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Abstract New anti-cancer agents are being developed
that specifically recognise tumour cells. Recognition is
dependent upon the enhanced expression of antigenic
determinants on the surface of tumour cells. The tumour
exposure and the extracellular accessibility of the mucin
MUC-1 make this marker a suitable target for tumour
diagnosis and therapy. We isolated and characterised six
human scFv antibody fragments that bound to the
MUC-1 core protein, by selecting a large naive human
phage display library directly on a MUC-1-expressing
breast carcinoma cell line. Their binding characteristics
have been studied by ELISA, FACS and indirect im-
munofluorescence. The human scFv antibody fragments
were specific for the tandem repeat region of MUC-1
and their binding is inhibited by soluble antigen. Four
human scFv antibody fragments (M2, M3, M8, M12)
recognised the hydrophilic PDTRP region of the MUC-
1 core protein, which is thought to be an immunodom-
inant region. The human scFv antibody fragments were
stable in human serum at 37 °C and retained their
binding specificity.

For imaging or targeting to tumours over-expressing
MUC-1, it might be feasible to use these human scFv, or
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multivalent derivatives, as vehicles to deliver anti-cancer
agents.
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Introduction

More than 90% of breast cancers show an increased and
under-glycosylated expression of the membrane-bound
mucin molecule MUC-1 [3]. The complete amino acid
sequence of the core protein of the M UC-1 gene product
has been obtained by gene cloning and shows the mucin
to be a transmembrane glycoprotein composed primar-
ily of a large extracellular domain made up of a VNTR
of 20 amino acids in length (PDTRPAPGSTAPPAH-
GVTSA), a transmembrane domain and a cytoplasmic
tail [11, 29]. On normal epithelial cells, it is characterised
by polarised apical surface expression and extensive
glycosylation with mostly O-linked carbohydrates. Non-
polarised expression and aberrant glycosylation of this
molecule on tumour cells leads to the exposure of novel
tumour-specific peptide epitopes, located in the VNTR,
recognised by both mouse and human antibodies [12]
and cytotoxic T cells [16]. Depending on the number of
tandem repeats present in the mucin of different indi-
viduals, this epitope can be repeated 2-100 or more
times per molecule. Moreover, the three-dimensional
structure of the repeat is very rigid, with each epitope
being not only a sequence repeat but also a three-
dimensional repeat [10]. Recently it has been demon-
strated that most human HLA alleles do not bind mucin
peptides, and thus MHC-restricted recognition of this
epitope does not take place [8]. This makes the tandem
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repeat especially attractive as a possible target for
immunotherapy [2].

Monoclonal antibodies that react selectively with
cancer cells offer the means for targeted delivery of
diagnostic radioisotopes or therapeutic agents. But
whole antibodies are large molecules and therefore
have been found to have poor tumour penetration.
Targeting with scFv antibody fragments [4] may
overcome some of the limitations. scFv antibody
fragments penetrate tumours better than IgG [30], are
cleared more rapidly from the circulation, and provide
greater targeting specificity [21]. The use of murine
mAbs for repetitive therapy in humans has limitations
because of the human anti-mouse antibody response,
which has hampered therapy with anti-MUC1 mouse
mAbs [7].

For some diagnostic and immunotherapeutic ap-
proaches scFv antibody fragments may not be the ideal
format, e.g. because of their fast clearance rate [21].
However, depending on the target, the kind of therapy
and the characteristics of the specific scFv, current mo-
lecular biotechnology techniques make it feasible to
create a whole panel of antibody fragments: scFv, Fab,
diabody, bispecific antibody fragments, minibody and
full-size antibody [15], all of which carry the same
specificity as the original antibody fragment from which
they were derived.

We applied phage display technology to generate
human scFv antibody fragments against the MUC-1
core protein by selecting a human antibody repertoire of
10° diversity [26] directly on the adenocarcinoma breast
cancer cell line MCF-7 [6]. In phage display, peptides or
proteins are expressed on the surface of phage as fusion
proteins [27]. This allows the selection and amplification
of phage clones with specific binding activities. Until
now, antigen-specific scFv antibody fragments have
been selected from murine [23], naive human [20], im-
mune human [9], semi-synthetic [25] or synthetic [17],
antibody gene repertoires displayed on the surface of
bacteriophage [22].

Although phage display is a powerful way of selecting
ligands against purified target proteins, it is less effective
for selecting functional ligands for complex targets like
living cells [18]. However, we show here that it is possible
to screen a human phage display library for functional
ligand binding on living tumour cells.

Material and methods

Cell lines

Human breast cancer cell lines MCF-7, ZR-75-1, MDA MB231
and SKBR3, the colon carcinoma cell line LS174T and the cell lines
CHO (Chinese hamster ovarian cells) and HEK 293 (human em-
bryonic kidney cells) were purchased from the American Type
Culture Collection (Bethesda, Md.). The human endometrial can-
cer cell line HEC-1 was obtained from Dr. Morgane, Bomsel
Faculty of Medicine, Reproductive Biology Laboratory, Paris,
France. The cell lines were maintained in RPMI 1640 (Gibco BRL),
supplemented with 10% FCS at 37 °C with 5% CO..

MUC-1 synthetic peptides

The MUC-1 peptides (Table 1) consisted of one (20 aa) and two
(40 aa) of the 20-amino-acid MUC-1 tandem repeat and were
synthesised by the Biochemistry Institute, University Lausanne,
Switzerland.

The biotinylated peptide APDTRPAPGSTAPPAHGVTSK-¢-
biotin was purchased from Anaspec, San Jose, USA.

The peptide was also presented on the surface of the hepatitis B
core particle (HBcAg/MUC-1) in two different ways, termed NS5
and NI18: the difference between them being the position of the
hydrophilic region of the 20-amino-acid tandem repeat (in N18 the
PDTRP epitope is placed internally).

All peptides were used at a concentration of 10 pg/ml in PBS.

Mouse monoclonal antibodies

The mouse monoclonal antibodies NCL-MUC-1, which recognises
a carbohydrate epitope of the MUC-1 glycoprotein (IgGCh), and
NCL-MUC-1-CORE (IgGcore), which recognises a hexapeptide
(TRPAPG) in the tandem repeat region of the MUC-1 core pro-
tein, were purchased from Readysysteme and used at a dilution of
1:50 in 1% BSA/PBS. The mouse monoclonal antibody SM3 [13],
which recognises a pentapeptide (PDTRP) in the tandem repeat
region of the MUC-1 core protein, was used at a concentration of
10 pg/ml in 1% BSA/PBS.

Propagation of phage from the human scFv phage
display library

One litre of 2 x TY, 100 pg/ml ampicillin, 1% glucose was inocu-
lated with an aliquot of the scFv library (10° diversity) [26] glycerol
stock. The rescue of the phage was carried out as described in
Marks et al. [19].

Cell surface selection

A human scFv phage display library of 10° diversity [26] was se-
lected on the human breast cancer cell line MCF-7. Cells were
cultured to sub-confluency (forming a monolayer) in 60 x 15-mm
Petri dishes over night. The cells were washed with PBS and
blocked for 2 h at room temperature with 2% Marvel/PBS. Then,
10'? t.u. of rescued library phage in 2 ml of 2% Marvel/PBS were
added for 1 h at room temperature on a rocking platform. The
dishes were washed 20 times with PBS and the cells were lysed with
100 pl of 100 mM triethylamine followed by neutralisation with
100 pl of 1 M Tris-HCI (pH 7.4). Half of the eluted phage was used
to infect 10 ml of exponentially growing E. coli TG1 for 30 min at
37 °C before plating on TYE plates containing 100 pg/ml ampi-
cillin and 1% glucose and incubation at 37 °C over night.

Soluble expression of scFv

After the third round of selection the eluted phages were used to
infect 10 ml of exponentially growing E. coli HB2151, for 30 min at

Table 1 Presentation of the MUC-1 core protein. The amino acids

(aa) thought to present an immunodominant epitope are
underlined
VNTR
MUC-1 20 aa SAPDTRPAPGSTAPPAHGVT
MUC-1 40 aa SAPDTRPAPGSTAPPAHGVT
SAPDTRPAPGSTAPPAHGVT
HbcAg N5 SAPDTRPAPGSTAPPAHGVT (200 copies)
HbcAg NI18 AHGVTSAPDTRPAPGSTAPP (200 copies)
MUC-1 biotin SAPDTRPAPGSTAPPAHGVTK-¢-biotin




37 °C, before plating on TYE plates containing 100 pg/ml ampi-
cillin and 1% glucose, followed by incubation at 37 °C overnight.
Ninety-six single ampicillin-resistant colonies were picked and in-
duced with 1 mM final concentration of isopropyl f-D-thiogalac-
topyranoside (IPTG) for the production of soluble scFv according
to Marks et al. [19].

ELISA

The ELISA was carried out essentially as described by Ward et al.
[28], except that the assay was developed with 3,3",5,5” tetramethyl-
benzidine (TMB) (Sigma). Reactions were stopped by the addition
of H,SO, after 20 min and readings taken at the ODysonm-

The scFv antibody fragments were either tested at a concen-
tration of 1 pg per well or 100 pl per well of overnight-induced
culture.

The MUC-1 core peptide was coated at a concentration of
10 pg/ml in PBS, 100 pl/well overnight at 4 °C. The control anti-
gens, human serum albumin (HSA), thyroglobulin and carcino
embryonic antigen (CEA), for the specificity ELISA, were coated in
the same way. The biotinylated peptide (10 pg/ml) was captured on
streptavidin (10 pg/ml) coated wells, after blocking with 2%
Marvel/PBS.

For the cell ELISA, cells were grown to approximately 80%
confluency in flat-bottomed 96-well culture plates (Corning). The
cells were washed with PBS and fixed for 10 min in 0.25% glu-
taraldehyde (Sigma).

For the epitope ELISA, the MUC-1 epitope PDTRP was ex-
pressed on the surface of filamentous phage. It was then coated
onto solid phase and the ELISA performed as described above.

Inhibition studies with soluble MUC-1 core protein

The scFv (1 pg) was incubated for 1 h with soluble MUC-1 core
protein, or negative control peptide, at varying concentrations for
30 min. The detection of bound scFv was performed as described
above.

Fluorescence-activated flow cytometry

The scFv (10 pg) or mouse mAb was incubated with approximately
10° cells. scFv antibody fragments were detected with the murine
monoclonal antibody 9E10, which recognised the C-terminal myc
peptide tag [24], followed by an anti-mouse 1gG Fc-specific FITC-
conjugated antibody (Sigma). The fluorescence intensity of 10,000
events was analysed with a flow cytometer (FACScan, Becton
Dickinson) and the mean fluorescence intensity was determined on
a log scale. All incubations were carried out on ice for 30 min.
Every incubation step was followed by a wash step, using ice-cold
PBS.

Western blot

Two pg of purified scFv antibody fragments were run on a 10%
SDS-PAGE gel and electroblotted onto nitro-cellulose. Filters were
blocked for 1 h at room temperature in 10% Marvel/PBS. The
scFv antibody fragments were detected with the murine monoclo-
nal antibody 9E10 followed by anti-mouse IgG Fc-specific horse-
radish peroxidase conjugate (Sigma). Horseradish peroxidase was
visualised with 3,3’diaminobenzidine tablets (Sigma) in the pres-
ence of cobalt ions.

Indirect immunofluorescence

The indirect immunofluorescence assays were performed on etha-
nol fixed human cell lines. The cells were incubated with 10 pg
purified mAb or scFv; bound scFv antibody fragments were de-
tected with the 9E10 antibody and visualised with an anti-mouse
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IgG Fc-specific FITC conjugate (Sigma). All incubations were
performed for 1 h at room temperature. Washing steps were per-
formed after each incubation with PBS. The slides were mounted
with Immunofluore mounting medium (ICN Biomedicals) and
photographed with a Zeiss Axioskop immunofluorescence micro-
scope. The same experiment was carried out with the scFv incu-
bated in human serum.

scFv stability in human serum

Two pg of purified scFv alone, or incubated with an excess of
human serum (30 pl), at 4 °C or 37 °C for up to 24 h, were run on a
10% SDS-PAGE gel. The western blot was carried out as de-
scribed. The same samples were also used to detect binding activity
after incubation in human serum in indirect immunofluorescence
assays, as described above.

Sequencing of DNA

The number of unique clones was determined by PCR amplifica-
tion of the scFv insert, using the primers LMB3 (5 CAG GAA
ACA GCT ATG AC 3") and fdSeq 1 (5’ GAA TTT TCT GTA TG/
AG GG 3), followed by digestion with the restriction enzyme
BstN1 (New England Biolabs). The variable (V) region genes from
two clones of each restriction pattern were sequenced, using PCR
cycle sequencing reactions with infrared-labelled primer according
to the manufacturer’s instructions (Licor). Sequencing reactions
were analysed on a Licor automated DNA sequencer (4000L).
Sequence analysis was performed using Sequencher 3.1 (Gene
Codes). The sequences of the Vi and Vi genes were compared with
the germline sequences in the V BASE sequence directory (Toml-
inson et al., MRC Centre for Protein Engineering, Cambridge,
UK).

Subcloning of selected scFv

ScFv V genes were PCR amplified and digested with the restriction
enzymes Sfil and Notl (New England Biolabs),according to the
manufacturer’s instructions. They were then purified and subcloned
into an expression vector containing the myc tag and hexa-histidine
tag at the C-terminal end of the scFv [1].

Periplasmic preparation

Bacterial clones were cultured in 11 of 2 x TY, 100 pg/ml ampi-
cillin, 0.1% glucose and induced with 0.5 mM final concentration
of IPTG for 3 h at 30 °C. The scFv antibody fragments were
harvested from the periplasm, essentially as in Breitling et al. [5].
The periplasmic and osmotic shock fractions were pooled, and then
dialysed against PBS. PMSF was added to a final concentration of
1 mM.

Purification of scFv

The scFv antibody fragments were purified by IMAC as described
in Griffiths et al. [14]. The concentration was determined spectro-
photometrically, assuming that A,gy of 1 corresponded to a scFv
concentration of 0.7 mg/ml.

Gelfiltration of scFv

A Sephadex 200 column (Pharmacia) was equilibrated with PBS.
Human scFv antibody fragments were loaded and passed through
at 1 ml/min. Aprotinin (6,500 Da), cytochrome C (12,400 Da),
carbonic anhydrase (29,000 Da), BSA (66,000 Da) and dextran blue
(2,000,000 Da) were run as molecular weight standards (Fluka).
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Results
Selection of human scFv MUC-1

Human scFv antibody fragments against the cancer
antigen MUC-1 were selected directly on the human
breast cancer cell line MCF-7. After three rounds of
selection, 96 individual bacterial clones were induced to
produce soluble scFv. These scFv antibody fragments
were tested in ELISA for their ability to bind to the
MCF-7 cell line and the MUC-1 core protein. The core
protein was either displayed as one 20-amino-acid tan-
dem repeat, two tandem repeats or expressed on the
hepatitis core particle (Table 1). Forty-eight per cent
(46/96) of the scFv antibody fragments bound to the
MCF-7 cell line. Of these, 25% (12/46) recognised the
MUC-1 core protein. Six scFv antibody fragments that
showed reactivity with the MUC-1 core protein, were
chosen for further characterisation.

Sequence analysis of human scFv MUC-1

The variable genes encoding these scFv antibody frag-
ments were PCR amplified and the product digested
with the restriction enzyme BstN1. Six scFv clones with

Fig. 1 FACS analysis of hu-
man scFv MUC-1 on the hu-
man breast cancer cell line
MCF-7. Bound human scFv
was detected with the mAb
9E10, which recognised the myc
tag, followed by an anti-mouse
mADb conjugated with FITC.
The negative control was a
human scFv recognising a dif-
ferent antigen. The positive
control was the murine mAb
SM3, which recognised the
MUC-1 core protein

scFv M4

murine

] neg.
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unique BstN1 fingerprints were chosen for further
characterisation by sequencing. The variable domains of
their heavy chains were all encoded by the VH3 family,
germline DP 47. Their complementarity determining
regions (CDR3) encoded seven amino acids, with the
exception of scFv M9, which encoded 12 amino acids.
The variable domains of the light chains were encoded
by the VA3 family, germline DPL16, except for clone
M2, which was encoded by the Vk1 family, germline
HK137. Although the V" genes were encoded by the same
family, they showed different levels of mutations.

Binding of human scFv MUC-1 to cell lines
and specificity

The binding ability to cell lines was determined by
FACS analysis, indirect immunofluorescence and EL-
ISA. The result for binding to the MCF-7 cell line in
FACS is shown in Fig. 1. The binding was also detected
in indirect immunofluorescence (Fig. 2a) and, as exam-
ples, also on the MUC-1 expressing breast cancer cell
line ZR75-1 and the colon carcinoma cell line LS174 for
the human scFv M12, but not on the human embryonic
kidney cell line HEK 293 (Fig. 2b). The human scFv
antibody fragment also bound to the MUC-1 expressing
cell lines ZR-75-1, SKBR3 and HEC-1, but not to the
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Fig. 2 a Immunofluorescence
of human scFv MUC-1 on the
ethanol-fixed human breast
cancer cell line MCF-7. Bound
human scFv was detected with
the mAb 9E10, which recognis-
es the myc tag, followed by an
anti-mouse mADb conjugated
with FITC. The negative con-
trol was a human scFv recogn-
ising a different antigen. The
positive control was the murine
mAb SM3, which recognised
the MUC-1 core protein, and
the murine mAb NCL-MUC-1,
which recognised a carbohy-
drate epitope of the MUC-1
glycoprotein. b Immunofluo-
rescence of human scFv M12 on
ethanol fixed human breast
cancer cell line ZR75-1, the
human colon carcinoma cell
line LS174T and the human
embryonic kidney cell line HEK
293. Bound human scFv was
detected with mAb 9E10, fol-
lowed by anti-mouse mAb::-
FITC, as in a. The human scFv
M 12 stained positive on human
carcinoma cell lines ZR75-1 and
LS174T

Fig. 3 Top panel: Purification
of human scFv MUC-1.

Two pg of purified scFv anti-
body fragments were run on a
10% SDS-PAGE gel and either
stained with Coomassie blue
(left) or transferred to nitrocel-
lulose (right) and detected with
mADb 9E10, which recognises
the myc tag, followed by an
HRP-conjugated anti-mouse
mAb and visualisation with
DAB. Bottom panel: Incubation
of human scFv MUC-1 with
human serum. Two pg of puri-
fied scFv antibody fragments
were incubated with an excess
of human serum (30 pl) for 24 h
at different temperatures and
run on a 10% SDS-PAGE gel
and either stained with Coo-
massie blue (left) or transferred
to nitrocellulose and detected
with mAb 9E10, anti-mouse
mAb::HRP and DAB, as before
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control cell lines CHO and HEK 293, as shown by
ELISA. ELISA on the MUC-1 core protein and nega-
tive control proteins further confirmed specificity. The
purified scFv were visualised on a Coomassie-stained
SDS-PAGE and detected on a western blot with a mAb
recognising the myc tag (Fig. 3 top panel).

Subcloning and purification of human scFv MUC-1

The scFv-encoding DNAs were subcloned into a
phagemid vector containing the six-histidine tag for
subsequent purification on IMAC. One-litre cultures
were induced and the scFv antibody fragments purified
from the periplasm. The yields varied between 6 and
10 mg/l. To determine whether the scFv antibody frag-
ments were monomeric (29 kDa) or formed multimers,
they were passed through a sizing column. All showed
one single monomer peak at 29 kDa (Fig. 4 shows the
gel filtration of the human scFv M12).

Stability of human scFv MUC-1 in human serum

As these scFv antibody fragments might be used in
humans, their stability in human serum is of great
interest. For this reason, the scFv antibody fragments
were incubated with human serum at 4 °C and 37 °C,
followed by SDS-PAGE and western blot analysis
(Fig. 3 bottom panel), and also indirect immunofluo-
rescence (data not shown). All of the scFv antibody
fragments still recognised the MUC-1 expressing cells,
confirming their biological activity after incubation
with human serum.
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Inhibition of human scFv MUC-1

It was possible to inhibit the binding of the scFv anti-
body fragments M3, M4 and M9 to the MUC-1 core
protein on solid phase by the addition of soluble MUC-1
core protein in varying concentrations, but not by the
addition of a negative control peptide (Fig. 5)

Epitope analysis of human scFv MUC-1

As the epitope PDTRP, which is recognised by the
mAb SM3 and others, is thought to be an immuno-
dominant region, the reactivity of the selected human
scFv to this epitope was tested in ELISA. Figure 6
shows that the scFv antibody fragments M2, M3, M8
and M12, and the mAb SM3, recognised this epitope.
In contrast, scFv antibody fragments M4 and M9
might recognise a different region of the MUC-1
tandem repeat.

Discussion

Several advances made during the past years will
probably facilitate the development of therapeutic
antibodies. Phage libraries displaying antibody frag-
ments are the fastest route to obtaining human antibody

Fig. 4 Gel filtration of human scFv M12 on a Sephadex 200
column. The column was calibrated between 6.5 kDa and
2,000 kDa. The human scFv shows a single peak at approx.
28 kDa (= monomer)

calibration
===  Human scFv MUC-1 M12

50.0 60.0

70.0 80.0 90.0 ml



Fig. 5 Inhibition of binding of
human scFv anti-MUC-1 to the ~
MUC-1 core protein by the

addition of soluble MUC-1 core
protein. The scFv antibody

fragments were allowed to bind
first to the MUC-1 core protein 80
on solid phase and were then
displaced by soluble MUC-1

core protein. An unrelated 5 0 F
peptide (20 aa) was used as the A’
control. Bound human scFv C 60 L

antibody fragments were de-
tected with the mAb 9E10,

which recognised the myc tag, 50 |
followed by an anti-mouse mAb )
conjugated with HRP and sub-
sequent treatment with DAB 40

30

100 -

99

S —6— M3/MUC-1 40 aa
N —8 - M4/MUC-1 40 aa
AN — ¢ - M9/MUC-1 40 aa

N - =X~ - M3/peptide

N - - +- - M4/peptide

A N —A- - M9/peptide
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fragments. In addition, the phage display format is ideal
for optimisation of the isolated variable domains.

So far, selections of V' gene phage display libraries
have mainly been carried out on immobilised purified
antigen or on purified antigen in solution. To find other
markers on tumour cells that might be suitable targets in
immunotherapy, it will be necessary to select binders
directly on tumour cell lines or tumour tissue.

Our results demonstrate that human scFv antibody
fragments against the tumour-associated cell surface
antigen MUC-1 can be produced via selection from a
phage antibody repertoire on living cells. For a specific
antigen, the success of this approach depends upon the
presence of a scFv binder in the library and the ability to
select it preferentially against a background of the many

M4

M3

M9 MI12 SM3 D9 B4

other antigens present on the cell surface. This will de-
pend on the relative binding affinities of the phage, and,
in turn, on the relative affinity of each scFv for the an-
tigen, the number of copies displayed on the phage, the
surface density of antigen on the cell and its accessibility
to the bulky phage. It was possible to select 12 different
monomeric scFv on the breast cancer cell line MCF-7
that did react with the tandem repeat of the MUC-1 core
protein. Six of these scFv antibody fragments were
characterised with respect to their binding specificity to
MUC-1 on synthesised peptides (1 and 2 tandem re-
peats), on the tandem repeat presented in two different
variants on the hepatitis B core particle, on the bioti-
nylated peptide and on different adenocarcinoma cell
lines. The scFv antibody fragments could be detected by
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ELISA, FACS and indirect immunofluorescence. Their
stability in human serum at 37 °C was demonstrated
ex vivo. However, their pharmacokinetics will have to
be investigated in vivo. The selected human scFv anti-
body fragments not only recognised the MUC-1 core
protein on the breast cancer cell line MCF-7 on which
they were selected, but also on other MUC-1 expressing
breast carcinoma, colon carcinoma and endometrial
cancer cell lines. For imaging or targeting of tumours
expressing MUC-1 it might be feasible to use these hu-
man scFv antibody fragments, or second generation
multivalent derivatives, as vehicles to deliver (for ex-
ample) radioactivity, cytotoxic drugs or secondary sig-
nals for T-cell activation to the tumour site.

The ability of the human scFv antibody fragments to
bind to the mucin MUC-1 on carcinoma cell surfaces
will allow their potential as a diagnostic and therapeutic
reagent of clinical utility to be investigated.
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