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Abstract

Purpose: The selection and characterization of anti-
MUC-1 single-chain antibody fragments (scFv) isafirst step
toward the construction of new anticancer molecules de-
signed for optimal blood clearance and tumor penetration.
The mucin MUC-1 was chosen as an antigen because it is
abundantly expressed on epithelial cancersin an aberrantly
glycosylated form, making it structurally and antigenically
distinct from MUC-1 expressed on normal cells.

Experimental Design: A previously constructed anti-
MUC-1 phage display library from hyperimmunized mice,
with 5 x 10° calculated variants, was screened for the
selection of anti-MUC-1 scFvs. Selection criteria were high
binding to a MUC-1 peptide containing 4 tandem repeats of
20 amino acids and to MUC-1-positive MCF-7 (human
breast cancer) cell lysatesin ELISA.

Results: Six anti-MUC-1 scFv clones wer e selected and
characterized. Nucleotide sequencing showed that four of
them were full length scFv genes (variable heavy chain +
variable light chain), whereas the remaining two contained
either avariable heavy chain or a variablelight chain alone.
Their binding affinities (K,) range between 8 x 10" and 10°
m~ . Immunohistopathology demonstrated reactivity with
breast cancer cells (MCF-7 and BT20) and human breast
biopsy tissue. Molecular modeling revealed high structural
similarity of the anti-MUC-1 scFvs with the X-ray-deter-
mined structure of the anti-CEA scFv (MFE-23).
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Conclusions: In vitro antigen binding was demonstrated
for the selected anti-MUC-1 scFvs. The binding affinities of
these scFvs are in a promising range for efficient in vivo
antigen binding. These anti-M UC-1 scFvs will be evaluated
as antigen-binding modules in new multifunctional agents
for the detection and therapy of cancer.

Introduction

Although radioimmunotherapy using intact MAbs® has
been studied in clinical trials for the treatment of breast cancer
and other solid tumors, therapeutic success has been limited by
the large size of the MAb (150 kDa) molecules which retards
blood clearance and decreases the accumulation of the radio-
pharmaceutical in the tumor (1). Recombinant antibodies and
their fragments in combination with new therapy approaches
such as pretargeting have become a promising resource for the
design of high-affinity specific targeting drugs (2, 3). Recent
construction of engineered targeting molecules has demon-
strated the potential for multivalent high affinity reagents built
from small binding fragments (25 kDa), which can potentially
target tumor more efficiently than large MAbs (4). Antibody
fragment units have also been engineered for gene therapy,
imaging, immunotherapy, radioimmunotherapy, chemotherapy,
and prodrug therapy (5-13). ScFvs® corresponding to the VH?
and VL2 immunoglobulin domains connected by a biologically
inert flexible linker create the smallest antibody fragments that
usually retain specific binding characteristics. ScFv molecules
can be produced from existing MAb hybridoma clones, how-
ever, phage display libraries can provide a multitude of scFvs
from a more diverse antibody gene pool and thus alow for the
selection of scFvs to various epitopes and with a range of
binding characteristics (14-19).

One of the epithelial mucin family of molecules, MUC-1,
has received considerable interest as a cancer antigen target. It
is abundantly expressed on a number of epithelia cancers,
where its aberrant distribution and glycosylation make it struc-
turally and antigenically distinct from MUC-1 expressed by
nonmalignant cells (20—23). The dominant form of MUC-1 isa
high molecular weight molecule, comprised of an extracellular
mucin domain with tandem repeats of 20 amino acids, a trans-
membrane region, and a cytoplasmic tail. Within the extracel-
lular domain, novel epitopes of shortened carbohydrate chains
and portions of the 20 amino acid tandem repeats are exposed in
malignant cells and hence provide specific targets for antibodies
(24-26). In normal epithelia tissue, MUC-1 is localized to the

3 The abbreviations used are: MAb, monoclonal antibody; K,, binding
affinity; PDB, Protein Data Bank; scFv, single-chain antibody fragment;
VH, variable heavy chain; VL, variable light chain; ITPG, isopropyl-
B-p-thiogalactopyranoside; TES, 0.2 m TrissHCl (pH 8.0), 0.5 mm
EDTA, 0.5 M sucrose.
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apical region of the cells, but in malignant tissue, MUC-1
expression is up-regulated, and its distribution is no longer
confined to the apical region (27). MUC-1 has been demon-
strated to play a role in cell adhesion, cell signaling, and im-
mune responses (2426, 28). Consequently, overexpression of
MUC-1 resulting in decreased cell adhesion may be associated
with tumor metastasis (23, 29). A substantial number of anti-
MUC-1 MAbs have been produced against this glycoprotein,
with the majority of them recognizing epitopes within the tan-
dem repeat region (20—22, 30—33). These anti-MUC-1 MAbs
have been used primarily asin vitro diagnostic agents to identify
tumor markers and monitor levels of circulating antigen (34). A
few have been used to deliver radiation to advanced tumors as
in radioimmunotherapy (35). In ovarian cancer, the anti-MUC-1
HMFG1 antibody has been used to deliver *°Y to peritoneal
implants in patients with minimal residual disease (36, 37).
Another MUC-1 MADb (BrE-3) labeled with °°Y has been used
in the treatment of breast cancer; transient and partial tumor
responses were seen in a population of patients who had been
heavily pretreated with other cancer therapeutics (36, 38—41).
These studies confirm that this tumor antigen can be effectively
targeted without also targeting MUC-1 in normal tissue (36, 37).

Here, we describe the selection of anti-MUC-1 scFvs from
a previously constructed hyperimmunized mouse anti-MUC-1
phage library (42). Six anti-MUC-1 scFvs were chosen for
further characterization because of their consistent reactivity to
the MCF-7 human breast cancer cell line. The characteristics of
these scFvs will be useful in the selection of ideal agents for
imaging and as pretargeting and therapy agents.

Materials and Methods

Culture of Human Cell Lines. MUC-1-positive human
breast adenocarcinoma cell line MCF-7 cells (American Type
Culture Collection, Manassas, VA) were grown to 75% conflu-
ence in DMEM (Life Technologies, Inc., Invitrogen Corp.,
Carlsbad, CA) medium containing 5% FCS. BT20 breast cancer
cells (American Type Culture Collection) were grown in MEM
with Earle's salts (Life Technologies, Inc., Invitrogen Corp.)
containing nonessential amino acids (0.1 mv) and 10% FCS.

Library Construction and scFv Selection. These pro-
cedures have been described previously (42). Briefly, BALB/c
mice (Harlan Sprague Dawley, Indianapolis, IN) received ani.p.
injection of MUC-1-positive MCF-7/HBT 3477 (10:1) cell
membrane lysate, followed by three immunizations with key-
hole limpet hemocyanin-MUC-1 synthetic peptide at 3-week
intervals. The 80 amino acid MUC-1 peptide corresponds to 4
repeats of the 20 amino acid sequence from the extracellular
tandem repeat domain of MUC-1. The amino acid segquence of
one repeat is. PDTRPAPGSTAPPAHGVTSA (43). The scFv
library was constructed using the RPAS mouse scFv module
(Amersham Biosciences Corp., Piscataway, NJ). For affinity
selection, the phages were subjected to three rounds of affinity
selection in a 3% nonfat milk/PBS buffer (pH 7.4; Sigma-
Aldrich, St. Louis, MO) solution containing 0.2% Tween 20
with decreasing amounts (100, 50, and 10 nm) of MUC-1
peptide conjugated to biotinylated BSA and magnetic strepta-
vidin beads (Dynal, Inc., Lake Success, NY). Selected phages

were amplified by reinfection of Escherichia coli TG1 cells,
before the next selection round.

ScFv DNA Sequence Analysis. The anti-MUC-1 plas-
mids were extracted from TGL1 E. coli using the Qiafilter plas-
mid extraction kit and protocol (Qiagen, Vaencia, CA). Both
DNA strands of the anti-MUC-1 scFvs were sequenced (DBS
automated DNA sequencing facility, University of California at
Davis, Davis, CA).

ScFv Production. ScFv clones for ELISA testing were
grown overnight in cell culture plates at 30°C with shaking at
200 rpm in 2xYT media (17 g/liter Bacto-tryptone, 10 g/liter
Bacto-yeast extract, 5 g/liter NaCl) containing 2.0% glucose and
100 pg/ml ampicillin. The following day, after changing the
medium to 2xYT + ampicillin, scFv expression was induced
overnight at 30°C by addition of ITPG® (USB, Cleveland, OH)
to 1 mm final concentration (44). Larger scale production of
soluble anti-MUC-1 scFv protein for Scatchard and immuno-
histochemistry analyses was conducted in shaker flasks or in a
5 liter Bioflo 3000 fermentor (New Brunswick Scientific Co.,
Inc. Edison, NJ). For culture in flasks, E. coli containing the
scFv gene was inoculated into 2xYT medium containing 2%
glucose and 100 pg/ml ampicillin. The culture was grown for
8 h at 30°C, then diluted 1:1000 using 2xY T medium containing
2% glucose and 100 p.g/ml ampicillin, and grown for an addi-
tional 16 h. The bacteria were pelleted by centrifugation at
6300 X g for 15 min at 4°C using a Sorval centrifuge with a
GSA rotor and resuspended in 2xY T medium containing 1 mm
ITPG and 100 pg/ml ampicillin for soluble scFv protein pro-
duction at 30°C for 4.5 h. Culture in the biofermentor was
conducted as described previously (45), with the following
changes. ampicillin was used as the selective agent; and the
scFv protein expression was induced by addition of ITPG to a
final concentration of 1 mm.

ScFv Purification.  ScFvs were purified as soluble pro-
teins from the periplasm of the E. coli bacteria by pelleting 1
liter of culture and resuspending the bacteria in 20 ml of TES.®
This was followed by the addition of 33 ml of 0.2X TES and
incubation for 30 min on ice with moderate agitation. The cell
debris were pelleted by centrifugation at 12,000 X g for 30 min
at 4°C. The anti-MUC-1 scFv proteins were purified from the
filtered (0.45 pwm) supernatant by affinity column chromatogra-
phy using the RPAS purification module (Amersham Bio-
sciences Corp.). The purified scFvs were stored in PBS, pH 7.4.

ELISA Selection. MCF-7 cell lysate was used to further
select MUC-1 binding scFv clones. MCF-7 lysates containing
membrane fragments were prepared according to a previously
described protocol (46). The total protein content of the cell
lysates was determined using the Micro BCA protein assay
reagent kit (Pierce Chemical Co., Rockford, IL). Pro-Bind
ELISA assay plates (Becton Dickinson Labware, Franklin
Lakes, NJ) were coated overnight at room temperature with
MCF-7 cell lysate (200 pg/well) in 15 mm sodium bicarbonate
buffer, pH 9.6. The ELISA plates were rinsed with PBS and
blocked with PBS containing 3.0% dried nonfat milk for 1 h at
room temperature. Tween 20 (10 pl/well) was added to the
Pro-Bind plates followed by the addition of the anti-MUC-1
scFv protein (90 wl/well). BSA, 10% in PBS, was used as a
negative control. Incubations were conducted at 37°C for 1 h.
After each incubation, the plates were washed three times with
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PBS containing 0.05% Tween 20 followed by three washes with
PBS only. The bound scFvs were detected with 100 wl of
anti-E-Tag-horseradish peroxidase MAb (1:250) Amersham
Biosciences Corp.) in 3% nonfat milk solution. After the last
washing step, the 2,2'-aminobis-3-ethylbenzthiazoline-6-
sulfonic acid substrate (Sigma-Aldrich), containing 0.3% H,O,
was added. As soon as the colorimetric reaction had de-
veloped, the plate was read at A,o5 (Dynex microplate reader,
Chantilly, VA).

Affinity Evaluation by Competitive ELISA. Competi-
tive ELISA analyses were performed in plates coated with
MCF-7 cell lysate. Pro-Bind ELISA assay plates were coated
overnight at room temperature with the MCF-7 cell lysate (200
pg/well) in 15 mm sodium bicarbonate buffer, pH 9.6. Subse-
quently, the ELISA plates were rinsed with PBS and blocked
with PBS containing 3.0% dried nonfat milk for 1 h at room
temperature. Soluble scFv was diluted in 10% Tween 20 and
stored on ice until used. MUC-1 peptide used as the competitor
was diluted in 3% nonfat milk to provide the following concen-
trations of 0, 1, and 10 nm. BSA, 10% in PBS, was used as a
negative control. After 30 min of incubation at room tempera-
ture, the soluble scFvs with or without various concentrations of
the competitor were transferred to ELISA plates. Incubations
were carried out at 37°C for 1.5 h. After each incubation, the
plates were washed three times with PBS containing 0.05%
Tween 20 followed by three washes with PBS only. Anti-E-
Tag-horseradish peroxidase MAb, 100 wl (1:250) in 3% nonfat
milk, was added to the wells, and the plate was incubated. The
plate was developed by addition of the 2,2"-aminobis-3-ethyl-
benzthiazoline-6-sulfonic acid substrate containing 0.3% H,O,
before reading at A5

ScFv K_s® were extrapolated from the competitive ELISA
data based on linear regression and covariance analyses. Linear
regression was used to estimate the binding affinities using all of
the data points determined from three individual experimentsin
which each specific concentration was performed in triplicate,
whereas analysis of covariance was used to calculate the vari-
ability of the affinity estimates of the scFv by grouping the data
into individual trials.

Scatchard Analysis. One anti-MUC-1 scFv (12E) was
iodinated by chloramine T as described previously (47). The
specific activity of the product was 0.46 mCi/mg. High perform-
ance liquid chromatography was used to purify the *25I-12E
scFv by applying 200 pl of the *2°1-12E scFv onto a SEC-2000
column (Phenomenex, Torrance, CA) and collecting 0.5 ml
fractions. *2°|-12E scFv fractions corresponding to 42 kDa
(dimeric form) and 25 kDa (monomeric form) were collected
and used in competitive binding assays. Unlabeled 12E scFv
was purified into 42 kDa and 25 kDa fractions as described
above for use as competitor to labeled ?°I-12E scFv. *%°1-12E
scFv (0.1 pg) was added to 5% BSA-PBS solution along with
various amounts of unlabeled immunoconjugate (0.5, 1.0, 2.0,
and 5.0 u.g). MCF-7 cells (5.0 X 10°) were added, and the final
volume was adjusted to 150 pl. The solutions were gently
vortexed and incubated at room temperature for 1 h. After the
cells were pelleted by centrifugation, the supernatant was care-
fully removed and transferred to a clean via. Supernatants and
pellets were counted using a LKB 1282 Compugamma CS well
counter (Amersham Biosciences Corp.). Scatchard analysis

from a competitive binding assay using MCF-7 cells was used to
estimate the binding affinities of the dimeric and monomeric
12E scFvs.

Molecular Modeling. Database searches showed several
scFv constructs, with experimentally determined three-dimen-
sional structures, to be similar to the 12E scFv. From these, the
structure of the murine scFv antibody MFE-23 (PDB* code:
1QOK) was selected as a template because it had the closest
sequence homology (73% identical residues) as well as an
identical linker sequence connecting the VH and VL domains
(48). Conformation for the conserved structural regions of clone
12E was assigned directly from the structural template. The six
hypervariable loops (H1 to H3 and L1 to L3), responsible for
antigen binding, were modeled using additional structural infor-
mation from the PDB, as follows. First, the PDB was searched
for loop structures that had high sequence similarity to these six
loop regions in the 12E scFv. Four of the hypervariable loops
(H2, L1 to L3) had similar conformations in both the original
template (MFE-23) and the set of structures with the closest
sequence similarity to the 12E protein. The structures of two of
the loops (H1 and H3) in MFE-23 were different from the
consensus structure observed by comparing corresponding loops
that were the most similar by sequence to the 12E scFv. There-
fore, H1 and H3 loops of 12E scFv were modeled using the
consensus loop structures and not the H1 and H3 loops from the
MFE-23 scFv.

The structure of the VH domain for the 3D scFv was
obtained using the same procedure applied to clone 12E. Esti-
mation of secondary structure for the 3D scFv COOH-terminal
region was done using PsiPred (49). Model-building was per-
formed using MODELLER (50), followed by model quality
assessment with Procheck (8).

Immunohistochemistry. Cytospin  preparations  of
MUC-1-positive MCF-7 cellsand BT20 breast cancer cellswere
used to compare immunohistochemical staining by purified anti-
MUC-1 scFv and control nonbinding scFv to staining by anti-
MUC-1 MAb BrE-3 (gift from R. L. Ceriani) and control 1gG1
MADb (R&D Systems, Minneapolis, MN), respectively. The mu-
rine MAb BrE-3 reacts with an epitope on the tandem repeat of
the peptide core of MUC-1 (51). It has a so been shown to react
with >75% of the cellsin >95% of the breast cancers (52). The
negative control scFv, corresponding to an antilymphoma scFv
(53), was produced and purified in the same manner as anti-
MUC-1 scFvs described above. Freshly scraped cells were re-
suspended in PBS, spun onto superfrost plus slides (Thermo
Shandon, Pittsburgh, PA), and fixed in 10% formalin for 10
min. After a washing in PBS, the slides were incubated with
0.3% H,0, in methanol for 10 min, followed by PBS wash. The
cells were blocked with 10% goat serum in PBS for 10 min,
followed by incubation with MAb (BrE-3 and control 1gG1, 5
rg/ml) or scFv (control and 12E, 26 pg/ml) overnight at 4°C in
a humidified chamber. After rinsing in PBS, the slides were
incubated with biotinylated antimouse MAb (Molecular Probes,
Eugene, OR) for 1 h, rinsed, and incubated with ABC reagent
(Vector Laboratories, Burlingame, CA). Color development was
performed using 3,3'-diaminobenzidine tetrahydrochloride
(Vector), followed by counterstaining with Mayer's modified
hematoxylin (Master Tech, Lodi, CA). Breast tissue fixed in
formalin and embedded in paraffin was cut into 5-u.m sections
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A VH

12E QOVKLQQSGTEVVKPGASVKLSCKASGYIFTSYDIDWVRQTPEQGLEWIGWIFPGEGSTEY 60
3D QVKLQESGPEVVKPGASVKLSCKASGYIFTSYDIDWVRQTPEQGLEWIGWIFPGEGSTEY 60

c4 QVQLQESGPGLVQPSQSLSITCTVSGFSLTAYGVHWIRQSPGKGLEWLGVIWSG-GGTDY 53
B2 QVKLOESGPGLVQPSQSLSITCTVSGFSLTAYGVHWIRQSPGKGLEWLGVIWSG-GGTDY 59
A5 QVKLQQSGPGLCSPERACPSPAQPLVSHLLMVYIGFASLQERVWSGWEYGVVEAQTI-—— 57
2B QVKLQQSGEFQVPLVTLC: 17
12E NEKFKGRATLSVDKSSSTAYMELTRLTSEDSAVYFCARGDYYRRYFDLWGQGTTVTVS 118
3D NEKFKGRATLSVDKSSSTAYMELTRLTSEDSAVYFCARGDYYRRYFDLWGQGTTVIVS 118
o2 NPAFISRLNINKDNSKSQVFFKVDSLOLDDRGIYYCVR~-RNGYFFDSWGQGTTVIVS 115
B2 NPAFISRLNINKDNSKSQVFFKWIVYNLMTEAYTTVEAY---GYFFDSWGQGTTVIVS 114
A5 IQLSYPDTSTR-TTPRAKFSLKWIVYNLMTEAYTTVGV---MGTSLTPGANGTTVIVS 111
2B

B VL

12E DIELTQSPAIMSASPGERVIMTCSASSSIRY————— IYWYQQOKPGSSPRLLIYDTSNVAP 55
3D DIELTQSPGVKT 1z
c4 DIELTQSPASLLCLWGRGPPSHAGPTMVVSTSGYNFIYWSQOKPGQSPKLLIYLSSNLES 60
E2 DIVLTQSPASLLYLWGRGPPSHTGPAKVSVHLAIVICTGTNRNODSHPDSSSILYPTKIW 60
A5 DISSLSLQLP-LYLWGRGPPSHTGPAKVSVHLAIVICTGTNRNQDSHPDSSSILYPT~-IW 58
2B -—--TQSPLPLLYLWGRGPPSHTGPAKVSVHLATIVICTGTNRNQDSHPDSASILYPTRIW 56

12E GVPFRESGSGSGTSYSLTINRMEAEDAA-TYYCQEWSGYPYTFGGGTKLELKRAAA 110

3D GTKLELKRAAA 23
C4 GVPARVSGSGSRTYFTLNIHPVEEEDAAATFYCRHTRELPCTFGGRTKLEIKRAAA 116
E2 GPCQVOWQWVWDRLHPQHP SCGGGGCCNLLLAA-HLGAY-—TFGGGTKLELKRAAA 113
A5 GPCQVOWQWVWDRLHPQHP SCGGRGCLOPITVSTLGAY - ——TFGGGTKLELKRARA 111

2B GPCOVQLOQOSGTD-FTLNIHPVEEEDAA-TFYCRHTRELPCTFGGGTKLEI KRAAA 110

Fig.1 Sequence analyses. Amino acid sequences of the VH (A) and
VL (B) antigen binding regions of the anti-MUC-1 12E, 3D, C4, A5, E2,
and 2B scFvs are provided. The 3D scFv (VH only) appears to be a
truncated version of the 12E scFv.

onto Super Frost Plus slides. After deparaffinization and rehy-
dration, tissues were treated similarly to cells, with the addition
of microwave antigen retrieval (3 X 5 min at 600 W in 10 mm
sodium citrate, pH 6). Cells and tissues were photographed at
X400 magnification.

Results

ELISA Selection. Six scFv clones were selected from
ELISA results, indicating that they consistently bound MUC-1
peptide and membrane lysate of the MCF-7 breast adenocarci-
noma cells.

DNA Sequence Analysis. Automated DNA sequencing
established that four of the six scFvs contained both the VH and
VL sequences that form the antigen binding site. The remaining
two scFvs contained either the VL sequence (2B) or the VH
sequence (3D) aone (Fig. 1). The 12E and 3D scFvs have
identical VH sequences. Despite the lack of a VL domain, the
3D scFv was intensely reactive with MCF-7 cdll lysate in
ELISA.

Competitive ELISA. Four of the six initially selected
anti-MUC-1 scFvs were chosen, because of their consistent
binding to MCF-7 cell lysate, to be tested in this assay. Prein-
cubation of these scFvs with increasing amounts of MUC-1
competitor peptide interfered with their binding to the plated
MCF-7 cell lysate (Fig. 2). In the presence of 1 nm competitor,
three of the four scFvs tested were partially inhibited from
subsequent binding to the plated MCF-7 cell lysate. The inhi-
bition percents were 52% for the C4 scFv, 19% for the 3D scFv,
and 44% for the 12E scFv. A 10-fold increase in the amount of
competitor (10 nm) resulted in estimates of binding inhibition of
66% for the C4 scFv, 68% for the 3D scFv, 45% for the 12E
scFv, and 13% for the A5 scFv.

These competitive ELISA data, from three separate exper-
iments performed in triplicate, were used to extrapolate the K_s
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Fig.2 Competitive ELISA. Anti-MUC-1 scFv (12E, 3D, C4, and A5)
were incubated with 0, 1 or 10 nm MUC-1 competitor peptide. The
results illustrate three experiments with triplicates in each experiment.
The mean values and range are provided. At the 1 nv level of MUC-1
competitor peptide, the mean values were decreased most notably for
the 12E, 3D, and C4 scFvs. On the addition of 10 nm of MUC-1
competitor peptide, a further decrease was observed for the 3D and C4
scFvs; no obvious further decrease in binding was observed for the 12E
scFv with a 10-fold competitor increase. P values for the slopes ex-
tracted by covariance analysis were 0.04 for 12E, 0.04 for 3D, 0.07 for
C4, and >0.1 for A5.

of the anti-MUC-1 scFvs by two different analysis methods,
linear regression and covariance analysis. Results from linear
regression analysis estimated the K, for al four anti-MUC-1
scFvs tested >1.5 X 10” m~* (Table 1). Similar affinities were
derived for the A5 (K, = 7.1 X 10° ™ %) and C4 (K, = 8.2 X
10® M~ 1) anti-MUC-1 scFvs. Slightly lower affinities were
estimated for the 3D (K, = 2.2 X 108 m™ %) and 12E (K, =
1.7 X 10" m~ 1) scFvs. Analysis of covariance showed no
significant difference in the slopes for a given scFv in the three
repetitions but did show variability in the intercepts. The esti-
mated slope for increased inhibition with increased inhibitor
was statistically different from zero (P < 0.05) for 12E and 3D.
The P value for C4 indicated marginal statistical significance
(P = 0.07), and there was no significant difference for A5.
Therefore, K_s of 6.1 X 107, 1.35 X 10% and 6.2 X 10®* m~*
were estimated for the 12E, 3D and C4 scFvs, respectively, only
(Table 1).

Scatchard Analysis of the 12E scFv as **°|-scFv. Be-
cause the protein shaker flask and biofermentor production was
best for the 12E scFv, at ~1.5 to 2 mg/liter culture routinely,
this scFv was chosen for additional studies. *?%|-anti-MUC-1
12E scFv was used to confirm the binding affinity of this
molecule compared with the previous competitive ELISA assay.
Two fractions purified by HPLC were analyzed: a 42 kDa
fraction considered to be a naturally occurring dimeric form
(divalent) of the anti-MUC-1 12E scFv, and a 25 kDa fraction
representative of monomeric (monovalent) scFv form. Both
forms of the anti-MUC-1 12E scFv bound the MUC-1-positive
MCF-7 cells (Fig. 3). For the 12E scFv, Scatchard analysis
results were also used to calculate affinity constants (K.,).

A K, of 1.7 X 10® m~* was determined for the purified 42
kDafraction (dimer) of the 12E scFv, and aK, of 8.6 X 10" m~*
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Tablel K_sof anti-MUC-1 scFvs?

Full length Affinity (K) vt
Anti-MUC-1 sequence

sckv (VH + VL) Linear regression Covariance Scatchard

12E Yes 1.7 X 107 6.1 X 107 1.7 X 10° (42 kDa),
8.6 X 107 (25 kDa)

A5 Yes 7.1x 108 / /

C4 Yes 8.2 X 10° 6.2 X 10° /

3D No VL 2.2 X 108 1.35 x 108 /

2 Determination of the K,s of anti-MUC-1 scFvs was based on either Scatchard analysis or competitive ELISA data. Linear regression and
covariance analyses were used to extrapolate K.s from the same competitive ELISA data. The presence or absence of VH and/or VL sequences is

indicated for each scFv clone.

10

Bound/Free

0 T T T
0 2 4 6 8 10 12

Molar Bound (x10°)

]

Fig. 3 Scatchard plot. Naturally occurring molecular forms of the 12E
scFv (42 kDa (M) and 25 kDa (®)) were analyzed by Scatchard analysis.
The 42 kDa fragment, representative of the dimeric form of 12E scFv,
exhibited the greatest binding with K, = 1.7 X 10° M™%, whereas the
monomeric form of 12E exhibited K, = 8.6 X 10" M™%

was calculated for the purified 25 kDa fraction (monomer) of
the 12E scFv (Table 1).

Molecular Model. The VH and VL antigen-binding
loops are highlighted in the amino acid sequence of the 12E
scFv (Fig. 4A). A three-dimensional model for the 12E scFv is
provided in Fig. 4 B. This model includes two structural do-
mains corresponding to the VH and VL domains. The linker
between these domains was not explicitly modeled, because the
crystallographic study of the anti-CEA MFE-23 scFv (48) sug-
gested that this linker was flexible and most likely did not
assume a unique conformation. Short sequence fragments at the
NH, and COOH terminus of the 12E scFv protein, extending
beyond the structure of VH and VL domains, are also expected
to be flexible and were therefore not modeled. The modeled
structure of the 12E scFv isvery similar to that of MFE-23 scFv
including four of six hypervariable antigen-binding loops. Two
loops (H1 and H3) display marked differences from the MFE-23
scFv template; the H3 loop has the most dissimilar conforma-
tion.

A three-dimensional model for the 3D scFv is provided in
Fig. 4C. The 3D scFv sequence includes a VH domain identical
with that of the 12E scFv (Figs. 1 and 4, B and C). However,
unlike that in the 12E scFv, the VL region of the 3D scFv

consisted only of short conserved NH,- and COOH-terminal
segments. Because this short composite region was flanked by a
Gly/Ser-rich linker and the E-Tag that are not expected to have
rigid conformations, this region is unlikely to form a stable
three-dimensional structure. Secondary structure prediction for
the 3D scFv protein COOH-terminal sequence suggests that this
composite COOH-terminal region could at most, adopt a 3-hair-
pin motif.

Immunohistochemistry. The 12E anti-MUC-1 scFv
demonstrates staining of both MCF-7 cells an BT20 cells (Fig.
5, D and H). No staining of either cell line was observed using
an antilymphoma control scFv (Fig. 5, C and G, 26 pg/ml). The
BrE-3 MADb, used as a positive control, demonstrated stronger
staining of both cell lines, consistent with bivalent binding of a
MAb compared with monovalent binding of the 12E scFv (Fig.
5, B and F). Higher concentrations of 12E demonstrated more
intense staining of MCF-7 and BT20 (Fig. 5, | and J, 100
pg/ml). No staining of the control scFv or control 1gG1 was
observed on breast cancer tissue (Fig. 5, K and M). MAb BrE-3
stained the breast cancer ductal carcinoma intensely (Fig. 5L).
The staining pattern of breast cancer by anti-MUC-1 scFv (Fig.
5N) demonstrated similarity to staining by MAb BrE-3, consist-
ent with the scFv targeting the breast cancer cells.

Discussion

New targeting agents are being developed for the detection
and therapy of cancer. Well-characterized panels of antibody-
based modules that bind cancer related antigens may provide an
invaluable resource for the development of imaging, pretarget-
ing, and therapy molecules. MUC-1 is an ideal antigen target on
adenocarcinomas, because the magjority of distinct MUC-1
epitopes are exposed on tumors versus normal tissue (21, 54).
Several anti-MUC-1 scFvs were selected from an anti-MUC-1
mouse phage display library based on their ability to bind in
vitro to a MUC-1 synthetic peptide (80 mer with 4 tandem
repeats of the 20 amino acid-long tandem repeat from the
extracellular domain of MUC-1) and to MCF-7 human breast
cancer adenocarcinoma cell lysate. Selection of scFvs from
combinatorial libraries, constructed by random assembly of VH
and VL from hyperimmune lymphocyte gene pools, has the
advantage of providing useful new VH and VL pairsor VH, VL
unpaired units that strongly recognize antigens (55).

Sequencing of six scFvs, selected from a previously con-
structed mouse phage display library (42), demonstrated that
four of them were full length clones (VH-linker-VL). The re-
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A WH VL
QVKLQQSGTEVVKPGAS DIELTQSPAIMSASPGERVTMTCSASS

VKLSCKASGYIFTSYDID SIRYIYWYQQKPGSSPRLLIYDTSNVA
WVRQTPEQGLEWIGWIF PGVPFRFSGSGSGTSYSLTINRMEAE
PGEGSTEYNEKFKGRAT DAATYY

LSVDKSSSTAYMELTRL CQEWSGYPYTFGGGTKLELKRAAA
TSEDSAVYFCARGDYYR 110

RYFDLWGQGTTVTVS

118 L1,L2 and L3 loops

H1, H2 and H3 loops

Fig.4 Molecular models of the 12E and 3D scFvs. A, hypervariable
antigen binding H (red) and L (blue) loops on the amino acid sequence
of the VH and VL domains of 12E scFv protein. B, three-dimensional
structural model for the 12E scFv. VH and VL domains are green and
blue, respectively. The hypervariable antigen binding loops are labeled
and colored red (H1 to H3) and orange (L1 to L3). — ———, approximate
path of the Gly/Ser-rich linker between domains. C, three-dimensional
structural model for the 3D (VH only) scFv.

maining two scFvs were partia clones coding only for either a
VH or a VL region. Although unexpected, the fact that these
truncated clones were selected reinforces the fact that the for-
mation of an effective antigen-binding module from immuno-
globulin genes does not necessarily require the presence of both
VH and VL domains. Similar observations (56, 57), have led to
the construction of a VH fusion phage library expressing VH
domains only (57).

Four of the six initialy selected anti-MUC-1 scFv clones
were evaluated in more detail. As demonstrated by competitive
ELISA, the binding of 12E, C4, and 3D (missing VL region)
scFvs to MCF-7 lysate was blocked by nanomolar levels of
MUC-1 competitor peptide by >40%. These observations and
the initial selection by binding to synthetic MUC-1 are consist-
ent with amino acids within the MUC-1 tandem repeats com-

prising at least part of the epitopes recognized by the selected
scFvs. Linear regression analyses indicated that the four scFvs
tested had K_s in the range of 10” to 10° m~*. These K_s were
confirmed by covariance analysis for all except A5. Thus, the
binding affinity values of anti-MUC-1 scFvs are close to opti-
mum for in vivo tumor binding, as it has been reported that
affinity beyond 10° m~* does not significantly increase tumor
retention of scFvs (58). Comparisons of the K s obtained for the
monomeric and spontaneously occurring dimeric forms of the
12E scFv by Scatchard analysis demonstrated the better binding
of the dimeric form, as expected from divalent antigen binding.
Antigen specificity was demonstrated by complete inhibition of
radiolabeled scFv by unlabeled scFv.

The determination of a lower binding affinity for the
12E scFv in comparison with its VH domain alone, the 3D
scFv, was not anticipated. One explanation is provided by the
structural molecular models established for both these pro-
teins. As can be seen in these models, the Gly/Ser-rich linker
is on the other side of the heavy chain domain hypervariable
loops, making it unlikely that the COOH-terminal part of the
3D scFv would affect the interaction of these loops with the
antigen. The lower antigen binding affinity determined for
the 12E scFv compared with the 3D scFv could relate to
decreased access to the antigen epitope by 12E because of
steric hindrance caused by its VL domain. These modeled
structures, combined with the binding affinity measurements,
strongly suggest that in both the 12E and 3D scFv the
antigen-binding was mediated by heavy chain antigen bind-
ing loops (H1 to H3). This is in good agreement with the
antigen-binding model generated for MFE-23, based on the
intermolecular packing in the crystal (48).

The immunohistochemistry results with scFvs from the
anti-MUC-1 phage display library have shown binding to both
MCF-7 and BT20 breast cancer cell lines and human breast
cancer biopsy tissues. Less staining is observed on the adeno-
carcinoma MCF-7 cell line than on the BT20 cell line, asisalso
observed with the MAb BrE-3. The in vitro binding of anti-
MUC-1 scFvsto cancer tissue as well as cancer cell lines shows
promise for MUC-1 targeting cancer in vivo.

Studies have shown that a mgjority of anti-MUC-1 MAbs
bind tumor MUC-1 epitopes present within the highly immu-
nogenic tandem repeats (21). Immunopathological evaluation of
normal tissue suggests that most of these epitopes are inacces-
sible in normal tissue because of a higher degree of MUC-1
glycosylation in norma cells (59). In the case of epitopes
represented on both normal and malignant tissues, their distri-
bution on normal tissue makes the difference. Indeed, on normal
tissue, MUC-1 is usualy present in the lumenal areas on the
apical region of cells. Therefore, in therapy with blood-deliv-
ered anti-MUC-1 agents, the potentialy reactive MUC-1
epitopes present on normal tissue are not being encountered.
The anti-MUC-1 scFvs characterized here also recognize, at
least in part, the peptidic structure of the MUC-1 antigen, which
should increase their potential as candidates for tumor-specific
MUC-1 binding.

ScFvs will likely be used in therapeutic applications as
components of larger molecules designed to have appropriate
pharmacokinetics because the scFv proteins have the physi-
ological disadvantage of rapid elimination from the body by
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Fig.5 MAb BrE-3 and Anti-
MUC-1 scFv  Immunohisto-
chemistry. A-J, binding of MAb
Bre-3 and anti-MUC-1 scFv on
MCF-7 and BT20 breast cancer
cell lines. The binding of control
MAbor scFv (A, C, E, and G) are
compared with MAb BrE-3 or
anti-MUC-1 scFv (B, D, F, and
H). A, 1gG1 on MCF-7 cdls; B,
BrE-3 on MCF-7 cdlls, C, con-
trol scFv on MCF-7 cdlls, D, an-
ti-MUC-1 on MCF-7 cdls; E,
1gG1on BT20 cdlls; F, BrE-3 on
BT20 cdls; G, control scFv on
BT20 cells; H, anti-MUC-1 scFv
on BT20 cdls, I, anti-MUC-1
scFv 100 pg/ml on MCF-7 cdlls;
J, anti-MUC-1 scFv 100 pg/ml
on BT20 cells. Intense but heter-
ogeneous binding of MAb BrE-3
is observed on both cell lines,
with increased stain on BT20
cells. Less intense (heterogene-
ous) staining with anti-MUC-1

-u!lii .

scFv is seen on both cell lines, ¢ 8
with more staining observed on ol
BT20 cells than MCF-7 cells, %3 e
smilar to BrE-3 saning. No '« K7 ::.‘:: s and g/

staining is seen on MCF-7 or
BT20 cdls using either 1gG1l
or negative control scFv, a
non-MUC-1, lymphoma-specific
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scFv, produced and processed
(E-Teg purification) the same
way as the anti-MUC-1 scFvs.
K—N, binding of BrE-3 and anti-
MUC-1 scFv on breast cancer bi-
opsy tissue. K, 1gG1; L, BrE-3;
M, control scFv; N, anti-MUC-1
scFv. Cancerous ductal tissue is
intensely stained by MAb BrE-3

in L, with similar increased stain =~ :;.‘,:.'_'_l;‘ LT T T
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the kidneys because of their small size (5, 60-64). In a
pretargeted radioimmunotherapy approach, scFvs could serve
as the binding elements on a molecular scaffold constructed
of multispecific or bispecific agents. This would alow the
small radiochelate to be administered after the pretargeting
tumor binding molecule(s) localized to the tumor (65—-69).
The use of scFvs or subunits as components in new molecular
formats offers the opportunity to assemble a tumor-seeking
molecule with optimal blood and body clearance as well as
tumor penetration. This study provides key information re-
garding the binding of scFvs to tumor antigen in the context
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of molecular models, information vital to the development of
new antitumor agents.
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