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Abstract While cell surface antigens represent the most
common targets for antibody-based cancer therapy, isolation
of new antibodies speciWc for these targets from single-
chain Fv phage display libraries has been hindered by
limitations associated with traditional selection techniques.
Solid phase panning is often associated with conforma-
tional changes to the target protein due to its immobiliza-
tion on plastic tubes that can limit the ability of the isolated
scFv to bind to conformational epitopes and solution pan-
ning methods require the use of secondary tags that often
mask desired sequences and create unintended epitopes.
Commonly utilized cell-based panning methods typically
yield a panel of single-chain Fv (scFv) molecules that are
speciWc for numerous cell surface antigens, often obscuring
the desired clones. Here, we describe a novel cell sorter-
based system to isolate single-chain Fv molecules speciWc
for deWned antigen targets expressed on stably-transformed
mammalian cells. We employed these methods to isolate
promising scFv clones that bind speciWcally to the Mülle-
rian inhibiting substance type II receptor, a cell surface
ovarian cancer antigen that has proven to be a diYcult tar-
get for selection strategies.
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Introduction

Antibodies targeting relevant cell surface antigens are play-
ing an increasingly important role in cancer diagnosis and
therapy [2, 8, 43]. Due to tolerance of self antigens and lim-
ited eVectiveness of human hybridoma fusion partners,
most monoclonal antibodies (MAb) currently in the clinic
were initially developed by immunizing mice, generating
murine hybridomas [28] and humanizing promising MAbs
by CDR grafting [26]. More recent generations of MAbs
entering clinical trials are derived from transgenic mice
with human immunoglobulin genes [12] or phage display
of human immunoglobulin variable domains in single-
chain Fv (scFv) or Fab formats [53]. As each phage con-
tains the gene encoding the scFv or Fab on its surface,
straightforward panning techniques can be used to isolate
clones speciWc for a desired antigen assuming it is available
in a highly pure form. These techniques are fast and
eYcient and typically use target antigens in a “solid phase”
that are coated onto a plastic support (e.g., immunotubes or
microtiter plates) or in solution employing tagged antigens
that can be isolated using magnetic beads coated with a
ligand speciWc for the tag [10]. Phage display has also been
employed to a lesser extent to isolate antibody clones spe-
ciWc for unknown antigens present on the surface of the
desired target cell population [30]. While this strategy often
yields antibodies speciWc for a wide range of undesired
common and uncommon cell surface proteins, strategies
can be employed to focus the speciWcity of the resulting
clones. These include performing an initial panning step
against a normal human cell population to deplete unde-
sired clones prior to panning against the tumor cell line of
interest [41] and stripping unwanted phage from the cell
surface prior to recovering the selected phage to isolate
those that target internalized antigens [23, 40].
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Most selection strategies use the solid phase methods
described above. While these are often eVective, the pro-
cess of coating the protein target onto plastic frequently
causes signiWcant changes in its structure [5, 6], often
resulting in the isolation of antibody clones that are not
capable of recognizing the antigen in its native conforma-
tion. Additionally, selections performed against recombi-
nant forms of a cell surface protein (e.g. a growth factor
receptor) often yield clones to epitopes that are either not
exposed due to protein conformation or not accessible due
to steric hinderance by other components in the cell mem-
brane [37]. Cell-based panning strategies that present the
target antigen in a more natural conformation could poten-
tially yield antibody clones with a higher speciWcity and
accessibility for the desired target if the binding to back-
ground antigens could be curtailed. However, the current
methodologies involve complicated optimization of choos-
ing appropriate cell lines, the number of cell number used,
incubation duration, washing condition etc. to achieve
acceptable signal/noise ratio and decent positive yield
[51].

In this report we describe a novel method to overcome
the obstacles to cell based panning that are mentioned
above. For these studies we have utilized the human
Müllerian inhibiting substance [36] type II receptor (MIS-
IIR), which is also known as the anti-Müllerian hormone
(AMH) receptor type II (AMHRII), as a target antigen.
MISIIR is involved in the regression of the female Mülle-
rian duct during the normal development of the male
reproductive system (reviewed in [38]) and is reported to
be expressed in more than 50% of human ovarian carcino-
mas ascites cells [33] with a very limited distribution pat-
tern in normal female tissues [4, 22, 49]. SigniWcantly,
primary cellular isolates from the ascities of patients with
ovarian cancer and numerous ovarian cancer cell lines
underwent apoptosis when treated with the receptor’s nat-
ural ligand, MIS [9, 15, 16, 18, 33, 48]. In our opinion,
this makes MISIIR an attractive target for antibody-based
intervention of ovarian cancer. The ideal anti-MISIIR
antibody would be one that mimics the speciWcity and
cytotoxic eVects of MIS. Our initial attempts to isolate
anti-MISIIR scFv clones from three diVerent non-immune
libraries utilized a recombinant human MISIIR ECD:Fc
domain fusion protein in both solid phase and solution
panning strategies. These procedures yielded a number
of unique clones that bound speciWcally to the MISIIR
ECD:Fc fusion protein in ELISAs but not to other fusion
proteins containing human Fc domains [54]. However,
many of the clones that exhibited positive binding in ELI-
SAs failed to bind to native MISIIR on the surface of
tumors cells in Xow cytometry assays. To overcome this
obstacle, we developed the cell sorter-based methodology
described here.

Materials and methods

Human scFv phage library construction

A large naïve human single chain variable fragment (scFv)
phage display library was constructed essentially as previ-
ously reported [46]. BrieXy, whole blood (50 ml/donor)
was collected from 47 healthy donors and lymphocytes
were isolated by Ficoll-Paque gradient [14]. Total RNA
was extracted from individual samples (Cat#74104,
RNeasy®, QIAGEN, Valencia, CA, USA) and subjected to
reverse transcription (5 �g RNA/rxn) with random hexamer
primers. Variable heavy (VH) and light (V� and V�) genes
were ampliWed from each donor by nested PCR using
HotStarTaq (Qiagen, Cat# 203443) and primers based
upon human antibody sequences (http://www.bioc.unizh.ch/
antibody/Sequences/index.html). Outside primers (Table 1)
were designed to match the leader regions of the VH, V� or
V� chains and constant regions of both heavy and light
chains. Inside primers were designed to match the 5�- and
3�-terminal consensus sequences, respectively, and to insert
restriction sites. To facilitate directional cloning of the VH
and VL domains, inside VH primers incorporated unique
SWI sites at both ends following the technique reported by
Krebber et al. [31]. Inside VL primers incorporated SpeI
and XhoI restriction sites at the 5� and 3� ends of the ampli-
Wed fragments. AmpliWed fragments were gel-puriWed
(Qiaquick Gel Extraction Kit, Cat# 28706, QIAGEN), VH,
V� and V� mixes representing the entire diversity of the
donors were created by combining the puriWed fragments,
and subjected to restriction digestion with above mentioned
enzymes, as appropriate.

To construct the scFv library, pAK100 [31] kindly pro-
vided by Andreas Pluckthun, University of Zurich, was
modiWed to create pAK100-lnk by the addition of a
(Gly4Ser)3 linker sequence and XhoI and SpeI restriction
sites. A two-step cloning method was then employed to
assemble a library of intact scFv. First a VL sublibrary was
constructed by subcloning V� and V� mixes (1:1 molar
ratio) into pAK100-lnk. Ligated DNA was electroporated
into TG1 Escherchia coli (Cat# 200123, Stratagene. La
Jolla, CA, USA) and cells were cultured in NE (Non-
Expression medium, 2£ YT with 1% glucose and 25 �g/ml
chloramphenicol) medium to 1.0 OD600. Plasmids corre-
sponding to the VL sublibrary were extracted en masse,
digested with SWI (New England Biolabs, Ipswich, MA,
USA), gel puriWed, ligated with puriWed VH fragments, and
ligated DNAs were electroporated into TG1 E. coli. Fifty
electroporations (approximately 1 �g per reaction) were
performed, the cultures combined, and a serial dilutions
plated to determine the approximate size of the Wnal scFv
library. The combined culture was expanded in NE media,
grown to 1.0 OD600, and aliquots of culture were frozen as
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seeds for future production of phage libraries. Propagation
of combinatorial phage libraries rescued by M13K07 helper
phage (New England Biolabs) was performed as published
procedures [31]. Phage antibody titer was measured and
library aliquots were stored at ¡70°C in a solution of 50%
glycerol.

Construction of MISIIR ECD expressing cell line

A cDNA encoding the MISIIR ECD was isolated previ-
ously [54] and served as the source of DNA to create a cell
line that stably expressed MISIIR ECD on its surface.
BrieXy, BglII and PstI restriction sites were incorporated at
the 5� and 3� ends of the MISIIR ECD cDNA by PCR using
the pDISfor (5�<GGG AGA TCT CCC CCA AAC AGG
CGA ACC TGT G>3�) and pDISrev (5�<GGC TGC AGG
GAC TCA CCT GGG GCA GCC TGG>3�) primers. The
resulting fragment was subcloned into pDisplay (Invitrogen,
Cat # V660-20). The resulting pDisplay-MISIIR expression

vector encodes a translational fusion between the MISIIR
ECD and the platelet derived growth factor receptor
(PDGFR) transmembrane domain with a Hemagluttin (HA)
epitope tag at the N-terminus of the fusion protein to facili-
tate monitoring of expression. The construct was linearized
with PvuI (New England Biolabs), transfected into
HEK293 cells (Cat# CRL-1573, ATCC) using Fugene 6
(Roche Diagnostics, Basel, Switzerland), and stable trans-
fectants were selected with 1000 �g/ml G418 antibiotic
(Cat# MT-30-234-CR, Cellgro, Herndon, VA, USA). A
clone that expresses moderate to high levels of MISIIR
ECD (hereafter referred to as HEK::MISIIR“+”) was iso-
lated by cell sorting on a FACS-VantageSE/DiVa instru-
ment (Becton Dickinson, Franklin Lakes, NJ, USA) using
Xuorescin-conjugated anti-HA antibody 3F10 (Roche Diag-
nostics GmBH, Mannheim, Germany). A corresponding
MISIIR-negative control cell line (hereafter referred to
as HEK::MISIIR“¡”) was established by transfecting the
linearized parental pDisplay vector as detailed above. Both

Table 1 “Outside” primers 
used for primary ampliWcation 
of human naïve antibody 
variable domains and Xanking 
regions

Backward outside primers for VH leader regions

HLd1 5�-TGG AGG/C,A A/GTC CTC/T TTC/T TTG GTG G-3�

HLd2 5�-C ACG/A CTC CTG CTG CTG ACC A-3�

HLd3A 5�-CT ATT/A T/ATA/T G/A,CAA GGT GTC CAG TGT-3�

HLd3B 5�-GCT CTT TTA AGA GGT GTC CAG TGT-3�

HLd4 5�-GTG GCA/G GCT CCC AGA TGG GTC CTG-3�

HLd5 5�-CTG GCT GTT CTC CAA GGA GTC TGT-3�

HLd6 5�-CTG GGC CTC CCA TGG GGT GTC CTG-3�

Backward primers for V� leader regions

kLd1 5�-GCT CAG CT/GC CTG GGG/A CTC/T CTG C-3�

kLd2 5�-TC/T CTG GGG CTG CTA ATG CTC TGG-3�

kLd3 5�-TC TTC CTC CTG CTA CTC TGG CTC-3�

kLd4 5�-T CTG TTG CTC TGG ATC TCT GGT G-3�

kLd5 5�-GC TTC CTC CTC CTT TGG ATC TCT G-3�

kLd6 5�-CTC TGG GTT CCA GCC TCC AGG GGT-3�

Backward primers for V� leader regions

�Ld1 5�-T CAC TGT/C A/GCA GGG TCC TGG GCC-3�

�Ld2 5�-ATG GCC TGG GCT CTG CTC/G CTC CTC-3�

�Ld3 5�-ATG GCA/C TGG AT/CC CCT CTC TTC-3�

�Ld4A 5�-CCC TTC ATT TTC TCC ACA GGT CTC-3�

�Ld4B 5�-CTC CTC CTC CAC TGC/G ACA GGT TCT C-3�

�Ld5 5�-TC CTC TCT CAC TGC ACA GGT TCC C-3�

�Ld6 5�-CTC GCT CAC TGC ACA G/GT TCT TGG-3�

�Ld7 5�-G TTC CTC CTC ACT TGC TGC CCA GG-3�

�Ld8 5�-C GGA CTC CTT GCT TAT GGA TCA GG-3�

�Ld9/10 5�-CC/TG/T CTG/C CTC CTC/G ACC CTC CTC A-3�

Forward out-side primers for constant region

CHFOR 5�-TGG AAG AGG CAC GTT CTT TTC TTT-3�

C�FOR 5�-ACA CTC TCC CCT GTT GAA GCT CTT-3�

C�a-FOR 5�-TGA ACA TTC TGT AGG GGC CAC TG-3�

C�b-FOR 5�-AGA GCA TTC TGC AGG GGC CAC TG-3�
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HEK::MISIIR“+” and HEK::MISIIR“¡” cell lines were
grown in DMEM supplemented with 10% female FBS
(Biotechnics Research Inc., Lake Forest, CA, USA), G418
(1,000 �g/ml) and penicillin-streptomycin and L-glutamine
(Invitrogen) in 5% CO2 at 37°C. Selective expression of
MISIIR ECD on the surface of HEK::MISIIR“+” cells as
compared to parental HEK293 cells by Xow cytometry
using the 12G4 murine anti-MISIIR monoclonal antibody
(kind gift of Dr. Navarro-Teulon, [44]) and FITC-conju-
gated goat anti-mouse IgG (Cat # 349031, BD Biosciences,
San Jose, CA, USA) as a secondary antibody. The secondary
alone failed to bind either HEK293 or HEK::MISIIR “+”
cells (data not shown).

Cell/phage incubation and sorting

HEK::MISIIR“+” cells were uniformly labeled with Cell
Tracker Green (Cat # C2925, Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s protocol with minor
modiWcations. BrieXy, HEK::MISIIR“+” cells were grown
to 70% conXuence, washed once with Phosphate BuVered
Saline (PBS) to remove non-adherent cells, and harvested
by incubation in Hanks’s Balanced Salt Solution (HBSS,
Invitrogen) containing EDTA (1 mM). A single cell sus-
pension was obtained by passage through a cell strainer
(Cat# 352340, BD Falcon™, BD Bioscience, San Diego,
CA, USA) and cells were stained at 1.2 £ 106 cells/ml in
pre-warmed staining solution (serum-free DMEM contain-
ing 10 nM Cell Tracker green BODIFY) for 20 min at
37°C. Staining solution was replaced by 1 ml prewarmed
(37°C) serum-free medium (Cat# 22600-050, OPTI-MEM®I,
Invitrogen) and cells were incubated for an additional
30 min at 37°C. Cells were then washed once in 1 ml PBS,
and blocked in 1 ml of 4% MPBS (Milk PBS; 4% w/v
fat-skimmed milk powder in PBS) at room temperature for
30 min.

HEK::MISIIR“¡” cells (1–2 £ 107) were incubated at
room temperature with the scFv-phage library (0.2 ml,
2 £ 1013 cfu/ml) for 1 h in 2 ml 4% MPBS. HEK::MIS-
IIR“+” cells (2 £ 104) stained with Cell Tracker Green, as
detailed above, were then added and the cell/phage mixture
was incubated on a rotator at room temperature for another
2 h. Cells were pelleted (500£g, 5 min), resuspended at
2 £ 107 cells/ml in PBS and HEK::MISIIR“+” cells were
collected by cell sorting on a FACSvantage SE cell sorter
(Becton-Dickson) based on Xuorescence at 488 nM. Cells
were collected in a tube containing 100 �l PBS to prevent
desiccation and then bound phage were eluted by incubation
with 900 �l fresh-made 100 mM TEA (triethylamine, Cat#
90337, Sigma St. Louis, MO, USA) at RT for 10 min. The
solution was neutralized with 500 �l Tris–HCl (1 M, pH
7.4) and half of phage solution was used to infect log-phase
TG1 which was then plated on NE dish. Bacteria lawn was

scraped from the plates, either frozen with 10% glycerol or
used as inoculum for further rounds of phage preparation.

Phage-antibody preparation

Concentrated phage antibodies were prepared as described
[31]. BrieXy, bacteria were inoculated into a 250 ml baZed
Xask containing 50 ml NE medium and grown at 37°C,
250 rpm to an OD600 = 0.5. Phage were rescued from
10 ml of culture by the addition of with 1 £ 1011 pfu
(Plaque-forming unit) M13K07 helper phage and 5 �l IPTG
(isopropyl-beta-D-thiogalactopyranoside, 1 M stock; Cat#
16758, Sigma). Cells were incubated at 37°C without agita-
tion for 30 min, the culture was expanded by the addition
of 40 ml of LE (2XYT containing 1% glucose, 25 �g/ml
chloramphenicol, 0.5 mM IPTG) medium, and grown
overnight (>8 h) at 26°C, 250 rpm to induce production of
phage antibodies. Bacterial cells were pelleted from 40 ml
of the culture and phage were precipitated with 1/5 volume
20%PEG/2.5 M NaCl (PEG-6000, Cat# P-2139, Sigma) by
centrifugation at 3,300£g for 30 min. The phage pellet was
dissolved in 1 ml PBS and centrifuged at 11,500£g for
10 min to remove bacterial debris. The clariWed phage anti-
bodies were used immediately or frozen at ¡80°C in 10%
glycerol for future use.

Monophage ELISA, PCR Wngerprint and scFv expression

Monophage ELISA was carried out essentially as described
[27, 54]. Positive clones were ampliWed by PCR using
the primers GA213 (5�>TCATGAAATA CCTATTGCC
TACG<3�) and GA215 (5�>CCAGAGCCACCACCCTA
CA GGT<3�) and categorized by PCR Wngerprinting
[32]. Unique colonies were then identiWed by sequence
analysis. Expression of soluble scFv was accomplished by
subcloning the genes for the scFv from the pAK100-lnk
phagemid to pCYN2 [45] as NcoI and XhoI fragments. Sol-
uble scFv were expressed in E.coli TG1, isolated from the
periplasmic space and puriWed by Ni-NTA agarose aYnity
chromatography and high-performance liquid chromatogra-
phy (HPLC) as previously described [1]. The size and
integrity of the resulting scFv were assayed by 12% SDS-
PAGE [34].

scFv:Fc preparation and aYnity determination by SPR

Construction and preparation of scFv:Fc was performed as
described [54] with minor modiWcations. BrieXy, the 3�-SWI
sites of selected scFv genes were mutagenized (Quik
Change, Cat # 200514, Stratagene, La Jolla, CA, USA) and
the genes were subcloned into a modiWed pHingestuVer
[19] for expression and puriWcation. Binding of scFv and
scFv:Fc to puriWed MISIIR ECD:Fc was carried out by
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surface plasmon resonance on a BIAcore1000 (BIAcore, Phar-
macia, Piscataway, NJ, USA) as previously described [54].

Flow cytometry

AN3Ca (Cat# HTB-111, ATCC, Manassas, VA, USA)
human endometrial adenocarcinoma cells (2 £ 105) were
harvested from logarithmically growing cultures and
washed with FACS buVer (1% BSA in PBS, 0.02% NaN3).
Cells were then incubated with 1 �g of scFv:Fc and for
30 min on ice, washed twice with FACS buVer and then
incubated with a FITC-labeled anti-human IgG MAb (Cat#
05-4211, Biosource, Camarillo, CA, USA). Binding to cells
was analyzed by Xow cytometry on FACscan Xow cyto-
meter (Becton & Dickson) and data were analyzed using
CellQuest Pro software program (Becton & Dickson).

Evaluation of in vitro GY4 scFv/Fc directed 
immunotoxin activity

The assay was performed similarly as described [29].
Logarithmically growing AN3Ca (MISIIR“+”, EGFR“+”,
HER2“¡”) and COS7 (human MISIIR“¡”, human
EGFR“¡”, human HER2“¡”) cells were harvested and
resuspended to 2.5 £ 104 cells/ml in MEM supple-
mented with 2 mM L-Glutamine, 10% female FBS and
penicillin (100 �g/ml)- streptomycin (100 units/ml). Cells
(2,250 cells/well, 90 �l) were dispensed into 96-well plates
(Costar®, Cat# 3593, Corning Incorporated, Corning, NY,
USA) and allowed to adhere for 24 h at 37°C in the pres-
ence of 5% CO2. Hum-ZAP (Cat# IT-22-25, Advanced
Targeting Systems, San Diego, CA, USA) was resuspended
in media to a concentration of 3.3 £ 10¡8 M and 10 �l
(50 ng) was added to each well followed by 100 �l of an
appropriate 2£ stock of GY4 scFv:Fc, ABX-EGF (pani-
tumumab, Amgen, Thousand Oaks, CA, USA), trastuzumab
(Herceptin®, Genentech, San Francisco, CA, USA), or
media controls. ABX-EGF (anti-EGFR) and trastuzumab
(anti-HER2) are FDA-approved for the treatment of meta-
static colorectal and breast cancer, respectively. The Wnal
concentration of Hum-ZAP in all assays was 0.25 nM with
targeting antibodies at 100, 10 or 1 nM. Excess targeting
antibody was used to promote incorporation of the Hum-
ZAP into complexes with the targeting antibodies. The
plates were incubated for 96 h at 37°C in the presence of
5% CO2 and then cell growth was measured with CellTiter
96 Non-Radioative Cell Proliferation Assay, (Cat# 4000,
Promega Corp. Madison, WI, USA) according to the manu-
facturer’s protocol. Plates were read at 570 nm in a Multiskan
Ascent plate reader (Labsystems Ltd, Kennett Square, PA,
USA). Each assay was performed at least three times with
similar results. Statistical analysis: unpaired t tests were
performed using the online calculator available at http://www.

graphpad.com/quickcalcs/ContMenu.cfm. P values · 0.05
were considered to be statistically signiWcant.

Results

Phage display library

A large, naïve, human scFv phage display library was
created from the immunoglobulin variable domains of 47
healthy donors using a two-step cloning strategy. Donors
from a variety of ethnic groups and nationalities, including
African American, Caucasian, Chinese, Hindu, native
American, Japanese, and Jewish, were speciWcally incorpo-
rated into the library in an attempt to enhance the range of
variable domain polymorphisms present within the scFv
library. The cDNAs ampliWed from each individual were
pooled and the mixture was used in nested PCR reactions
with primers speciWc for the nine VH, seven V�, and eight
V� gene subfamilies. Equal molar ratios of each PCR prod-
uct from the V� and each V� subfamilies were sublconed
into pAK100-lnk to generate a 6 £ 107 cfu VL library. Sub-
cloning the VH families (into the VL sub-library) resulted
in a Wnal scFv library that contained an estimated
2.3 £ 1010 independent transformants. Sequencing of 34
randomly selected scFv clones predicted that the library
contained 82% full-length scFv inserts with approximately
73% of the total clones encoding for functional open read-
ing frames. Despite the limited number of sequences evalu-
ated, gene family analysis of showed that six out of the nine
VH gene families were represented. VH1 comprised 34%
of the clones with VH6 representing an additional 22% of
the clones. The remainders of the clones were comprised of
VH2, VH3, VH4, and VH5.

Development of a cell-based selection protocol

Panning scFv-phage libraries by conventional cell-based
methodologies is generally associated with high back-
ground and a low yield of positive clones to the desired
antigen. We hypothesized that antigen-negative cells could
be used in a cell-based panning strategy to deplete back-
ground binding of phage while selection of antigen-positive
cells via a cell sorting strategy, that is independent of phage
binding, could be used to increase the yield of scFv-phage
speciWc for the desired antigen. As a proof-of-concept for
this strategy we established two HEK293-based cell lines
that diVer only by the expression of our target antigen, the
MISIIR ECD. This was accomplished by selecting
HEK293 cells that stably express high levels of the MISIIR
ECD as a fusion protein with the transmembrane domain of
the platelet derived growth factor receptor (PDGFR). The
cell line, HEK::MISIIR“+”, was isolated by FACS with a
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MAb speciWc for the HA-tag found on the N-terminus of
the fusion protein. SpeciWc expression of MISIIR ECD on
the surface of HEK::MISIIR“+” cells, as compared to
parental HEK293 cells, was conWrmed by Xow cytometry
with a monoclonal antibody speciWc for the HA-tag (Fig. 1a)
and a Monoclonal antibody speciWc for human MISIIR
(Fig. 1b, [44]). Separation of HEK::MISIIR“+” cells from
an excess of HEK::MISIIR“¡” cells was accomplished by

cell sorting. Figure 2 demonstrates that HEK::MISIIR“+”
cells stained with the vital dye CellTracker Green can be
readily separated from unstained HEK::MISIIR“¡” cells
despite representing only 0.02% of the total cell number in
the experiment.

To validate our strategy we carried out a selection with
the non-immune library described above. Empirically, the
Wrst round of traditional, solid-phase, panning typically
results in an output of 104–106 cfu from a naïve library,
shedding a hint on the possible numbers of antigen-speciWc
scFv contained within the library. Poul demonstrated that
typical cell-based strategies result in 1–12 phage bound per
cell [40]. Based on this criteria we reasoned that a mini-
mum of 104 HEK::MISIIR“+” cells would be suYcient to
isolate all phage speciWc for the MISIIR ECD during early
rounds of selection where no enrichment would be pre-
dicted. We carried out the selection through three rounds of
panning with the initial round consisting of 4 £ 1012 phage
incubated with 2 £ 104 CellTracker-stained HEK::MIS-
IIR“+” cells in the presence of a 500-fold excess of
unstained HEK::MISIIR“¡” cells. FACS recovery of
HEK::MISIIR“+” cells was accomplished with a 70%
eYciency and resulted in the isolation of 1.4 £ 104 cfu.
Despite variations in both the absolute ratio of antigen pos-
itive to antigen negative cells and the washing stringency
used during the three rounds of panning, the HEK::MIS-
IIR“+” cells were isolated with similar eYciencies. In addi-
tion, a similar phage to HEK::MISIIR“+” cell ratio was
obtained in each of the three rounds of selection. Rounds 1
and 2 provided average of 1 phage/cell and round 3 pro-
vided an average of 2 phage/cell (Table 2).

Fig. 1 Flow cytometry analysis of MISIIR ECD expressing
HEK:MISIIR“+”. Following the stable transfection of HEK cells with
the pDisplay vector encoding the MISIIR ECD gene and a N-terminal
HA tag, speciWc expression of the HA tag and the MISIIR ECD on the
cell membrane was determined by Xow cytometry. a Expression of
HA-tagged MISIIR ECD on the surface of HEK::MISIIR“+” cell line
(unWlled line) as compared to parental HEK293 cells (Wlled peak).
Expression was detected with the FITC conjugated 3F10 anti-HA tag
MAb. b SpeciWc expression of MISIIR ECD on HEK::MISIIR“+”
(unWlled line) vs. parental HEK293 cells (Wlled peak) as detected by an
anti-MISIIR ECD monoclonal antibody [44] and a secondary FITC
conjugated anti-mouse IgG. The secondary antibody failed to bind to
either cell line alone (data not shown)

Fig. 2 Flow cytometry-based separation of vital dye stained
HEK::MISIIR“+” cells from unstained HEK::MISIIR“¡” cells.
HEK::MISIIR“+” cells uniformly stained with the vital dye CellTrac-
ker Green were added to unstained HEK::MISIIR“¡” cells at a Wnal
concentration of 0.02%. Stained cells (right) were readily separated
from unstained cells (left) by Xow cytometry
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Characterization of MISIIR-speciWc scFvs

SpeciWcity of the isolated scFvs for MISIIR was initially
evaluated by monophage ELISA against puriWed, recombi-
nant, MISIIR ECD:Fc [54]. In stark contrast to what is typ-
ically seen in solid phase panning strategies, 24 of the
initial 96 clones analyzed from the Wrst round displayed
ELISA values that were three- to tenfold above back-
ground, indicative of rapid identiWcation of antigen-speciWc
scFv-phage by this strategy. However, the percentage of
randomly selected phage (96/round) that were positive for
the MISIIR ECD:Fc when tested in the ELISA format did
not increase from round 1 to round 3. In all three rounds
23–27% of the tested clones displayed speciWc binding
to the MISIIR ECD. Consistent with the apparent lack
of ampliWcation of the MISIIR-speciWc phage from round 1
to round 3, the diversity of the positive clones decreased
in successive rounds. PCR-based Wngerprint analysis of
clones isolated in the Wrst round of panning identiWed seven
unique patterns with sequencing analysis conWrming the
presence of four unique, full-length, scFvs (GY1, 4, 5, and
7) with the remaining three patterns encoding truncated
scFvs that were removed from further evaluation. GY1, 4,
and 7 were identiWed in round 2 and GY1 and GY4 were
identiWed in round 3. This trend is indicative of selective
enrichment of the MISIIR-speciWc phage in successive
rounds of panning.

Surface plasmon resonance (SPR) with puriWed antibod-
ies was used to conWrm the binding speciWcity implied by
the monophage ELISA results. Consistent with the ELISA
results, puriWed GY1 and GY7 scFvs bound speciWcally to
the ECD of MISIIR (Fig. 3). The GY4 scFv proved to be
unstable when expressed as an isolated protein in either
bacteria or transient transfection of COS cells (data not
shown). However, when expressed as an scFv:Fc in a man-
ner similar to what was described previously [54], the GY4
scFv demonstrated speciWc binding to the MISIIR ECD

(Fig. 3). In contrast to the ELISA results, the GY5 scFv
identiWed during the Wrst round of screening, failed to bind
to the MISIIR ECD by SPR, providing a possible explana-
tion for its loss in subsequent rounds of biopanning. As fur-
ther proof of speciWcity, when converted into dimeric
scFv:Fc constructs GY1 (data not shown) and GY4 (Fig. 4)
bound speciWcally to two MISIIR-positive cell lines,
AN3CA [42] and HEK::MISIIR“+”, when analyzed by
Xow cytometry. In addition, dimeric forms of GY1 and GY7
scFvs (formed by cross-linking the scFvs via a MAb speciWc
for the 6£HIS aYnity tag on the C-terminus of the proteins)

Table 2 Cell sorter-based biopanning selection of MISIIR-speciWc scFv phage clones

Three rounds of cell-sorter-based selection were performed to isolate scFv phage clones that bound preferentially to HEK::MISIIR“+” cells. In
each round, a large excess of HEK::MISIIR“¡” cells were preincubated with the scFv phage clones to absorb the majority of phage-antibodies
that were speciWc for normal HEK cell surface antigens. Cell Tracker Green (Invitrogen) labeled target cells (HEK::MISIIR“+”) were added 1 h
later and the mixture was incubated with rotation for 2 h at room temperature. The cells were washed as indicated and Cell Tracker Green labeled
target cells with scFv phage bound to their surface were isolated by cell sorting. Monophage ELISA was used to determine positive binding clones
a Percent HEK::MISIIR“+” Cell Tracker stained cells in the selection
b Based upon titer of independent transformants after recovered phage infection of TG1 E. coli
c As determined by monophage ELISA

Sorting 
round

HEK::MISIIR“¡” 
(£106) 

HEK::MISIIR“+” 
(£106) 

% of 
inputa

# Washes Recovered 
cells

% Recovery Colony 
numberb

Positive 
ratec

1st 10 0.02 0.2 1 14,270 70 1.4 £ 104 24/96

2nd 15 0.02 0.13 5 10,030 50 1.0 £ 104 26/96

3rd 20 0.2 1 1 153,374 75 3 £ 105 22/96

Fig. 3 SPR analysis of anti-MISIIR antibodies isolated by cell sorter
selections. The anti-MISIIR antibodies were expressed and puriWed
and the ability the GY1 scFv (a), GY7 scFv (b) and GY4 scFv:Fc (c)
to bind to recombinant MISIIR ECD:Fc immobilized on a CM5 sensor
chip was determined on a BIAcore 1000
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also bound speciWcally by Xow cytometry, albeit with lower
eYciency than the scFv:Fc constructs (data not shown).

GY-4 scFv:Fc can function as an MISIIR-directed 
immunotoxin

The use of immunotoxins to deliver catalytic toxins, such
as saporin and ricin, to antigen-positive cancer cells is an
eVective strategy for killing cancer cells in vitro and has
shown promising results in clinical settings [39]. To test the
hypothesis that MISIIR can serve as a target for an immu-
notoxin-based therapy strategy we took advantage of the
commercially available anti-human IgG-saporin immuno-
conjugate, Hum-ZAP. When treated with doses of GY4

scFv:Fc ranging from 1 to 100 nM, in combination with a
constant concentration (50 ng) of Hum-ZAP, the complex
displayed a dose-independent cytotoxicity when normal-
ized to the results obtained by treating AN3CA cells with
Hum-ZAP alone (Fig. 5a). Treatment with an equal dose of
Hum-ZAP alone had no eVect on cell survival over mock
treated cells. The level of cytotoxicity elicited by GY4/Fc
and Hum-ZAP was signiWcantly greater (P · 0.05) than
that elicited by trastuzumab and Hum-ZAP at all dose lev-
els tested (P · 0.04). Cytotoxicity seen at the 1 and 10 nM
doses of GY4/Fc and Hum-ZAP was also signiWcantly
greater than that elicited by GY4/Fc alone (P · 0.02).
Although the cytotoxicity seen with 100 nM GY4/Fc and
Hum-ZAP was not signiWcantly diVerent than that seen at
the other dose levels with this combination (P ¸ 0.6), it
failed to meet the criteria for statistical signiWcance in a
direct comparison with 100 nM GY4/Fc alone (P = 0.055)
due in a large part to the greater standard deviation seen at
this dose. Consistent with the GY4/Fc and Hum ZAP com-
plex resulting in an MISIIR-dependent cytotoxicity the
complex failed to elicit a cytotoxic response against MIS-
IIR-negative COS7 cells. Comparisons between equal
doses of GY4/Fc and Hum-ZAP and GY4/Fc show similar
levels of growth (Fig. 5b, P > 0.05). AN3CA cells express
high levels of EGFR but little to no HER2 (data not
shown). Consistent with this expression pattern, treatment
of AN3CA cells with a complex comprised of the anti-
EGFR MAb ABX-EGF and Hum-ZAP, at 1 and 10 nM
concentrations of ABX-EGF, inhibits growth as compared
to treatment with equal doses of a complex comprised of
the anti-HER2 MAb trastuzumab and Hum-ZAP (Fig. 5a,
P < 0.001). Interestingly, the observed cytotoxicity of
ABX-EGF and Hum-ZAP is inversely proportional to the
administered dose, with the 100 nM dose of ABX-EGF
failing to elicit a statistically signiWcant level of cytotoxic-
ity as compared to the trastuzumab control (P = 0.08).
Intriguingly, treatment of COS7 cells with ABX-EGF and
Hum-ZAP results in a similar pattern of killing, albeit to a
lesser extent, as was seen with AN3CA. This suggests
cross-reactivity between the monkey EGFR and the ABX-
EGF antibody. In contrast, no killing is seen with trast-
uzumab and Hum-ZAP despite the expression of the HER2
ortholog on COS7 cells. This is entirely consistent with the
known speciWcity of trastuzumab for human HER2. Experi-
ments are currently underway to establish the ability of
GY4/Fc to function as an immunotoxin, both in vitro and
in vivo, when directly conjugated to saporin.

Discussion

A number of technologies such as phage display [20, 35,
53] and ribosome display [21] as well as the emergence of

Fig. 4 Flow cytometric analysis of the anti-MISIIR GY4 scFv:Fc
molecule. The ability of the GY4 scFv:Fc to bind to the MISIIR posi-
tive AN3Ca endometrial carcinoma cell line (a) and the MISIIR nega-
tive COS cell line was evaluated by Xow cytometry. GY4 scFv:Fc
bound to MISIIR positive AN3Ca cells and failed to bind to MISIIR
negative COS cells. Secondary antibody controls are presented as solid
dark peaks and the shift associated with the binding of the GY4
scFv:Fc is indicated by the unWlled lines
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alternate antibody-like scaVolds [47] have revolutionized
the ability of scientists to isolate novel proteins that are
reactive with tumor associated self-antigens that previously
were diYcult to target. However, the techniques employed
to identify and isolate the desired binding proteins are often
suboptimal. Immobilization of proteins on plastic media for
phage panning procedures leads to conformational changes
of the target protein [5, 6] that can favor the isolation of
antibodies that are unable, or reduced in their ability, to
bind to the native protein [11]. Solution-based selection
strategies using biotinylated target protein and streptavidin-
conjugated magnetic beads often results in a predominance
of anti-streptavidin antibodies or the isolation of clones that
bind to sites created by the biotinylation procedure or the
target/biotin/streptavidin complex (M. K. Robinson, unpub-
lished data), each of which will ultimately fail to bind to
relevant antigen expressed on the surface of target cells.

Ideally, selections of antibodies would be performed using
proteins expressed in their native conformation on the sur-
face of target cells. However, this approach typically leads
to the isolation of a variety of antibodies with speciWcities
for other cell surface proteins, not just those that are associ-
ated with the tumor phenotype [40]. The diYculties associ-
ated with cell-based selections are further confounded
when a target antigen is expressed in low abundance as is
the case with MISIIR.

MISIIR is potentially a very promising target for anti-
body-based treatment of ovarian cancer. Functional MISIIR
is expressed in a restricted manner on the mesenchymal
cells surrounding the Müllerian ducts and follicular struc-
tures of fetal gonads during embryogenesis [3]. Its potential
utility as a target in cancer therapy derives from its broad
expression on granulosa cell tumors [25], primary ovarian
tumors, ovarian cancer cells isolated from ascities and
banked ovarian cancer cell lines [33]. Ovarian cancer cell
lines and primary ovarian cancer cells isolated from ascities
in patients undergo apoptosis following treatment with MIS
[9, 15, 16, 18, 33, 48]. Recombinant human MIS has also
been found to inhibit the growth of ovarian cancer xeno-
grafts growing in immunodeWcient mice [48]. Taken
together, these studies underscore the potential utility of
MISIIR as a therapeutic membrane target. Anti-MISIIR
antibodies that mimic MIS and trigger signaling through
the receptor could emerge as potent naked immunothera-
peutic agents while those that selectively target the receptor
without initiating signaling events could be employed to
deliver cytotoxic agents to tumors in a highly speciWc man-
ner. However, there are only two reports describing the pro-
duction of monoclonal antibodies or engineered antibody
fragments that are speciWc for MISIIR [44, 54]. This is
likely due to the diYculties encountered in expressing MIS-
IIR ECD and its highly conserved nature between species.
Salhi et al. [44] addressed these issues by immunizing mice
with human MISIIR ECD expressed in E. coli and suc-
ceeded in generating one MAb (12G4) that has proven to be
eVective for IHC applications but does not target MISIIR
in vivo. More recently, we have reported the successful cre-
ation of two fusion proteins composed of human MISIIR
ECD and human IgG Fc domains with the MISIIR ECD
located at either the carboxy or amino terminus [54]. These
fusion proteins were employed in the isolation of MISIIR-
speciWc scFv molecules from a naïve human scFv phage
display library. However, we found that the use of a fusion
protein as a target led to the isolation of numerous clones
that were only capable of binding to MISIIR ECD in one
orientation (e.g., 5� or 3� of the Fc domain). This suggested
to us that a majority of the clones we isolated were speciWc
for the fusion junction or for sequences that were sterically
obscured by the presence of the Fc domain. A Wnal limitation
of the anti-MISIIR antibodies described by both Yuan et al.

Fig. 5 Anti-MISIIR GY4 scFv:Fc molecules are capable of directing
saporin-immunoconjugates to kill MISIIR expressing tumor cells. The
ability of the anti-MISIIR GY4 scFv:Fc to target cytotoxic agents
selectively to MISIIR expressing cells was determined using the com-
mercially available anti-human IgG-saporin immunoconjugate, Hum-
ZAP. 100 nM (black), 10 nM (hatched) or 1 nM (gray) of trastuzmab,
ABX-EGF or GY4 scFv:Fc were added to MISIIR expressing AN3Ca
cells (a) or MISIIR negative COS cells (b) that were preincubated
with 50 ng/well of anti-human IgG-saporin immunoconjugate. GY4
scFv:Fc was added to the cells without anti-human IgG-saporin immu-
noconjugate (far right group of each graph) indicated that the GY4
scFv:Fc molecules did not elicit cytotoxic eVects without the addition
of the saporin immunoconjugate. Bars represent cell viability ex-
pressed as a ratio of viability after treatment with antibody/Hum-ZAP
combinations to viability associated with anti-human IgG-saporin
immunoconjugate treatment alone; no eVect of a combination on cell
viability = 1.0. Lines indicate standard deviation
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and Salhi et al. was their impaired utility due to relatively
weak aYnity constants.

Our initial step in the current report was to generate a
very large combinatorial human naïve scFv phage display
library to provide a robust source of anti-MISIIR scFv
clones. In constructing our library we employed a number
of steps to increase its size and diversity. First, non-immune
human B-cells cells were isolated from a large number of
donors from diverse ethnic origins and employed as a
source of RNA extraction. Second, nested-PCR using for-
ward primers (derived from the constant region) and back-
ward outside primers derived from the leader-coding
regions of antibodies were employed to comprehensively
amplify variable domain antibody segments. To the best of
our knowledge, this represented the Wrst time that nested
PCR was employed to amplify human antibody fragments.
Third, a two-step cloning strategy was employed in place of
the more common “One pot” method in order to increase
the rate of correct recombination of scFv genes [31]. Analy-
sis of the Wnal naïve scFv library revealed a high percentage
of intact scFv, suggesting potential advantages of two-step
cloning strategies. Furthermore, a sampling of randomly
picked clones demonstrated that diversity was maintained
in the Wnal library estimated to contain 2.3 £ 1010 unique
clones.

While cell-based panning is a powerful technique for the
isolation of antibodies that recognize cell surface proteins,
the previously reported methods failed to discriminate
between the desired tumor-associated antigens and “nor-
mal” cell-surface proteins that are widely expressed on nor-
mal tissues. de Kruif et al. [13] Wrst reported on the use of
cell sorting to isolate desired subpopulations of speciWc
antibodies from phage libraries. SpeciWc antibodies were
retrieved from a semi-synthetic human germline antibody
library employing Xuorescence conjugated anti-CD3 and/or
anti-CD20 antibody labeled cells. However, the number
(millions) of target cells they used was signiWcantly greater
than the tens of thousands of cells we used in the study
described here. Other reports of cell-based panning
describe the use of several million target cells in combina-
tion with a few fold excess background (absorber) cells
and/or the use of immunized libraries to increase the quan-
tity of phage antibodies that are capable of binding to the
tumor-associated antigens [7, 24]. One group, Poul et al.
[40], reported utilizing cell-based selection strategies to iso-
late antibodies that speciWcally targeted internalizable anti-
gens. Although the procedure did result in the isolation of a
number of interesting scFv molecules, the large majority
bound to common cell-surface proteins (e.g. transferrin).
The combination of solid-phase panning and cell-based
panning can be more eYcient than either method alone in
isolation of speciWc antibodies to native targets [52]. Never-
theless, these results reXected the diYculty in identifying

appropriate negative control cell lines that express all the
normal “housekeeping” proteins but lack the desired target
antigen for use in a pre-panning library depletion step. This
is particularly problematic when the target antigen is
expressed in low abundance on the cell surface.

For the selections described here, aliquots of our naïve
human scFv phage display library were mixed with a large
number (10–20 million) of HEK::MISIIR“¡” (empty vec-
tor transfected) cells to facilitate the adsorption of the scFv-
phage clones that were speciWc for other proteins naturally
present on the cells. A signiWcantly smaller number (0.02–
0.2 million) of HEK::MISIIR“+” (CellTracker Dye-stained
transfected) cells expressing the MISIIR ECD target anti-
gen were then added to the mixture. By employing stained
cells, those expressing the desired target antigen and the
bound scFv-phage particles could be separated from the
HEK::MISIIR“¡” cells on a cell sorter. This allowed us to
eliminate a depletion step, thereby decreasing the likeli-
hood that desired scFv-phage clones would be lost during a
washing step. After the completion of three rounds of selec-
tion, four unique anti-MISIIR ECD scFv clones were iso-
lated. All four were expressed in E. coli and three exhibited
positive binding to recombinant MISIIR ECD:Fc when
evaluated by SPR on the BIAcore. The aYnity of these
scFv molecules for MISIIR ECD was measured and all
three were observed to be in the 1 �M–102 nM range. Low
to moderate aYnity of isolated clones has been a common
issue with cell-based selections that can sometimes be
resolved by combining less stringency in the early rounds
of selection with greater stringency in the later rounds.
However, our previous attempts to isolate anti-MISIIR
scFv clones from a diVerent naïve human scFv phage dis-
play library using common solid phase selection strategies
also resulted in a low number of unique clones, all of which
had low to moderate aYnity [54], suggesting that this may
be related to the antigen as well.

When evaluated in Xow cytometry studies, all three
scFvs exhibited at best minimal binding to MISIIR ECD
expressing cells and AN3Ca cells. This was consistent
with our past observations that it is diYcult to evaluate
binding speciWcity in this assay with monovalent scFv
molecules with aYnities in this range. Bivalent molecules
can be readily formed using antibodies directed against
the FLAG [17] and Myc [50] tags. Using this strategy, we
were able to detect signiWcant binding of all three scFv
molecules by Xow cytometry when we preincubated them
with MAbs speciWc for their c-terminal 6£ His tags prior
to adding them to the cells. This provided us with both
evidence of binding to cell-based MISIIR and the impetus
for engineering the scFv clones into divalent scFv/Fc
molecules.

Due to its higher avidity the GY4/Fc was selected for
preliminary evaluation as a vehicle for the delivery of cyto-
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toxic agents for the treatment of cancer. In in vitro assays,
GY4/Fc was capable of targeting, internalizing a secondary
anti-human IgG Fc-saporin immunoconjugate (Hum-ZAP)
and killing MISIIR expressing AN3Ca cells but not MISIIR
negative COS cells. An interesting observation in the assay
was that lower concentrations of primary antibodies were
more eVective at cell killing. Although true for both GY4/
Fc and ABX-EGF the eVect was enhanced when cells were
treated with ABX-EGF. A possible explanation for the
decreased cytotoxicity observed at higher antibody doses is
the potential to favor monovalent association due to antigen
saturation. This in turn would be hypothesized to lower the
rate of internalization and degradation of the immunotoxin
complex. Alternatively, the ability of primary antibodies to
bind cell surface receptors may be inhibited by incorpora-
tion into a complex with Hum-ZAP. The Hum-ZAP is
predicted to be saturated even at the lowest antibody:Hum-
ZAP ratio (range from 4:1 to 400:1) leaving excess free
primary antibody to compete with the antibody/Hum-ZAP
complex for the cell surface receptors, leading to decreased
concentrations of saporin transported into the cell. Primary
antibodies are predicted to be in excess over their target
receptors even at the lowest concentration of primary anti-
body. Our current eVorts are focused on developing directly
conjugated immunotoxin and immunodrug molecules
based upon the anti-MISIIR scFv/Fc clones described here
and on the isolation and identiWcation of additional anti-
MISIIR antibodies that are capable of directly killing MIS-
IIR expressing malignant cells.

In summary, we have described a novel method for iso-
lating antibodies directed against known antigenic targets.
This approach has the advantage of presenting the antigen
in a relevant, functional orientation in a natural setting. Our
method was validated by the isolation of scFv molecules
speciWc for a diYcult to express tumor-associated antigen,
human MISIIR. In vitro evaluation of the resulting anti-
MISIIR scFv molecules provided both a functional validation
of this selection strategy and the Wrst evidence of targeted
killing of tumor cells by anti-MISIIR immunoconjugates,
suggesting that this selectively expressed antigen could
provide a promising target for cancer therapy.
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