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ABSTRACT

The tumor-associated antigen MUC1 is overexprcssed and underglyco-

sylated in human adcnocarcinomas of diverse origins, such as breast,
ovary, and colon. We isolated and describe five human single-chain (sc) Fv

antibodies specific for the MICI variable number of tandem repeats
region isolated by in vitro selection from a large naive phage antibody
library containing over 6 x 10" different scFv antibodies. A synthetic

biotinylated 100-mer peptide corresponding to five tandem repeats of the
Mill peplide core was used for selection.

Two of the antibodies were highly specific for MICI as judged by
El.ISA and flow cytometry. In immunohistochemistry, antibody clone
IDA stained MI CI in the cytoplasm and membrane of adenocarcinoma
cells of breast and ovary, whereas in normal epithelium, only cytoplasmic
or no staining was observed. With antibody clone 101!. staining was less
pronounced and was not always membrane associated in adenocarcinoma.
Determination of the fine specificity of IDA and 101! using a novel "indi
rect epitope fingerprinting" 1:1.IS \ showed that both antibodies recognize

unique epitopes that have not been described for hybridoma-derived
anti-mucin antibodies of mouse origin. The selected human antibodies,

like many of the murine MICI antibodies, recognize epitopes on the
protein core of MICI that are abundantly present in the underglycosy-

lated form of cell surface mucin on adenocarcinoma. The best human
scFv, clone 10 V.appears to distinguish normal cells from adenocarcinoma
cells, which makes it an attractive candidate for use in antibody-based

tumor targeting.

INTRODUCTION

With the development of the hyhridoma technique ( 1), the use of
antibodies as "magic bullets" to destroy tumor cells while leaving the

tissues surrounding the tumor intact, as visioned by Ehrlich, became
the main objective of research in immunotherapeutics. Mouse MAbs'

to tumor-associated antigens were extensively tested to determine

tumor load in vitro or to target tumors in vivo. One of the tumor
antigens validated for this application is MUC1. Polymorphic epithe
lial mucin (MUC1 ) is a transmembrane molecule present at the apical
cell surface of normal secretory epithelial tissues of breast, ovary,
colon, lung, pancreas and other tissues and most likely functions as a
protective barrier (2-4). Its total molecular weight is variable and
higher than M, 200.000 (5-8). The extracellular portion of the mol

ecule consists mainly of a peptide core containing a VNTR composed
of 20 amino acids including heavily glycosylated serines and threoni-
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nÃ©s.MUC1 has been widely accepted both as a serum tumor marker
(9, 10) as well as a target for cancer therapy (reviewed in Refs.
11-13). In contrast to normal epithelial cells, MUC1 is abundantly

expressed in a nonpolar fashion and in an underglycosylated form,
exposing cryptic peptide and carbohydrate epitopes, which "change"

the molecule into a tumor-associated antigen in adenocarcinomas (14,

15). In the last decade, a wide range of mouse MAbs were generated
against MUC1, mostly binding to epitopes involving the "PDTR"

knob in the VNTR (16). As a cancer-associated circulating mucin.

MUC1 is used in breast carcinoma patients to monitor therapy and, in
the follow up, for early detection of recurrence (reviewed in Ref. 17).
Anti-mucin antibodies have also been used to target adenocarcinoma

in humans in biodistribution studies (18, 19) or to determine the
localization of tumor cells in diagnosis or to monitor residual disease
(20-23) and to study the efficiency of therapy (24).

Murine MAbs were shown to have limitations when used for
repetitive therapy in humans because of their xenogeneic character.
The human anti-mouse antibody response was shown to hamper
multicycle therapy when using anti-MUCl mouse MAbs (25). To
overcome the issue of human anti-mouse antibody responses, mouse
anti-MUCl MAbs were humanized via CDR grafting (26-29). These

methods involve the inclusion of possibly immunogenic mouse se
quences and could therefore still induce anti-mouse or anti-idiotype

response. The derivation of completely human antibodies, with an
expected minimal immunogenicity when used in humans, using phage
display technology has been described (reviewed in Ref. 30). Reper
toires of human scFv or Fab fragments are cloned for display on the
surface of filamentous phage, and antigen-specific "phage antibodies"

are enriched on immobilized antigen (31). From libraries of a few
million cloned antibody fragments derived from an IgM pool of naive
human B cells, it was possible to isolate human antibodies of average
affinity up to IO7 M~' to many different antigens, including tumor-

associated antigens such as MUC1 and carcinoembryonic antigen (31,
32). By screening larger libraries, with a few billion antibody frag
ments, the chances of recovering antibodies with higher affinity for
the antigen of interest were improved, and high affinity antibodies
(upto IO9 M~') were isolated to self antigens such as carcinoembry

onic antigen (33, 34). One of the advantages of this methods is that,
once the antibody selected, it may be quickly shaped to fit the format
and size or, after further phuge-aided affinity modulation, the binding

kinetics to optimally suit a particular clinical application (reviewed in
Ref. 35).

Here we present the use of phage display to obtain entirely human
scFv antibodies to MUC1 derived from a large naive antibody scFv
library (33) containing 6 x 10y different clones. Three different

selection methods were used to retrieve MUC1-specific antibodies.

Selected scFv antibodies were shown to recognize specifically unique
epitopes within the VNTR region of the MUC1 peptide core, as
measured by a new epitope mapping method with 20 overlapping
20-mers of the VNTR. Our detailed characterization suggests that two
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of the selected antibodies are particularly suitable as targeting moi
eties for the immunotherapy of adenocarcinoma.

MATERIALS AND METHODS

Selection of Human scFv Phage Antibodies to MUC1 and
Rescue of Phagemid Libraries

A large human scFv library, containing 6 x 10g scFv antibodies, was

obtained from Cambridge Antibody Technology (Melbourn, United Kingdom)

and is a subset of a library described previously (33). The monomer MUCI
peptide NHrPAHGVTSAPDTRPAPGSTAP-COOH was synthesized by se

quential condensation using Fmoc/tBu amino acids, and the tandem repeat

pentamer MUCI peptide by fragment condensation of the monomer, as de
scribed previously (36). Briefly. MUCI 100-mer was prepared by using an

improved convergent solid-phase peptide synthesis. Biotinylation was per

formed on the protected peptide before cleavage from the resin:0.1 M biotin in
dimethyl formamide was coupled to the protected MUCI l(X)-mer in 20 times

molar excess for 2 h at room temperature using diisopropyl carbodiimide/1-
hydroxy-benzotriazol as condensing agent. Cleavage and deprotection was

performed with a TFA:water:phenol:EDT:thioanisol solution (82.5:5:5:2.5:5)
for 2 h at room temperature. The peptide was precipitated in ice-cold ether,

washed several times with ether, dried, dissolved in water, lyophilized. and
stored at â€”¿�20Â°C.The purity of the biotinylated peptide was assessed by

analytical high-performance liquid chromatography using a Waters 600 LC

system with UV 486 detector and a semipreparative Clx column (Synchropack
RP-P 250 x 7.8 mm: SynChrom, Lafayette. IN).

Selections of phage libraries were modified from Marks et al. (31). Three
different selection methods were compared:

1. Panning on Peptide-coated Immunotubes. MUCI 100-mer was coated

overnight in coating buffer (at 10 jag/ml, in 0. l Mcarbonate buffer. pH 9.6) and

blocked, after washing with PBS (0.15 M NaCI. 8 mM Na,HPO4, and 7.8 mM
KHjPC-4, pH 7.4), with 2% dried skimmed milk in PBS (M-PBS) for l h at
room temperature. The library, represented by 10" phages, was blocked in

M-PBS, added to the immunotube, and left for 2 h at room temperature; the

tube was washed 20 times with PBS. and phages. binding to the coated tube,
eluted with I ml of 100 mM triethylamine, pH 12 (31). Eluted phages were
neutralized with 0.5 ml of l M Tris-HCl (pH 7.5). Of the eluate. 0.5 ml was

used to infect Escherichia coli TG1 cells, grown to the logarithmic phase at

AÂ«Â»Â°f0.5. and the infected cells were plated for amplification as described
previously (31). After infection of TGI for 30 min at 37Â°C.bacteria were
grown overnight at 30Â°Con agar plates (31).

2. Panning on Peptide-coated Immunotubes, Followed by Panning on
MUCl-expressing Cells. After two rounds of selection as described in "1." a

third selection was performed on the T47D breast cancer cell line, known to
express tumor-associated glycoforms of MUCI (37). Briefly. 5 X IO7 T47D
cells and 10" phages were preincubated with M-PBS for 10 min: then phages

were added to the cells. After l h of incubation, cells were washed 10 times
with M-PBS + 1095-FCS. Specific phage was eluted, and exponentially E. coli

TGI cells were infected as described earlier.
3. Selection on Biotinylated MUCI (38). Phages (10") and 200 ft\ of

streptavidin-coated paramagnetic beads (Dynal. Oslo, Norway) were preincu

bated separately for I h at room temperature in 2% M-PBS. Phages were
incubated for l h with decreasing amounts of biotinylated MUCI 100-mer

(500, 100, 20. and 4 nM for rounds 1, 2, 3, and 4, respectively). Streptavidin
beads were added, and the mixture was left for 15 min on a rotating wheel.
After five washes with M-PBS, five washes with PBS, 0.1% Tween 20, and

five washes with PBS, beads were directly added to exponential growing E.
coli TGI cells for elution and infection (see "1."). Before the fourth round of

selection, Streptavidin binders were depleted by preabsorption on a streptavi
din-coated (10 /ng/ml) tube.

The diversity of the selected antibodies was checked by means of DNA
fingerprinting (39). The scFv gene of different clones was amplified by PCR
using primers pUC-reverse (5'-AGCGGATAACAATTTCACACAGG-3')
and fd-tet-seq24 (S'-TTTGTCGTCTTTCCAGACGTTAGT-S') primers and

digested with the enzyme B.v/N-l before analysis on an agarose gel (31, 40).

Induction of Soluble scFv Fragments, Preparation of
Periplasmic Fractions, and Purification of Antibodies

For ELISA screening, individual clones from the second, third, and fourth1'

round of selection were picked from an agar plate and cultured overnight in a
microtiter plate 2xTY AG (31). One fu of each overnight culture was trans
ferred to a microtiter plate containing 100 /Â¿Iof 2xTY, 0.1% glucose, 100
Hg/ml ampicillin (2xTYAG: Ref. 31), and grown at 37Â°Cfor 2 h. Isopropyl-

thiogalactoside was added to each well to a final concentration of I mM. After
overnight incubation at 30Â°C.plates were spun (611 x g for 15 min), and

supernatant was used directly in ELISA.
Periplasmic fractions were prepared for testing specificity with flow cyto-

metry and immunohistochemistry. These were made as described (41 ), starting
from 50-ml cultures, and harvested 4 h after the start of the isopropylthiogal-

actoside induction. Briefly, after centrifugation for 20 min at 3400 X g. the
pellet was resuspended in 0.530 ml of ice-cold TES (0.2 M Tris-HCl. 0.5 mM

EDTA. and 0.5 M sucrose, pH 8.0) for 10 min, followed by the addition of
0.590 ml of ice-cold TES/H2O (1:3) and a further incubation of 30 min.

Supernatants (21.000 X g for 5 min) contained the periplasmic fractions.

For kinetic analysis, induced cultures were prepared as described above.
After 4 h of incubation at 30Â°C.ice-cold PBS was added to the bacterial pellet,
and the mixture was incubated overnight at 4Â°Con a rotator. Supernatant

contained the scFvs.

ELISA

Specificity of individual scFvs was assessed by ELISA using indirectly
coated MUCI. Biotinylated BSA was applied to a microtiter plate at a
concentration of 2 /xg/ml in PBS at 37Â°Cfor 1 h. After washing three times

with PBS/0.1% Tween 20 and 10 /xg/ml Streptavidin in PBS. 0.5% gelatin was
added to the wells and incubated for 1 h at room temperature. All incubations
were followed by three washes with PBS/0.1% Tween 20. For all of the next
steps, M-PBS was used during incubations. Biotinylated MUCI (100-mer) was

added to each well (0.5 fig/ml). As negative controls, plates without the
addition of biotinylated MUCI peptide were used. Supernatants of single
clones, 1:1 diluted in M-PBS. were added to different wells. Detection of

bound scFv fragments was performed by the addition of I(X) /xl of 9EIO
antibody (hybridoma culture supernatant. 1:1; Refs. 31 and 42). directed to the
Myc-tag expressed at the COOH-terminal end of the scFv. in M-PBS for 1 h.
Then 100 n\ of peroxidase-conjugated rabbit anti-mouse immunoglobulins
(Dako. Glostrup. Denmark) in M-PBS were added for 1 h. Cells were stained

with 100 fjL\of trimethyl benzidine 0.01% in 0.01 Mcitrate buffer (pH 5.6) and
0.003% H2O2. The peroxidase reaction was stopped with 2.5 N H,SO4. and the
A450 was measured in a microtiter plate reader.

Fine Specificity of MUCI scFv Antibodies: Indirect Epitope
Fingerprinting

Blocking experiments were performed with a MUCI 60-mer peptide with
amino acid sequence NH2-(VTSAPDTRPAPGSTAPPAHG)-COOH, to con

firm specificity (43). To define fine specificities, a method derived from the
epitope fingerprinting method (44) and which we call "indirect epitope fin
gerprinting" was performed (Fig. 1). The scFvs were preincubated with each of

the 20 overlapping peptides. starting with the peptide NH2-VTSAPDTRPAPG-
STAPPAHG-COOH: the first amino acid was sequentially removed and added

as the last amino acid. scFv antibodies were preincubated with 100 jig/ml
60-mer or 50 jig/ml overlapping peptide in M-PBS for 1 h at room tempera

ture. Then incubation mixtures were transferred to an ELISA plate coated with
MUCI 100-mer biotin, and ELISA was performed.

Sequencing and Homology Plots

Semi-automated DNA sequencing was performed according to the manu
facturer of the ALF-Express (Pharmacia, Uppsala. Sweden). Plasmid DNA

was prepared from 50 ml E. coli TG 1 cell cultures. DNA was purified using the
Qiagen Plasmid Midikit (Qiagen, Hilden. Germany), and antibody sequences
were determined with the AutoRead Sequencing kit (Pharmacia: Ref. 31 ) using
the oligonucleotides fd-tet-seq 24 and pUC-reverse primers. Alignment of scFv
10A and IOB with germ-line VH and VL sequences was done with the Sanger

Center Sequence database program (http://www.sanger.ac.uk/DataSearch/
gq_search.shtml).
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detecting antibodies

scFv MUC-1 60-mer

or
or 20-mer

MUC-1-100-mer-biotin

Fig. l. Schematic representation of the ELISA used in the specificity assay and indirect
epilope fingerprinting. The 60-mer pcptide was used to define specificities; 20 overlap
ping 20-mcr peptides were used in indirect epitope fingerprinting.

Measurements on BIAcore

Kinetic measurements were performed by surface plasmon resonance using
the BIAcore 2000 apparatus (Pharmacia). A CM-5 chip was coated with the
MUC1 60-mer (245 RU) in 10 mM sodium acetate buffer at pH 4.6, or an

empty activated and deactivated surface was used as negative control. To reach
saturation, scFv periplasmic preparations were injected three times at a flow
rate of 20 p.l/min in HBS buffer (Pharmacia).

FACS Analysis

Specific binding of the MUC1 scFvs and of control Mabs, glycosylation-

sensitive SM3 (14, 45) and 1G5, directed to the peptide core was measured by
FACScalibur analysis (Becton Dickinson, Oxnard, CA). Breast cell lines
T47D, MCF7, colon cell line CaCO, (American Type Culture Collection,
Rockville, MD) and MUC1-transfected 3T3 mouse fibroblast cells ETA (46)

were stained. Cell staining was modified from existing protocols (47). About
500,000 cells were used in each experiment; after trypsinization, cells were
washed one time in PBS and resuspended in 2% dried skimmed milk/0.1%
BSA, 0.01% NaN, in PBS (incubation buffer). To test specificity, scFv
periplasmic fractions (1:1 in 200 /il of incubation buffer) were preincubated
with or without 50 Â¿Â¿g/mlMUC1 60-mer for I h at room temperature. Then the

samples were added to the cells and left for l h at room temperature. Cells were
spun down by centrifugation for 3 min at 611 x g. Between incubations, cells
were washed twice with PBS. 9E10 anti-Myc antibody (hybridoma supernatant

at a dilution of 1:1 in incubation buffer) was added and incubated for l h at
room temperature. After the last incubation, with rabbit anti-mouse R-phyco-

erythrin (Dako, Glostrup, Denmark; diluted 1:20 in incubation buffer), detec
tion of bound scFvs was performed by means of flow cytometry on a FACS
calibur (Becton Dickinson), and results were analyzed with the CELLQuest
program (Becton Dickinson). Intracellular MUC1 was measured as described
above, except for the omission of NaN, in the incubation buffer and by
addition of saponin to the buffers to a final concentration of 0.3% in the first
incubation and 0.1% in the next incubations and during washing to permeabi-

lize the cells.

Immunohistochemistry

Paraffin-embedded normal and tumor tissues were deparaffmized with

xylene and ethanol. Endogenous peroxidase was blocked with 0.3% H2O2 in
methanol for 30 min. Slides were preincubated with 2% dried skimmed milk.
0.1% BSA in PBS (incubation buffer). After each incubation, step slides were
washed three times with PBS. Incubation with the scFv periplasmic fractions
(1:1) for 2 h at room temperature and subsequent incubation with the 9E10
antibody (hybridoma supernatant, 1:1 in incubation buffer) for l h was fol
lowed by incubation with peroxidase-labeled rabbit anti-mouse immunoglob-

ulin for 1 h. Staining was done with diaminoben/.idine at 0.5 mg/ml in 0.05 M
Tris-HCl (pH 7.6) and with 0.003% H2O2. Tissues were counterstained with

hematoxylin.

RESULTS

Selection of Human Anti-MUCl Antibodies. The primary aim of

our study was to select human phage antibodies against the VNTR of
MUC1 that is present at the cell surface of cancer cells. We used a
naive phage antibody library, described by Vaughan el al. (33), for our
selections. To yield a diverse panel of antibodies to the antigen, with
a range of affinities and epitopes recognized, we used a variety and a
combination of selection methods. Although direct selections on can
cer cells displaying MUC1 would be theoretically feasible, the un
avoidable selection of irrelevant cell binding antibodies from such a
naive library would necessitate extensive depletion and/or subtraction.
Therefore in our approach, we used synthetically made, purified
MUC1 in the form of a 100-mer encoding five tandem repeats; such

long multiple tandem peptides attain an epitope structure closer to the
native conformation of unglycosylated mucin (16, 36). The selection
methods included four rounds of biopanning of the library on coated
antigen or four rounds of selections with biotinylated antigen or a
combination of panning on purified coated antigen (two rounds) and
cell panning (third round). In the latter procedure, we aimed to derive
those MUC1 antibodies that recognize cell surface-related peptide

core epitopes. The selection data are summarized in Table 1.
Panning of the library on immunotubes with coated MUC1 100-mer

showed enrichment with regards to phage titer. MUC 1-specific mono

clonal scFvs were identified with a specific but low ELISA
(<3 X background) signal. In the third round, fingerprint analysis
showed the presence of three different antibodies, with one clone
dominating the population (50% of the positive wells). This clone
dominated completely after the fourth round of selection (results not
shown). Selection on cells after two rounds of panning gave a slight
enrichment; however, no specific antibodies in ELISA nor whole-cell

ELISA were detected (data not shown), suggesting that the preselec
tion on coated MUC1 peptide did not enrich for antibodies specific for
cell surface MUC1 epitopes.

Because the coating procedure itself may alter the antigen in its
conformation, which may in its turn disfavor the isolation of many
different antibodies, we alternatively performed selections using bi-

Table 1 Selections on MUC1 peptide or MUC1 displaying tumor cells with a large naive scFv library

Panning on MUC1

Selection round Enrichment" Binding (%)

Panning on MUC I and cells'

Enrichment Binding (%)

Biotinylated MUC I

Enrichment Binding (%)

Round1Round
2Round
3Round

4110123680010.034.81NA47NA011200330016700''ND'015.913.0
" Output round n/inpul round n divided by Output round one/input round one.
h Percentage of clones with A4S() in ELISA >2 x background.
' Two rounds by panning on coated MLJCI and third round by selection on cells.
*' Preabsorbed with coated streptavidin-BSA.
f ND. not determined: NA. not applicable.
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1C 2C 3E 10A 10B 1G5

Antibody Clone

Fig. 2. Specificity analysis of scFvs by ELISA without (â€¢)or with (D) the addition of
MUCl 60-mer. IG5, monoclonal control antibody binding to MUCl peptide core.

otinylated MUCl 100-mer, allowing selection in solution and retrieval
of MUCl-bound phages using streptavidin-coated magnetic beads.

This procedure gave a better enrichment (in part due to selection of
streptavidin-specific phages) and resulted in the isolation of four new

antibodies (according to DNA fingerprint) besides the clones isolated
previously. Four different antibodies were identified in round 3 (2C,
3E, 10A, and 10B), with one clone (scFv 10A) dominating the
population in round 4. One new antibody was found in round 4 (1C).
Although we preabsorbed streptavidin binders before the fourth
round, the percentage of streptavidin binders was much higher in
round 4 (43%) than round 3 (27%), explaining the low enrichment
levels of the MUCl-specific antibodies.

Fine Specificity of the Human Antibodies by ELISA, BIAcore,
and Indirect Epitope Fingerprinting. To determine whether the
antibodies were specific for MUCl peptide, we performed an ELISA
with the MUCl 100-mer and blocked the specific binding with the
MUCl 60-mer. The selected antibodies gave different ELISA results

(Fig. 2). Three antibodies (1A, 1C, and 3E) had a low absorbance,
whereas two antibodies (10A and 10B) reacted strongly, with signals
above A450 1.0 (Fig. 2). Binding was inhibited for all antibodies by a
MUCl 60-mer peptide.

The specificity was confirmed in BIAcore for the two clones with
the highest ELISA signals; both scFvs 10A and 10B were shown to
specifically bind to MUCl 60-mer directly immobilized onto the

surface of a sensor chip (Fig. 3). There was a strong element of avidity
visible; indeed, periplasmic fractions that contained mainly scFv
dimers as judged by gel filtration were used for the assay. Thus, the
estimated off-rate (10~3-10~4 range) is an overestimate of the disso

ciation rate of the monomeric antibody-antigen interaction. Purified
scFv fragments showed a much faster off-rate, in the 10" '-10~2 s~'

range, on coated MUCl 100-mer.

To define the fine specificity of the antibodies to the VNTR peptide
core of MUCl, we developed an indirect epitope fingerprinting assay.
The test measures the binding of the scFv to MUCl 100-mer in the
presence of an excess of free, overlapping 20-mer peptide. This

approach allowed us to use overlapping peptides that were not cou
pled to BSA. The fine specificity analysis of three scFvs (10A, 10B,
and 3E), chosen for their ELISA signal, revealed that each of the
antibodies bound to a different sequence of the MUCl repeat: the
immunodominant epitope in mice DTRPA (3E), an epitope where the
Ser is slightly involved; PAPG(S) (10A); and a long epitope, (T)R-

PAPGSTAPPAH (10B; Fig. 4).

Antibody Sequence. The sequences of the V-genes of the selected
antibodies 10A and 10B are shown in Table 2. Both antibodies use
different heavy and light chain genes, with clear differences in CDR3
of both heavy and light chains. The V,, genes of both antibodies
belong to the same VHI family, are derived from the same germ-line

segment, DP75, and show a different number and position of muta
tions from the germ line. The light chains of both clones are of the
VA-1 family. scFv 10A consisted of segment DPL-5, with a cross
over with DPL-2, and scFv 10B includes segment DPL-11. Other

antibodies derived from the same library frequently use the same light
chain segments (33).

Binding of Antibodies to Cells and Tissues. We could determine
specific binding in FACS for the high-affinity antibodies IDA and

10B. Both, membranous and cytoplasmic MUCl was measured, and
the fluorescence signal could be specifically inhibited with MUCl
60-mer. Antibody 10A bound specifically to the membranous and
cytoplasmic MUCl of T47D cells (Fig. 5). It reacted with the MUC1-

transfected 3T3 mouse fibroblast cell line ETA (data not shown) with
the same binding pattern as in T47D cells, whereas binding to MCF-7

cells was lower, and no binding to membranous MUCl in CaCO2
cells (Fig. 6) was observed. This contrasts with the reactivity of

3500,

-500

100 200 300 400

Time

500 600 700 800

sec

Fig. 3. Binding characteristics of antibody IOA and IOB on BIAcore. D. binding IOA
and IOB on empty chip; â€¢¿�binding kinetics of scFvs IOA: A. IOB on 60-mer coated on
the chip.

VTSAPDTRPAPGSTAPPAHG

Amino Acid involved

Fig. 4. Indirect epitope fingerprinting with 20 overlapping 20-mers. D. scFv 3E
recognizing PDTRPA: â€¢¿�scFv IOA recognizing PAPG(S); A. lOB recognizing RPAPG-

STAPPAH.
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Table 2 Deduced amino acid sequence of MUCI-specific antibodies"

DP75
IOA-V,,
IOB-V,,
aMUCI-1*

DP75
IOA-VH
10B-V,,
DP25
Â«MUCI-l*

DPL5/2
lOA-V,

DPL1I
10B-V,

DPL10
Â«MUCI-I

DPL2
IOA-V,

DPLI1
IUB-V,

DPLIÃœ
aMUCI-1

FRI CDR1 FR2 CDR2
10 20 30 40 50 60

QVQLVQSGAEVKKPGASVKVSCKASGYTFT GYYMH WVRQAPGQGLEWMG WINPNSGGTNYAQKFQG
S-- D K---I

e D--N

FR3 CDR3 FR4
70 80 90

RVTMTRDTSISTAYMELSRLRSDDTAVYYCAR
W L-T D T-A-A F DSGSSSTDH WGQGTMVTVSS

s j DSQLVPHYYYGMDV WGQGTTVTVSS
RVTITRDTSASTAYMELSSLRSEDTAVYYCAR DFLSGYLDY WGQGTLVTVSS

FRI CORI
20 30

QSVLTQPPSVSAAPGQKVTISC SGSSSNIGNNYVS

FR2 CDR2
40 50WYQQLPGTAPKLLIY DNNKRPS''H--K M-- -VS

QSALTQPASVSGSPGQSITISC TGTSSDVGGYNYVS WYQQHPGKAPKLMIY EVSNRPS
--R-- Qâ€”

QSALTQPASVSGSPGQSITISC TGTSSDVGSYNLVS WYQQHPGKAPKLMIY EVSKRPS
--V G-KY-- V--- D-TN---

FR3 CDR3 FR4
60 70 80 90

GVPDRFSGSKSGTSASLAISGLQSEDEADYYC AAWDDSLSGN D FL FGTGTKLTVLG

GVSNRFSGSKSGNTASLTISGLQAEDEADYYC SSYTSSSTL
- N TTNSFV FGTGTKVTVLG

GVSNRFSGSKSGNTASLTISGLQAEDEADYYC CSYAGSSTF
-G S AQSLV FGGGTKLTVLG

" Small letters, primer encoded mutations; capital letters, amino acid mutation.
h (Residue 58). cross-over from DP75 to DP25 after CDR2 (residue 65).
'Crossing over between K (residue 53) and R (residue 54) in CDR2 from DPL5 lo DPL2 for 10A.

antibody IOB, which recogni/.es a larger epitope, but only detects
MUC1 in the cytoplasm of cell line T47D (Fig. 5).

Staining patterns (Fig. 7) of various normal and adenocarcinoma
tissues with antibodies 10A and 10B are summarized in Table 3. A
membranous staining was seen with both antibodies in adenocarci
noma of ovary and breast but not in the tested colon carcinoma and
normal tissues. However, the antibodies did not always stain cyto-

plasmic MUC1 expressed in normal tissues, and the overall staining
intensity was lower than in tumor tissues. The staining intensity was
less pronounced with scFv IOB as compared with scFv 10A.

DISCUSSION

We report here the isolation of human antibodies to MUC1 by
selection from a large naive phage antibody library. The specificity of
the MUC1 scFv antibodies was confirmed by specificity and compe
tition ELISA, BIAcore analysis, immunohistochemistry, and flow
cytometry. The MUC1 antigen that is overexpressed and underglyco-

sylated in cancer is thought to be a good target for therapy. Many
mouse MAbs have been produced to the VNTR of MUC1 and used
unchanged or humanized in biodistribution studies. We are the first to
report the selection of human scFv antibodies that bind MUC1 peptide
repeat and also recogni/.e MUC1 on cell lines and bind to the protein
core of the membrane-anchored underglycosylated MUCI in cancer

but not in normal tissue of the ovary, colon, and breast.
To retrieve antibodies to MUCI from a large human naive scFv

library, we compared three different selection methods. Only when
using biotinylated MUCI 100-mer peptide did we succeed in obtain
ing anti-MUCl antibodies that scored positively in immunohisto

chemistry and flow cytometry. Although we could obtain one appar
ently specific antibody using MUCI-peptide directly coated on plastic

tube, this selection procedure failed to generate the highly specific
10A and IOB clones. It is likely that peptide coated onto plastic may
lead to masking or disturbance of the conformation of some antigenic

sites or may make some epitopes nonaccessible. The combination of
the panning procedure with cell panning could not rescue MUC1-

specific clones from this procedure, although it must be indicated that
we did not investigate whether the phage particles carrying anti-

MUC1 antibodies may be selected at all via cell panning. It could be
envisaged that steric hindrance caused by the glycosylation of the
mucin protein core could hamper efficient enrichment on cells. In
contrast, when using biotinylated MUCI peptide for selection, the
antigen stays in solution during the procedure and may provide
conformations more akin those of the native structure of MUCI.

As determined by indirect epitope fingerprinting, one of the three
antibodies tested, scFv 3E, recognizes the PDTRPA sequence, which
includes PDTR, the sequence most commonly immunogenic in mice
(13, 48). On the other hand, two of our phage antibodies tested bind
to unique epitopes rarely described within the VNTR of MUCI. The
binding sites for the antibodies 10A and IOB map in adjacent regions
of the PDTR, PAPG(S) and TRPAPGSTAPPAH (Fig. 4), respec
tively. The mouse antibody BCP9 (49) recognizes a closely related
epitope (PAPGSTAP; Refs. 44 and 50). The epitope of this MAb
contains a putatively glycosylated threonine residue, and most likely
as a consequence reacts with the underglycosylated and not with the
glycosylated baculovirus MUCI form (51) nor with MUCI-contain
ing three moles of GalNAc per repeat (52) and binds only intracellu-

lary (45). In contrast with the BCP9 antibody, the 10A epitope only
flanks the binding region. Moreover, the serine is involved in binding,
but there is no complete abolishment of inhibition, suggesting that this
amino acid is involved in binding but is not a critical contact residue.
The epitope of scFv 10A seems to be less easily blocked by S- or
T-mediated glycosylation, which is reflected in the broader range of

cell binding for the 10A antibody (membranous staining in adenocar
cinoma) when compared with BCP9 (cytoplasmic staining; Ref. 45) in
immunohistochemistry. An important feature of antibodies derived
from mice immunized with native MUCI is the significant involve-
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Fig. 5. Binding of MAbs (SM3 and 1G5) and scFvs 10A and 10B
lo T47D cells in flow cytometry. A, membranous staining. B. cyto-
plasmic staining. Thin line, negative control; thick line, binding of the
antibody: broken tine, competition for cell binding with MUC1 60-

mer.
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Fig. 7. ImnuinohisloKiL'iL.il st.munÃ¬:\vilh lunnaii aliti Ml ( l M| \ ln\ adenoeureininna: I), normal breast epithelial tissue. Staining with l()A (A. fi. and I)) or 9E10
(O is shown. /.<â€¢/;/x/m-/, x2(): ri>/f/ /Â»(//Â«â€¢/.x40. Specitic membranous and c>toplasinic Maining ol breast carcinoma (A and B] and weak cytoplasmic staining in normal tissue (D)

ment of arginine in binding (53). This is illustrated by another anti
body closely related to the antibody 10A. i.e.. antibody C595 [epitope
(T)RPAP), where the substitution of the arginine influences binding
capacity (54). For human scFv 10A. this important residue is not
involved in binding. The human humoral response to the tandem
repeat of MUC1 is also found to be related to the PDTR sequence
(55), but recently other immunogenic sequences within PAPGSTAP-

PAH have been described (56, 57). We found that the epitope of the
10B scFv was very long, containing 14 of the 20 amino acids in the
tandem repeat. The antibody probably recognizes a conformational
epitope, present in the l(X)-mer. formed of five VNTR. but not in the

Table 3 hiiintinnliistiH'ltt'niii-til siiiinÃ¬tifÃ¬"of tissues with MUCl

unlihttdies

NormalThyroidFetal

lungPituitaryBrcaM.

patient1Breast,
patient2ColonTumorNon

adenocarcinomaLungThyroidAdemx-arcinomaBreast,

patientaBreast,
patientbBreast,
patienteeOvariumColonIDAâ€”-â€”â€”Cc-â€”m,

Cm.
Cm.
Cm.
CCIOBâ€”--â€”C---m,

Cm.
Câ€”m,

C-

" -, negative: c. weak cytoplasmic: C. strong cytoplasmic: m. membranous.

one tandem repeat 20-mer peptide, as demonstrated by the indirect

epitope fingerprint ELISA. This epitope could be masked when
MUCl is glycosylated, as in normal epithelial tissues (44). Our results
indicate that the multiplicity of antibodies to various epitopes within
the MUCl tandem repeat, as has been found in cancer patients, is also
present in the scFv antibody library used, and that the selection
procedure described succeeded in simultaneously isolating scFv anti
bodies with unique and even overlapping epitopes.

BIAcore analysis (Fig. 2) shows that 10A and IOB antibodies bind
with high specificity to the MUCl 60-mer coated onto the sensor chip.
The off-rates of the selected antibodies on coated 100-mer are rela

tively fast for antibodies selected from such a large library (in the
range of 10"' s~' for IOB and 10~2 s~' for 10A), that has been

reported to contain antibodies with subnanomolar affinities, with an
average off-rate of IO"3 s~' (33). This might well be due to the

inherent problem of selection of multivalently displayed antibodies
(multivalent due to the theoretically possible pentameric display of
antibody-gene III product on phage, or due to dimerization of soluble
scFv-antibodies with phage-anchored scFvs) on the repetitive antigen

MUCl. The antigen requires this repetitive sequence to retain its full
tertiary structure (16). It remains to be seen whether selection of
antibody libraries with a more truly monomeric nature, such as Fab
libraries, would favor enrichment of higher affinity antibodies.

DNA sequencing of antibodies 10A and IOB revealed that both
antibodies have the same VH germ-line sequence (DP75) with the
lower affinity antibody IOB almost completely resembling the germ-

line gene (four mutations, only two of which in the CDR regions) and
with the higher affinity antibody 10A having 12 nonsilent mutations
(Table 2). Besides the homology in usage of the heavy chain segment.
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antibodies 10A and l OB also share the use of lambda light chain. The
sequence similarity is striking, in particular because both antibodies
display a very different fine specificity. The same heavy chain FRI to
CDR2 germ-line sequence was found already in an anti-MUCl anti
body, aMUCl-1 (58). In that case, the antibody was selected by
affinity chromatography on Sepharose-MUC 1 20-mer peptide of a

smaller sized naive scFv library (31), but the ELISA signal of the
clone was relatively low, and the antibody did not bind to cells. The
clone aMUCl-1 is completely germ line but uses a CDR3 different
from the clones isolated in this study. aMUCl-1 also shares with

clones 10A and 10B the use of a lambda light chain, although the
germ-line sequences are different for all three clones: DPL11 for 10B;
VL2.1 (DPL10; Ref. 59) for aMUCl-1; and DPL5 with a cross-over

with DPL2 in the CDR2 region for 10A. It would be interesting to see,
in the future, whether more human antibodies than the three described
have the same features and whether there is a relation between the use
of the same germ-line family and the special VNTR structure of

MUC1.
The selected antibodies would be useful for immunotherapy only if

they bound the MUC1 peptide core present on cancer cells. Special
focus was set to the staining of breast cells and tissues because
glycosylation-sensitive, and therefore tumor-specific, monoclonal an

tibodies do not stain the higher glycosylated normal breast epithelial
membrane (45, 60, 61). Moreover, MUC1 is expressed in 92% of the
breast tumor tissues (61), and >80% of all breast cancer metastasis
can imaged by anti-MUCl antibodies (25, 62). Both 10A and 10B

antibodies bind cells in flow cytometry (Figs. 5 and 6). The antibody
10A binds specifically but with a different pattern to the membrane of
the MUCl-transfected cell line ETA (data not shown) and the breast

cell lines T47D and MCF7 but not to colon cancer cell line CaCO2,
likely reflecting, in inverse, the degree of glycosylation of MUC1 in
these cell lines (Fig. 6) as described for the tissues they are derived
from (45). There is a great similarity in its binding with glycosylation-

dependent monoclonal control antibody SM3, which recognizes a
different epitope, the PDTRP sequence (48). Antibody 10B stained
the cells only intracellulary in flow cytometry (Fig. 5), indicating that
this antibody is more sensitive to glycosylation and may recognize
precursor underglycosylated MUC1 molecule (63). In immunohisto-

chemistry, the 10A and 10B scFv stain, as their monoclonal counter
parts, the cytoplasmic and membrane-anchored MUC1 adenocarci-

noma tissues of different origin, whereas the staining pattern in
normal tissues was less intensive or absent and cytoplasmic. This
indicates that both antibodies recognize MUC1 in its under- or non-

glycosylated form on the surface of cancer cells and confirms that the
membrane-anchored MUC1 in cancer cells can expose almost naked

core peptide (61).
In conclusion, the human phage antibodies selected in this study

recognize epitopes different from the mouse MAbs that have been
described before. However, similar to their murine equivalents, they
bind the MUC1 peptide, recognize MUC1 on cell lines, and bind to
the protein core of the membrane-anchored underglycosylated MUC1

in cancer cells, with minimal or no binding observed in normal tissue
of the adult ovary, colon, or breast.

The selected phage antibodies are suitable starting points for de
veloping completely human anticancer therapeutics: (a) the presence
of MUC1 in high amounts and in a nonpolarized fashion on the
adenocarcinoma cell confers the antibody access to tumor cells and
not to normal cells expressing MUC 1; (b) during the life of the cell,
membranous MUC1 is continuously internalized and recycled (63).
Pietersz et al. (64) showed that the antibody CTMO1, reacting with
the RPAP, was internalized and delivered cytotoxic drugs much more
effectively than an antibody to the APDTR of MUC1. The scFv 10A
epitope overlaps with the CTMO1 epitope and therefore could have

the same features as carrier for cytotoxic drugs toward the tumor.
Besides the use for direct drug delivery, these antibodies might also
block MUCl-induced T-cell suppression (65), which could further

enhance the antitumoral effect of these agents.
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