calibrated with molecular-weight standards, ovalbumin (44,000), carbonic
anhydrase (29,000), and myoglobin (17,000).

P. pastoris expression
The plasmid harbouring the B6-3 gene was constructed essentially as described above for
B6-1 but with the variation that shMFE34 was used as a starting scFv and the Y100bP
mutation was included in the second PCR step. Primers used for the 5′ fragment were: VH
B6-3 sense 5′–CATGCCATGGCCCAAGTTAAACTGGAACAGTCC-3′ (NcoI site, bold
and underlined) and VH B6-3 anti-sense 5′-
GAGCCAGCACCTGCAGATCACCTCGCAGATTCGGAACTGCAGTTGGTGTCCCTT
CGTTGC-3′. Primers used for the 3′ fragment were: VL B6-3 sense 5′-
CTGCGAGGTGATCTGCAGGTGCTGGCTCAGAAAGTTGCAGGTCCTTACCCTTTC
GACTACTGGGGACAAGG-3′ (overlap with VH B6-3 anti-sense, underlined; Y100bP
mutation, bold and underlined) and VL B6-3 anti-sense 5′-
ATAGTTTAGCGGCCGCAGCCTTGATTTC-3′ (NotI site, bold and underlined). VH
B6-3 sense and VL B6-3 anti-sense were used to generate the full-length B6-3 gene that was
cloned NcoI/NotI into the pUC119 derivative as above. The fragment encoding B6-3 in the
resulting plasmid (pB6-3) was verified by DNA sequencing. The pB6-2 and pB6-3 plasmids
were digested with SfiI and NotI and cloned into equally digested pPICZαBHis or
pPICZαBCysHis vectors, respectively, for expression in yeast. The vectors are modified
from pPICZαB vector (Invitrogen) in that they do not express the myc-tag;
pPICZαBCysHis also contains a Cys immediately before the six His residues. The plasmids
were linearized with PmeI and transformed into electrocompetent X33 cells (Invitrogen) by
electroporation. Transformants were grown on YPDS and Zeocin (100 μg/ml, Invitrogen)
plates. Single colonies were screened by PCR with the 5′AOX and 3′AOX primers
(Invitrogen) to confirm insertion of pB6-2 or pB6-3 in the yeast AOX1 gene. Positive clones
were selected and screened for methanol-induced protein expression according to the
manufacturer’s recommendation (Invitrogen). Clones with the highest protein expression
were used to produce seed lots for medium-scale protein production by fermentation with
initial purification using expanded bed adsorption IMAC essentially as previously described.
49,50 His-tagged scFvs in the 200 mM imidazole IMAC eluate were further concentrated by
application to a 1 ml Ni2+-charged HiTrap IMAC HP column (GE Healthcare) according to
the manufacturer’s instructions. The eluted proteins were finally purified by size-exclusion
chromatography on a Superdex 75 column (125 ml bed volume) in PBS, pH 7.4.
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SDS-PAGE
Proteins were analyzed by SDS-PAGE using Tris/glycine gels (12%, Invitrogen) and stained
with Coomassie brilliant blue (R250).

Binding of MFE-23 CDR-H3 variants to immobilized αvβ6 and αvβ3 by ELISA
Ninety-six-well plates (Nunc-Immuno™ Plates, Maxi Sorp, Nalgen Nunc International)
were coated with either 3 μg/ml of αvβ6 or αvβ3 (Chemicon International) in TBS, pH 7.5.
The αvβ6 was prepared from CHO αvβ6 cells (a kind gift from Dr Dean Sheppard,
University of California, San Fransisco) to approximately 95% purity as described
previously51 (Supplementary Fig. 1). The αvβ3 was validated by the supplier as functional
for ligand binding (vitronectin, von Willebrand Factor, fibrinogen, and fibronectin) in
ELISA. Plates were washed two times with 0.1 % Tween-20 (in TBS) followed by eight
washes with TBS and blocked with 5% skimmed dried milk in TBS. All subsequent washes
were performed in a similar manner but using TBS containing 1 mM MgCl2, 1 mM MnCl2
and 1 mM CaCl2 (TBSM). Secondary and tertiary antibodies for MFE-23 derived scFvs
were rabbit anti-MFE-23 IgG (1:1000 dilution) and horseradish peroxidise (HRP)-
conjugated goat anti-rabbit IgG (1:1000 dilution; Sigma), respectively. The secondary
antibody for mouse anti-αv was sheep HRP-labeled anti-mouse IgG (1:1000 dilution; GE
Healthcare). Plates were washed between each incubation. HRP was detected with o-
phenylenediamine dihydrochloride (Sigma) in citrate buffer, pH 5.0, and the reactions were
stopped with 4M HCl. Absorbance was read at 490 nm on a plate reader (OPSYS MR,
Dynex Technologies). All incubations were performed for 1 hr at room temperature.
Incubation volumes were 100 μl/well except for the blocking steps which contained 150 μl/
well. scFvs and detection antibodies were applied in 1% skimmed dried milk in TBSM. In
experiments testing the metal ion dependence of the anti-αvβ6 scFvs, the diluent was TBS
containing 5 mM EDTA, pH 7.5, and all washing steps included 5 mM EDTA.

Inhibition of binding of B6-1 to immobilized αvβ6 by ELISA
Ninety-six-well plates were coated with 3μg/ml of αvβ6, washed and blocked. The wells
were subsequently incubated with 100 nM of anti-αvβ6, anti-αvβ3 or 20-mer VP1
peptide24 for 15 min, followed by the addition of 50 ng (in 1μl) of B6-1 and incubation for
a further 30 min. B6-1 and MFE-23 were used without inhibitors as positive and negative
controls, respectively. The secondary and tertiary antibodies were rabbit anti-MFE-23 IgG
and HRP-conjugated goat anti-rabbit IgG, respectively. Washing, blocking and detection of
bound B6-1 were performed as described in ‘Binding of MFE-23 CDR-H3 variants to
immobilized αvβ6 and αvβ3 by ELISA’.

Binding of scFvs to immobilized CEA by ELISA
Plates were coated with 1 μg/ml CEA in PBS, washed twice with PBS on an automatic plate
washer (Thermo Labsystems) and blocked with 5% skimmed dried milk in PBS. B6-1, B6-2
or MFE-23 was added to the wells in triplicate, followed by: automatic washing as above,
incubation with rabbit anti-MFE-23 IgG (1:1000 dilution), automatic washing with 0.1%
Tween-20/PBS (x2) and H2O (x4), incubation with HRP-conjugated goat anti-rabbit IgG
(1:1000 dilution) and automatic washing with 0.1% Tween-20/PBS (x2) and H2O (x4).
Binding was detected with o-phenylenediamine dihydrochloride, and absorbance read at 490
nm. Plates, incubation volumes and absorbance readings were as described in ‘Binding of
MFE-23 CDR-H3 variants to immobilized αvβ6 and αvβ3 by ELISA’. scFvs and
subsequent antibodies were applied in 1% skimmed dried milk in PBS.
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Flow cytometric analysis of scFv binding to CEA-expressing cells
LS174T cells were trypsinized. On average, 5 × 105 cells were incubated with 50 μg/ml of
B6-1, B6-2 or MFE-23 and washed with PBS. Binding was detected by incubation with
rabbit anti-MFE-23 IgG (1:100 dilution), followed by: washing with PBS, incubation with 1
μg of R-Phycoerythrin (R-PE)-conjugated goat anti-rabbit IgG (Invitrogen) and washing
with PBS. All incubation steps were carried out for 60 min at 4 °C in 100 μl PBS containing
0.1% (w/v) bovine serum albumin (BSA) and 0.1 % (w/v) sodium azide. In control
experiments, the rabbit anti-MFE-23 IgG was omitted. Cells were fixed (IntraStain kit,
DakoCytomation) and analyzed by flow cytometry on a FACSCalibur™ cytometer (Becton
Dickinson).

Flow cytometric analysis of scFv binding to αvβ6-expressing cells
A375Pβ6 and A375Ppuro cells were washed once in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 0.1% (w/v) BSA and 0.1% (w/v) sodium azide (DMEM
0.1/0.1). Cells (~2 × 105) were then transferred to individual wells of V-bottomed 96-well
plates and mixed with 50 μl of B6-1 or MFE-23 at various concentrations or 10D5
(Chemicon International) at 10 μg/ml and incubated at 4 °C for 60 min. Secondary and
tertiary antibodies for B6-1 were mouse Tetra-His antibody (Qiagen) diluted 1:1000 in
DMEM 0.1/0.1 (incubated 35 min at 4°C) and Alexa Fluor 488®-conjugated goat anti-
mouse IgG (Invitrogen) diluted 1:200 in DMEM 0.1/0.1 (incubated 30 min at 4°C),
respectively. The secondary antibody for 10D5 was Alexa Fluor 488®-conjugated goat anti-
mouse IgG and used as above. Washes between incubations were carried out two times with
150 μl DMEM 0.1/0.1 and three times after the final incubation step. Binding of B6-2 and
MFE-23 (at 50 μg/ml) to these cells shown in Fig. 5d was detected with rabbit anti-MFE-23
IgG (1:1000 dilution) followed by R-PE-conjugated goat anti-rabbit IgG (1μg/ml). For
analysis on a LSR-1 FACS flow cytometer (Becton Dickinson) using CellQuest software,
cells were transferred to 5 ml centrifuge tubes (BD Falcon 352054, supplied by VWR).

Flow cytometric characterisation of integrin expression
A375Ppuro and A375Pβ6 cells were trypsinized, resuspended in DMEM 0.1/0.1 to ~2 × 105

cells/50 μl and mixed with 50 μl of anti-integrin antibodies (at 10 μg/ml). After 45 min at 4
°C, the cells were washed twice with DMEM 0.1/0.1 and bound antibodies were detected
with 50 μl of 1:200 dilutions of Alexa Fluor 488®-conjugated goat anti-mouse IgG
antibodies (Invitrogen) for 30 min at 4 °C. After two washes, samples were analyzed by
flow cytometry as described in ‘Flow cytometric analysis of scFv binding to αvβ6-
expressing cells’. Negative controls received similar concentrations of mouse IgG
(DakoCytomation).

Flow cytometric analysis of inhibition of binding of B6-1 to αvβ6-expressing cells
A375Pβ6 cells were trypsinised, re-suspended in DMEM 0.1/0.1 to ~5×105 cells/100 μl and
incubated with various concentrations of anti-αvβ6 or anti-αvβ3 for 15 min at 4 °C. Fifty
nanograms of B6-1 (in 1 μl PBS) was subsequently added, and the cells were incubated for
a further 30 min at 4 °C. Bound B6-1 was detected with rabbit anti-MFE-23 IgG (1:1000
dilution) followed by R-PE-conjugated goat anti-rabbit IgG (1μg/ml). Positive control
experiments that used B6-1 and negative experiments that used MFE-23 only (both at 50 ng/
100 μl) were also performed. Detection antibodies were incubated for 45 min at 4 °C, and
all incubations were followed by washing with DMEM 0.1/0.1. Cells were fixed and
analyzed as described in ‘Flow cytometric analysis of scFv binding to CEA-expressing
cells’.
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Immunofluorescence microscopy of internalized B6-2
A375Pβ6 and A375Ppuro cells (~2 × 105) were trypsinized, re-suspended in DMEM
containing L-glutamine and supplemented with 10% heat-inactivated fetal bovine serum,
seeded on to glass coverslips in 2 ml of the above media and incubated for 48 h at 37 °C.
The media were exchanged with DMEM containing 1% heat-inactivated fetal bovine serum
(DMEM 1) and 50 μg/ml B6-2 and incubated for 0 min, 10 min, 30 min, 1 h or 3 h at 37 °C.
In a further set of experiments, cells were first pre-incubated at 4 °C for 1 h in DMEM 1
containing 50 μg/ml of B6-2, followed by removal of the scFv-containing supernatant and
subsequent incubation in DMEM 1 at 37 °C for the same times as above. After incubation,
the cells on the coverslips were washed twice in PBS, containing 2 mM Ca2+ and 1 mM
Mg2+, followed by: fixation in 4% paraformaldehyde/PBS for 20 min on ice, washing and
incubation with 10 mM ammonium chloride for 10 min at room temperature,
permeabilization with 0.1% Triton X-100 for 5 min, blocking with 3% (w/v) BSA/PBS for
20 min at room temperature, staining with 10 μg/ml rabbit anti-mouse IgG (Jackson
Immuno Research) in 1% (w/v) BSA/PBS and staining with Alexa Fluor 546® labeled goat
anti-rabbit IgG (Invitrogen), containing Hoechst trihydrochloride (1:5000) in 1% (w/v)
BSA/PBS. Coverslips were lastly mounted on slides using ProLong Gold antifade
(Invitrogen) and examined using a Zeiss LSM 510 Meta laser scanning confocal microscope
(Zeiss).

Cell migration assay
Haptotactic cell migration assays were performed using matrix coated polycarbonate filters
(8 μm pore size, Transwell®, Becton Dickinson). The membrane undersurface was coated
with LAP (0.5 μg/ml) in α-MEM for 1 h at 37 °C and blocked with migration buffer (0.1%
BSA in α-MEM) for 30 min at 37 °C. For blocking experiments, VB6 cells were incubated
for 60 min at 4 °C prior to seeding with B6-1, B6-2, MFE-23 (all at 50 μg/ml) or 10D5
antibody (at 10 μg/ml, Chemicon International) (Fig. 4a), with B6-1 at various
concentrations (Fig. 4b) and with B6-1, B6-2, MFE-23 (all at 100nM) and the 20-mer VP1
peptide at various concentrations (Fig. 4c). The lower chamber was filled with 500 μl of
migration buffer, following which cells were plated in the upper chamber of quadruplicate
wells, at a density of 5 × 104 in 50 μl of migration buffer, and incubated at 37 °C for 20 h.
Following incubation, the cells in the lower chamber (including those attached to the
undersurface of the membrane) were trypsinized and counted on a Casy 1 counter (Sharfe
System GmbH).

FT-IR spectroscopy
B6-2 at 0.47 mg/ml, MFE-23 at 0.59 mg/ml and PBS control were dialyzed into 20 mM
Phosphate buffer, pH7.5 and subsequently lyophilized. B6-2 and MFE-23 were dissolved
in 2H2O to a final concentration of 10 mg/ml and control at an equivalent volume. Eight
microliters of each protein and control were used for analysis. For denaturation experiments,
the protein was exposed to temperatures from 25 °C to 85 °C in steps of 2-5 °C. A total of
200 scans was acquired at each temperature for the denaturation measurements, whereas for
comparison of B6-2 to MFE-23 secondary structural elements, 1000 scans were acquired at
30 °C each. FT-IR spectra were recorded and analyzed as described previously.33

Inhibition of cell adhesion assay
The ability of modified and unmodified scFv antibodies to inhibit the αvβ6-specific
adhesion of [51Cr]3T3β6.19 fibroblast cells to LAP was performed as described previously.
24

Kogelberg et al. Page 12

J Mol Biol. Author manuscript; available in PMC 2010 October 21.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

BSA bovine serum albumin

CDR complementary-determining region

CEA carcinoembryonic antigen

DMEM Dulbecco’s modified Eagle’s medium

FMDV foot-and-mouth disease virus

HRP horseradish peroxidise

IgG immunoglobulin G

IMAC immobilized metal-affinity chromatography

LAP latency associated protein

PBS phosphate-buffered saline

R-PE R-phycoerythrin

RGD arginine-glycine-aspartic acid

scFv single-chain Fv

shMFE stabilized humanized MFE-23

TBS Tris-buffered saline

TGF transforming growth factor

TNF tumor necrosis factor

VH variable heavy chain

VL variable light chain

VP1 viral protein 1
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Fig. 1.
Schematic presentation of the construction of B6-1 and B6-2. (a) Insertion of the RGD
containing peptide sequence of VP1 (A140 to A156)17 into the CDR3 loop (between T98 and
G99) of the VH chain of MFE-23 that gives B6-1. (b) Ribbon diagram of the x-ray structure
of MFE-23.25 CDR3 loop residues P97 to P100 of the VH chain of MFE-23 are shown in
stick presentation, and the site of peptide insertion in MFE-23 is indicated. Y100b that was
mutated to P100b to give B6-2 is shown in ball-and-stick presentation.
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Fig. 2.
Interactions of B6-1 with αvβ6. (a) Graph showing concentration-dependent binding of
B6-1 to immobilized αvβ6 in ELISA. B6-1 (various concentrations) was applied to
immobilized αvβ6 or control Tris-buffered (TBS) wells. Binding was detected with rabbit
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anti-MFE-23 IgG followed by goat HRP-linked secondary anti-rabbit IgG antibody. (b)
Graph showing cation-dependent binding of B6-1 to immobilized αvβ6 in ELISA. B6-1 or
MFE (both at 0.5 μg/ml) was applied to immobilized αvβ6 or control Tris-buffered (TBS)
wells either in the presence of Ca2+, Mg2+ and Mn2+ (cations) or in the presence of EDTA
(5 mM). Binding was detected as described in (a). (c) Flow cytometry analyses show
concentration-dependent binding of B6-1 to αvβ6 on cells. MFE-23 or B6-1 was allowed to
bind to αvβ6-expressing (A375Pβ6) and non-expressing (A375Ppuro) cells. 10D5 murine
anti-αvβ6, used at 10 μg/ml as a positive control for β6-transfected cells, is shown in black
in both left panels. Bound scFvs were detected with mouse anti-Tetra-His IgG followed by
Alexa Fluor 488®-conjugated anti-mouse IgG. Top left panel shows A375Pβ6, and top right
panel shows A375Ppuro cells and MFE-23 at 50 μg/ml (red); bottom left panel shows
A375Pβ6 cells and B6-1 at 5 μg/ml (orange), 0.5 μg/ml (green) and 0.05 μg/ml (blue). The
50 μg/ml concentration (not shown) had a shift in fluorescence intensity identical with that
for the 5 μg/ml concentration; bottom right panel shows A375Ppuro cells, B6-1 at 50 μg/ml
(red). Cells treated with mouse anti-Tetra-His IgG and Alexa Fluor488®-conjugated anti-
mouse IgG only (omission controls) are shown in grey. The data represent the mean of
triplicate measurements, and error bars represent the standard deviation at each data point (a
and b).
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Fig. 3.
Specificity of B6-1 for αvβ6. (a) Flow cytometry analyses show that B6-1 did not bind to
A375Ppuro cells even though they express the RGD-directed integrins αvβ8, αvβ5, αvβ3
and α5β1 as detected by the same anti-integrin antibodies, in the same conditions, on both
cell lines. Negative controls (white histograms) were incubated with Alexa Fluor 488®-
conjugated goat anti-mouse IgG only. (b) Graph showing that B6-1 did bind to immobilized
αvβ6 and not to αvβ3 in ELISA. MFE-23 did not bind to either of these integrins. Binding
of B6-1, B6-2 and MFE-23 (all at 5 μg/ml) to immobilized αvβ3 or αvβ6 wells was
detected with rabbit anti-MFE-23 IgG followed by goat HRP-labeled anti-rabbit IgG
antibodies. Wells were also incubated with mouse anti-αv, followed by sheep HRP-labeled
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anti-mouse IgG, to detect whether the integrin was immobilized,. (c) Graph showing that
binding of B6-1 [50 ng/ml, 1.75 nM] to immobilized αvβ6 was inhibited by anti-αvβ6 (at
100 nM) and by the 20-mer VP1 peptide24 (at 100 nM) but not by a function-blocking anti-
αvβ3 antibody (at 100 nM). B6-1 and MFE-23 used on its own were included as positive
and negative controls, respectively. Binding was detected as described in Fig. 2a. (d) Flow
cytometry demonstrates that binding of B6-1 (at 500 ng/ml, 17.5 nM) to αvβ6-expressing
A375Pβ6 cells was inhibited by anti-αvβ6 antibody (at 100 nM) (left panel, second trace
from front), whereas the same concentration of anti-αvβ3 had no effect (right panel, second
trace from front). B6-1 (left and right panels, first traces from front) and MFE-23 (left and
right panels, last traces), both at 500 ng/ml, were included as positive and negative controls,
respectively. Binding was revealed with rabbit anti-MFE-23 IgG followed by R-PE-labeled
goat anti rabbit IgG. The data represent the mean of triplicate measurements and error bars
represent the standard deviation at each data point (b and c).
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Fig. 4.
Inhibition of cell migration by B6-1 and B6-2. (a-c) Charts showing that B6-1 and B6-2
blocked the migration of αvβ6-expressing cells towards LAP. VB6 cells were allowed to
migrate through LAP-coated Transwell® filters. Inhibition of cell migration was observed
for B6-1, B6-2 (both at 50 μg/ml) and 10D5 in (a), in a concentration-dependent manner for
B6-1 in (b) and B6-1 and B6-2 (at 100 nM) and the 20-mer VP1 peptide, A20FMDV224 (at
1, 10 and 100 μM) in (c). The control antibody W6/32 (anti-major histocompatibility
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complex class 1) and 10D5 were used at 1:100 and 10 μg/ml, respectively. The data
represent the mean of quadruplet measurements and error bars represent the standard
deviation at each data point (a-c).
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Fig. 5.
Production and characterization of the Y100bP mutant B6-2. (a) Chart showing
concentration-dependent residual binding of B6-1 to immobilized CEA, which was
eliminated in the Y100bP mutant B6-2. B6-1 (middle panel), B6-2 (right panel) and MFE-23
(left panel), at three different concentrations, were added to immobilized CEA and PBS
wells. Binding was detected with rabbit anti-MFE-23 IgG followed by goat HRP-labeled
anti-rabbit IgG. The data represent the mean of triplicate measurements and error bars
represent the standard deviation at each data point. (b) Size-exclusion chromatographic
profiles show that E. coli and P. pastoris-expressed B6-2 was superimposable and gave
monomeric (67 ml) and dimeric (56 ml) forms. This is consistent with MFE-23, which also
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gave monomeric (68 ml) and dimeric (58 ml) forms (data not shown). The monomeric
fraction of B6-2 was used for all experiments. Twelve percent Tri-glycine reducing SDS-
PAGE shows the monomeric (M) fraction of the P. pastoris-expressed B6-2. (c) Flow
cytometry analyses show that B6-1’s binding to CEA expressing LS174T cells was
eliminated in the Y100bP mutant. LS174T cells were incubated with B6-1, B6-2 or MFE-23
(all at 50 μg/ml). Binding was detected with rabbit anti-MFE-23 IgG followed by R-PE-
labeled goat anti-rabbit IgG. In the omission control shown, cells were incubated with
MFE-23 at 50 μg/ml followed by R-PE-labeled goat anti-rabbit IgG. Results are
representative of three independent experiments. Percentages of gated cells at fluorescence
intensities of 7×101−104 (as indicated) are mean values from three separate experiments of
which the mean control values had been subtracted. (d) Flow cytometry analyses show that
B6-2 bound to A373Pβ6 cells but not to A375puro cells. Cells were incubated with MFE or
B6-2 (at 50 μg/ml). Binding was detected as described under (c).
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Fig. 6.
Stability of B6-2. (a and b) FT-IR spectra show that B6-2 maintained the secondary
structural elements and had a similar midpoint of denaturation as the parent MFE-23. (a)
Second derivative FT-IR spectra of B6-2 and MFE-23 were obtained from the absorbance
spectra recorded at 30 °C after buffer control subtraction. (b) For the denaturation curve,
both proteins were heated from 25 to 85 °C and the FT-IR spectra were measured. The
midpoints of denaturation were obtained from fitting of the peak intensity at 1635 cm−1 of
the second-derivative spectra to a sigmoidal curve as 47 °C for MFE-23 and 45 °C for B6-2.
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Fig. 7.
B6-2 is internalized by αvβ6-expressing cells. Indirect immunofluorescence confocal
miocroscopy analyses show detection of cell surface-bound and internalized B6-2. αvβ6-
expressing (A375Pβ6, a-h) and non-expressing (A375Ppuro, i-p) cells were incubated with
B6-2 for 1hr at 4°C, free scFv was subsequently removed and the cells were incubated at 37
°C for the times indicated. Zoom boxes show the predominant plasma membrane pattern of
staining at 10 minutes (d) and internalized vesicular staining at 3 h (h). B6-2 was detected
using rabbit anti-mouse IgG followed by Alexa Fluor® 546-labeled goat anti-rabbit IgG
(red). Cells were also counterstained with Hoechst 33245 (blue). Scale bars 20 mm.
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Fig. 8.
Properties of B6-3. (a) Size-exclusion chromatography profile showing that B6-3 formed a
dimer. Twelve percent Tri-glycine SDS-PAGE results under reducing and non-reducing
conditions are shown of the dimeric fraction. (b) Chart showing that B6-3 bound to
immobilized αvβ6 in ELISA. B6-2, B6-3 or MFE-23 was applied at 20 μg/ml to
immobilized αvβ6 and control Tris-buffered (TBS) wells. Binding was detected with mouse
anti-Tetra-His IgG followed by sheep anti-mouse HRP-linked secondary antibody. The data
represent the mean of triplicate measurements, and error bars represent the standard
deviation at each data point. (c) Graph showing that B6-3 inhibited the adhesion of αvβ6-
expressing cells to LAP. Radiolabeled [51Cr] 3T3β6.19 cells in various concentrations of
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MFE-23, B6-2, B6-3, 10D5 or the VP1 peptide A20FMDV224 were added to 96-well plates
coated with 50 μl (0.25 μg/ml) LAP. Data show the mean and standard deviations of
quadruplet wells. IC50 values obtained from the experiment are as follows: A20FMDV2,
589.6±101.0 nM; B6-2, 483.5±40.5 nM; B6-3, 196.2±27.6 nM; 10D5, 51.4±32.0 nM.
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