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Masked Selection: A Straightforward and
Flexible Approach for the Selection of Binders
Against Specific Epitopes and Differentially
Expressed Proteins by Phage Display*□S

Klervi Even-Desrumeaux‡§¶�, Damien Nevoltris‡§¶�, Marie Noelle Lavaut‡§¶�,
Karima Alim‡§¶�, Jean-Paul Borg‡§¶�, Stéphane Audebert‡§¶�, Brigitte Kerfelec‡§¶�,
Daniel Baty‡§¶�, and Patrick Chames‡§¶�**

Phage display is a well-established procedure to isolate
binders against a wide variety of antigens that can be
performed on purified antigens, but also on intact cells. As
selection steps are performed in vitro, it is possible to
focus the outcome of the selection on relevant epitopes
by performing some additional steps, such as depletion or
competitive elutions. However in practice, the efficiency
of these steps is often limited and can lead to inconsistent
results. We have designed a new selection method named
masked selection, based on the blockade of unwanted
epitopes to favor the targeting of relevant ones. We dem-
onstrate the efficiency and flexibility of this method by
selecting single-domain antibodies against a specific por-
tion of a fusion protein, by selecting binders against sev-
eral members of the seven transmembrane receptor fam-
ily using transfected HEK cells, or by selecting binders
against unknown breast cancer markers not expressed
on normal samples. The relevance of this approach for
antibody-based therapies was further validated by the
identification of four of these markers, Epithelial cell ad-
hesion molecule, Transferrin receptor 1, Metastasis cell
adhesion molecule, and Sushi containing domain 2, using
immunoprecipitation and mass spectrometry. This new
phage display strategy can be applied to any type of
antibody fragments or alternative scaffolds, and is espe-
cially suited for the rapid discovery and identification of
cell surface markers. Molecular & Cellular Proteomics
13: 10.1074/mcp.O112.025486, 653–665, 2014.

Hybridoma (1) and phage-display recombinant antibody
systems (2) are currently the predominant methods for isolat-
ing monoclonal antibodies (Abs).1 Display of recombinant Abs
on the surface of bacteriophage M13 has numerous advan-
tages compared with conventional hybridoma technology.
When combined with the use of large non-immune libraries,
phage Ab selection represents a rich source of binders that
can be isolated in a fraction of the time needed for hybridoma-
based approaches. Moreover, this in vitro selection method
permits the selection of binders against toxic, non-immuno-
genic or highly conserved antigens, which is not easily per-
formed using the conventional hybridoma techniques. Impor-
tantly, it can be used to isolate fully human antibody
fragments (3). Consequently, phage display rapidly became
an established procedure for the isolation of binders against a
wide variety of antigens.

Phage display-based antibody isolation typically relies on
the use of recombinant proteins for several steps, including
immunizations (if needed), library enrichment by selection on
immobilized antigen, screening, and characterization of anti-
bodies in terms of specificity and affinity (4). This procedure is
efficient but depends on the availability of purified recombi-
nant proteins. Unfortunately, some surface molecules, such
as G-protein coupled receptors, cannot be easily expressed
and purified in their native conformation. Some molecules
with large extracellular domains may adopt a specific
conformation upon interaction with other cell surface pro-
teins, thereby forming complexes that are cumbersome to
produce by recombinant expression. Moreover, many stand-
ard screening practices, such as the adsorption of recombi-
nant proteins on plastic, may significantly alter protein con-
formations (5). For these reasons, Abs selected on the basis of
binding to a recombinant protein may not bind the native
conformation of this protein. It is thus of high interest to
develop procedures entirely based on the use of intact cells
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expressing the receptor of choice. However, in this case, an
extra step is necessary to enrich for phage-Abs binding to the
receptor of interest rather than to other cell surface proteins.
Because selection steps are performed in vitro, it is possible
to influence the outcome of a selection by performing some
additional steps such as deletion steps (also named negative
selection) prior to positive selections to remove unwanted
specificities or cross-reactions (6), by alternating the source of
the antigen (7), or by using a competitive elution with a ligand
or an existing monoclonal antibody to favor the selection of
binders against a precise epitope (8).

Along this line, it would be of very high interest to establish
a procedure able to reliably guide the selection toward an
unknown but relevant antigen within a complex mixture, such
as a tumor maker overexpressed at the surface of intact cells,
or in a cell lysate. Indeed, during the past two decades, there
has been a growing interest in approaches aiming at discov-
ering new diagnosis biomarkers and identifying new potential
surface markers for targeted therapy. Several studies have
described the use of phage display and libraries of recombi-
nant antibodies for the isolation of tumor specific binders
(9–15), leading in some cases to the identification of new
tumor markers (16, 17). Most of these strategies are relying on
the use of depletion steps on normal samples followed by a
selection step on tumor samples. Unfortunately, this procedure
often leads to inconsistent results and its efficiency can be a
limiting factor in complex situations such as the selection of
antibodies against unknown overexpressed tumor antigens.

We have designed a new selection method, named masked
selection, which is relying on the blockade of unwanted
epitopes to favor the targeting of relevant ones. We demon-
strate the efficiency of this method by selecting binders
against a specific portion of a fusion protein, by selecting
binders against two members of the seven transmembrane
receptor family and a tyrosine kinase receptor using intact
transfected HEK cells, or by selecting binders against un-
known breast cancer markers not expressed on normal sam-
ples, as shown by flow cytometry and immunohistochemistry.
The universality and efficiency of this approach should ulti-
mately lead to the rapid selection of specific binders and the
development of diagnostic and targeted therapies in various
settings.

MATERIALS AND METHODS

Cells Lines, Biopsies—MCF7, SK-BR-3, and T47D are a kind gift of
Daniel Olive (CRCM, Marseille, France). MDA-MB-231 and HCC1937
are a kind gift of Marie Alix Poul (IRCM, Montpellier). BrCa-Mz-01,
HCC1806, HCC1954, and BT474 are a kind gift of Jean Imbert
(INSERM, U928, TAGC, Marseille, France). C4.3 is a kind gift of Ralph
Willemsen (Erasmus MC, Rotterdam). Jurkat, HEK293T, HeLa, HT29,
PC3, and BxPc3 cells were obtained from ATCC. Cells lines MDA-
MB-231, MCF7, T47D, HCC1937, HEK293T, HeLa, HT29, and PC3
were cultured in DMEM complemented with 10% (v/v) fetal calf se-
rum. Cells lines SK-BR-3, HCC1954, BrCaMz01, BT474, BxPc3,
C4.3, Jurkat, and HCC1806 were cultured in RPMI complemented
with 10% (v/v) fetal calf serum. HME1 cell line was purchased from

ATCC and grown as recommended by the manufacturer. All cell lines
were grown at 37 °C in a humidified atmosphere and with 5% CO2.
PBMC were isolated from the blood of healthy donors (collected in
500 ml blood bags containing citrate phosphate dextrose as antico-
agulant and no additive) by ficoll gradient centrifugation method as
described (18). For transfection assay, HEK/293T were transfected
with Lipofectamine (Invitrogen), following the recommendation of the
manufacturer.

Breast cancer biopsies (5801, 5772e, 5766, 5586, 5572i, 5592,
5011, 5712, 5713, 5033, and 5627) are a kind gift of S. Garcia, CRCM,
Marseille. Samples of human origin and associated data were ob-
tained from the IPC/CRCM Tumor Bank, that operates under author-
ization #AC-2007–33 granted by the French Ministry of Research
(Ministère de la Recherche et de l’Enseignement Supérieur). Prior to
scientific use of samples and data, patients were appropriately in-
formed and asked to consent in writing, in compliance with French
and European regulations. The project was approved by the IPC
Institutional Review Board (Comité d’Orientation Stratégique, COS).
Biopsies or cells were lysed with a potter in lysis buffer : 150 mM NaCl,
1% Triton X-100, 50 mM Tris-HCl pH8 with protease inhibitor mixture
(Complete, Roche). The lysate was centrifuged for 10 min at 13,000 �
g at 4 °C. Supernatant was the final cell lysate. Total protein concen-
tration (average between 2–5 mg/ml) was determined spectrophoto-
metrically using a protein assay kit (Bio-Rad Laboratories, Hercules,
CA).

Production and Purification of sdAbs—For polyclonal production of
soluble sdAbs, 10 �l of output from selection round 1 and 2 were
used to inoculate 200 ml of 2YT/ampicillin (100 �g/ml). Cells were
grown at 37 °C (250 rpm) until the OD600 reached 0.5. SdAb expres-
sion was induced by the addition of 0.1 mM IPTG (isopropyl-h-D-
thiogalactopyranoside) at 30 °C (250 rpm) for 20 h.

SdAbs were purified by metal affinity chromatography as described
(19).

In Vitro Biotinylation—The in vitro biotinylation of protein was per-
formed using Ez-link micro NMHS-PEO4- biotinylation kit (Perbio
science) following the recommendation of the manufacturer.

Llama Immunization and Library Construction—Three young adult
llama (Lama glama) were immunized subcutaneously at days 1, 10,
20, and 30 with breast cancer biopsy lysate (two llamas) or with
healthy breast biopsy (one llama). One llama was immunized with
HER2-Fc protein and HEK-mGluR4 cells.

VHH library constructions were performed as previously described
(14, 20).

Selection of Phage-sdAbs—To produce phage-sdAbs, 10 �l of the
library was grown in 50 ml of 2YT/ampicillin (100 �g/ml)/glucose (2%)
at 37 °C to an OD600 of 0.5. Then, the culture was infected with KM13
or hyperphage (Progen biotechnik) helper phage at a ratio of 20
phages/cell for 30 min at 37 °C without shaking. The culture was
centrifuged for 10 min at 3000 � g. The bacterial pellet was resus-
pended in 250 ml of 2YT/ampicillin (100 �g/ml)/kanamycine (25 �g/
ml), and incubated overnight at 30 °C with shaking (250 rpm). Twenty
five milliliters were then centrifuged for 20 min at 3000 � g. Five ml of
20% PEG 6000, 2.5 M NaCl were added to the supernatant and
incubated for 1 h on ice to precipitate phage particles. The solution
was centrifuged for 15 min at 3000 � g at 4 °C and the phage-
containing pellet was resuspended with 1 ml of PBS.

Different strategies of panning were performed. Some phages were
selected using magnetic epoxy beads (Dynabeads, invitrogen) coated
with antigen or lysates immobilized on epoxy beads during 48 h at
4 °C following recommendations of the manufacturer. Other phages
were selected directly on cells (30 � 106 cells). Beads or cells were
washed three times in PBS (using a magnetic particle concentrator for
magnetic beads and centrifugation step for cells) and phage-sdAb
library (1 ml) and beads or cells were saturated in 2% milk PBS. For
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selection including a depletion step, phage-sdAb library were incu-
bated with the irrelevant immobilized antigen at room temperature or
with 80 � 106 irrelevant cells at 4 °C during 2 h, with rotation.
Phage-sdAb libraries (depleted or not) were recovered and incubated
with beads with rotation during 2 h at room temperature or at 4 °C for
cells. For masked selection in the presence of soluble sdAbs, 10 �M

of purified sdAbs were added during this step. Beads, cells, or plates
were washed 10 times with 1 ml 0,1% Tween PBS (without Tween for
cells) and two times with PBS. Bound phages were eluted with tryspin
solution (Sigma) at 1 mg/ml during 30 min at room temperature with
rotation. Eluted phages were incubated without shaking with log-
phase TG1 cells and plated on 2YT/ampicillin (100 �g/ml)/glucose
(2%) in 15 cm Petri dishes. Some isolated colonies were grown
overnight in microtiter plate containing 200 �l 2YT/ampicillin (100
�g/ml)/glucose (2%) and stored at �80 °C after the addition of 15%
glycerol (masterplates). The remaining colonies were harvested from
the plates, suspended in 2 ml 2YT/ampicillin (100 �g/ml)/glucose
(2%) and used for phage production for the next round of selection.
Two rounds of selection were systematically performed.

Monoclonal Phage-sdAb Production in Microtiter Plate—A 96-well
plate replicator was used to replicate the masterplates in 150 �l of
2YT/ampicillin (100 �g/ml)/glucose (2%). Colonies were grown for 2 h
at 37 °C under shaking (400 rpm) and 50 �l 2YT/ampicillin (100
�g/ml)/glucose (2%) containing 2 � 109 M13KO7 helper phage were
added to each well and incubated for 30 min at 37 °C without shaking.
The plate was centrifuged for 10 min at 1200� g and bacterial pellets
were suspended in 150 �l 2YT/ampicillin (100 �g/ml)/kanamycine (25
�g/ml)1) and grown for 16 h at 30 °C under shaking (400 rpm).
Phage-containing supernatants were tested for binding by ELISA or
flow cytometry.

Phage-sdAb ELISA on Epoxy Beads—Antigens HER2-Fc (R & D
Systems) or Fc were immobilized on magnetic epoxy beads (Dyna-
beads, Invitrogen) during 48 h at 4 °C following recommendation of
the manufacturer. For ELISA, 2 �l of beads/well was used. After three
washes, beads were blocked with 5% milk-PBS (MPBS) for two hours
at RT. Plates were incubated for 1 h at RT with 50 �l/well of phage-
containing supernatants diluted at 1⁄2 in 4% MPBS. After three
washes with 0.1% Tween PBS and three washes in PBS, plates were
incubated with HRP-conjugated anti-M13 mAb (Pharmacia) diluted
1/5000 during 1 h at RT. After three washes with 0.1% Tween PBS
and three washes in PBS, bound secondary antibodies were detected
using ABTS. Coloration was followed at 405 nm.

Phage-sdAb ELISA with Lysate Coated on Plate—Fifty microliters/
well of biopsy mixture, or breast cancer cell lines (BT474, SK-BR-3,
HCC1954, MCF7, MDA-MB-231, T47D, HCC1806, BRCA-Mz-01,
and HCC1937) or control cells HME1 and human PBMC lysates (200
�g/ml of total proteins) were coated overnight at 4 °C on maxisorp
96-well plate (Nunc). After three washes with PBS, plates were
blocked with 5% MPBS for 2 hours at RT. For competitive assay,
plates were incubated with 50 �l/well of sdAbs at 10 �g/ml during 1 h
at RT. Plates were incubated for 1 h at RT with 50 �l/well of phage-
containing supernatants diluted at (1/2) in 4% MPBS. After three
washes with 0.1% Tween PBS and three washes in PBS, plates were
incubated with HRP-conjugated anti-M13 mAb (Pharmacia) at 1/5000
during 1 h at RT. After three washes with 0.1% Tween PBS and three
washes in PBS, bound secondary antibodies were detected using
ABTS. Coloration was followed at 405 nm.

Flow Cytometry Assay—Experiments were performed on ice with
rocking in 1% BSA PBS. Typically, 2 � 105 cells in 50 �l buffer were
distributed in 96-well microtiter plates. For competitive assay, plates
were incubated with 50 �l/well of sdAbs at 10 �g/ml for 1 h at 4 °C.
Fifty �l of phage-containing supernatants diluted at 1⁄2 in 2% BSA
PBS (for phage-sdAbs assay) or 50 �l of in vitro biotinylated purified
sdAbs at 10 �g/ml (for soluble sdAbs assay) were added to each well.

Plates were incubated for 1 h at 4 °C. After three washes in PBS,
plates were incubated for 1h at 4 °C with PE-conjugated anti-M13
mAb at 1/200 (Santa Cruz) for phage-sdab detection or with PE-
conjugated streptavidine at 1/10 (Beckman Coulter) for biotinylated
sdAb detection,. After three washes in PBS, fluorescence was mea-
sured using a MACSQuant cytometer (Miltenyi) and results were
analyzed with the MACSQuant software. Negative (secondary anti-
body only) controls were carried out.

Homogenous Time-Resolved Fluorescence (HTRF) Assay—A 96-
well plate replicator was used to replicate the masterplates in 150 �l
of fresh broth. Colonies were grown for 2 h at 37 °C under shaking
(900 rpm) and 15 �l 2YT/ampicillin (100 �g/ml)/containing 0.1 mM

IPTG were added to each well. The plate was incubated for 16 h at
30 °C with shaking (400 rpm). sdAb-containing supernatants were
tested for binding by HTRF. To measure HTR-FRET signals, HEK cells
were transfected 24 h prior to the assay with plasmids coding for
HER2, mGluR4 or CXCR4 receptors N-terminally fused to a SNAP tag
(plasmids were a kind gift of Gérard Matthis and Jean-Philippe Pin,
CisBio Bioassays, Marcoule, France and IGF, Montpellier, France,
respectively). Cells were labeled with Tag-lite Snap-Lumi4-Tb, ac-
cording to the manufacturer’s kit protocol (Cisbio Bioassays). sdAb
and D2 labeled anti-6his mAb (Cisbio Bioassays) were added simul-
taneously. After incubation for 1 h at RT, HTR-FRET signal (665 nm)
and Lumi4-Tb donor signal (620 nm) were measured using a Tecan
infinite M1000. HTRF ratio (665 nm/620 nm � 104) was calculated to
eliminate quenching and dispensing errors.

Immunohistochemistry Assay—In vitro biotinylated sdAbs were as-
sayed in immunohistochemistry on 5 �m sections of paraffin-embed-
ded cancer tissues. In addition, adjacent normal breast epithelium
served as specificity control. A breast cancer tissue micro array
containing 80 samples in duplicate (containing lobular and ductal
breast cancer biopsies from grade I to III tumors with local lymph
node invasion or not) and 14 samples of healthy breast tissues in
duplicate was also used. After deparaffinization of paraffin-embedded
tissues, antigen retrieval of paraffin-embedded tissues was per-
formed in 95 °C prewarmed citrate buffer during 20 min. Endogenous
peroxidase activity was blocked by incubation with 3% H2O2. Slides
were incubated for 1h at room temperature with in vitro biotinylated
sdAbs at 10 �g/ml and washed. Detection was performed by incu-
bations at room temperature 30 min with streptavidin peroxidase.
Finally, visualization was performed by DAB revelation peroxidase
reaction (Dako) using hematoxylin as counterstain.

Antigen Identification and Mass Spectrometry Analysis—Purified
nanobodies were cross-linked on NHS-activated Sepharose 4 Fast
Flow beads (1 �g/�l beads) according to manufacturer instructions
(GE Healthcare Life sciences). For antigen pulldown, 20 �l nanobod-
ies coupled to beads were incubated with 1 mg/ml cells lysate pre-
pared in HNTG buffer (50 mM Hepes pH 7.3, 150 mM Nacl, 0.1 mM

EDTA, 1.5 mM MgCl2, 10% Glycerol, 1% Triton). After washing, 10%
of the sample was loaded on Novex® 4–12% Bis-Tris Gel (Invitrogen)
and specific antigens were visualized on the gel using silver staining
protocol according to (21).

For antigens identification, duplicate gels were run and proteins
stained with Imperial blue (Pierce, Thermoscientific). Bands contain-
ing antigens were cut from the gel, prepared and digested with high
sequencing grade trypsin (Promega) before mass spectrometry anal-
ysis according to (21). In some case, when specific antigen were not
clearly visualized after silver stained gel, running of the sample in the
gel was stopped as soon as proteins were stacked as a single band
in the upper part of the gel. After mass spectrometry identification of
the whole proteins content, immunoprecipitated antigens were spe-
cifically identified for respective used nanobodies.

Mass spectrometry analysis was carried out by LC-MSMS using a
LTQ-Velos-Orbitrap (Thermo Fisher Scientific) online with a nanoLC
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Ultimate 3000 chromatography system (Dionex) as described (22).
For direct antigen identification, 5 �l of peptides corresponding to
1/3th of digested sample were injected, preconcentrated and washed
on a Dionex Acclaim PepMap 100 C18 column (2 cm � 100 �m i.d.
100 A, 5 �m particle size). Peptides were further separated on a
Dionex Acclaim PepMap RSLC C18 column (15 cm � 75 �m i.d., 100
A, 2 �m particle size) at a flow rate of 300 nL/min. with a 4–45% linear
gradient acetonitrile/H20; 0.1% formic acid for 30 min. For identifica-
tion of more complex sample (full IP), a two steps linear gradient
(4–20% acetonitrile/H20; 0.1% formic acid for 90 min and 20–45%
acetonitrile/H20; 0.1% formic acid for 30 min) was used.. The sepa-
ration of the peptides was monitored by a UV detector (absorption at
214 nm). For peptides ionization in the nanospray source, spray
voltage was set at 1.4 kV and the capillary temperature at 275 °C. All
samples were measured in a data dependent acquisition mode. Each
run was preceded by a blank MS run to monitor system background.
The peptide masses were measured in a survey full scan (scan range
300–1700 m/z, with 30 K FWHM resolution at m/z � 400, target AGC
value of 1.00 � 10E6 and maximum injection time of 500 ms). In
parallel to the high-resolution full scan in the Orbitrap, the data-de-
pendent CID scans of the 10 most intense precursor ions were
fragmented and measured in the linear ion trap (normalized collision
energy of 35%, activation time of 10 ms, target AGC value of 1.00 �
10E4, maximum injection time 100 ms, isolation window 2 Da). Parent
masses obtained in orbitrap analyzer were automatically calibrated on
445.1200 locked mass. The fragment ion masses were measured in
the linear ion trap to have a maximum sensitivity and the maximum
amount of MS/MS data. Dynamic exclusion was implemented with a
repeat count of 1 and exclusion duration of 7s or 30s respectively for
short or long LC gradient duration.

Raw files generated from mass spectrometry analysis were pro-
cessed with Proteome Discoverer 1.3 (Thermo fisher Scientific). This
software was used to search data via in-house Mascot server (version
2.4.1; Matrix Science Inc., London, UK) against the Human database
subset of the SwissProt database (version 2013.05) containing 20256
entries. Database search were done using the following settings:
Trysin cleavage with a maximum of one miscleavage allowed, methi-
onine oxidation as variable modifications, cysteine carbamido-meth-
ylation as fixed modification. Mass tolerance of 6 ppm and 0.8 Da
were used respectively for precursors and fragments ions during
search analysis. For unambiguous protein identification, only pep-
tides with higher Mascot threshold score (identity) were selected.
FDR � 1% was used.

To confirm MS results, immunoprecipitates were analyzed by
Western blot using mouse anti-human transferrin receptor antibody
clone H68.4 (Zymed Laboratories Inc.,anti-EpCAM mouse antibody
clone C-10 (Santa Cruz), polyclonal rabbit anti-MCAM antibody (Sigma)
and mouse polyclonal anti-SUSD2 (Sigma).

RESULTS

The principle of masked selection consists in performing
two rounds of phage selection on the antigen-negative sam-
ple to select binders against immunodominant but nonrel-
evant epitopes. The corresponding non-relevant binders are
subsequently produced as a pool of soluble fragments that
are added in large excess during a phage display selection
performed with the original library on a sample of interest
containing the relevant epitope (supplemental Fig. S1). During
this selection, all non-relevant epitopes are thus blocked by
the corresponding non-relevant soluble binders (the mask),
which greatly favors the selection of binders against the relevant
epitopes. This strategy was compared with a mere depletion

strategy on four types of samples: recombinant proteins, trans-
fected cell lines, cancer cell lines, and cancer biopsies.

Selection of Phage Antibodies Against a Specific Part of
Recombinant HER2-Fc Protein—The proof of principle of this
new approach was first established on a simple selection
procedure using a purified recombinant protein. A single-
domain antibody (sdAb, see (23, 24) for review) library was
built using peripheral blood mononuclear cells (PBMCs) of
llamas immunized with various recombinant proteins consis-
ting of fusion between ectodomains of relevant tumor markers
and human IgG1 Fc portion, including HER2-Fc. The aim of
this first part of the study was to favor the selection of HER2
binders as compared with Fc binders.

A basic strategy (i.e. direct selection of phage antibody
produced using KM13 helper phage) was compared with
conventional depletion strategies on irrelevant Fc bearing
molecules prior to positive selection on HER2-Fc fusion. A
third approach was developed using hyperphage to produce
the phage-antibody particles since it was demonstrated that
this helper phage can significantly increase both the percent-
age of phage actually displaying an antibody fragment and the
number of antibody fragment displayed per particles (va-
lency). Theoretically, these two factors should increase the
efficiency of the depletion strategy. Finally a masked selection
strategy was performed using a human IgG1 Fc fragment
protein as nonrelevant sample.

Fig. 1A shows that the highest proportion of HER2 binders
was obtained using the masked selection strategy and, to a
lesser extent, after a depletion step. Using Hyperphage did
not significantly improve the yield of HER2 binders. Not sur-
prisingly, the vast majority of binders obtained by the direct
selection strategy were Fc binders. DNA sequencing was
performed on randomly picked clones to compare the diver-
sity of the different outputs. The direct selection revealed 8
different clones out of 24 binders, six different clones for each
of the depletion strategy (out of 41 or 37 binders) and 9
different clones out of 69 binders for the masked selection
(Table I), suggesting that the masked selection on purified
antigen could greatly improve the frequency of relevant bind-
ers without markedly impacting the output diversity compared
with the depletion strategies.

Selection of Phage Antibodies Against Cell Surface Recep-
tors on Transfected Cells—Some targets, such as members of
the seven transmembrane receptors, cannot easily be recom-
binantly produced as soluble protein with a native conforma-
tion. In such cases, phage display can be used to select
relevant binders by using a positive selection on transfected
cells following a depletion step on the corresponding untrans-
fected cell line. We decided to compare the efficiency of
depletion versus masked selection for the selection of binders
against various targets. The selected targets included a tyro-
sine kinase receptor, Human Epidermal Growth Factor Re-
ceptor 2 (HER2), and two members of the GPCR family,
metabotropic glutamate receptor 4 (mGluR4, class C recep-
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tor), and the C-X-C chemokine Receptor type 4 (CXCR4, class
A receptor). HER2 displays an ectodomain of about 630
amino acids (25) whereas, the two GPCRs display extracellu-
lar domains of around 610 and 62 amino acids for mGluR4
and CXCR4, respectively (26, 27). For these experiments, we
used sdAb libraries that had been generated after immuniza-
tion with HER2-, mGluR4-, or CXCR4- transfected HEK293T
(HEK) cells. As shown in supplemental Fig. S2, the surface
expression levels of these three receptors were different,
mGluR4 being better expressed than HER2 and CXCR4 being
very poorly expressed. Untransfected HEK293T cells were
used for depletion steps and for the selection of masking
sdAbs. The outputs of both strategies were analyzed by
phage ELISA on transfected and untransfected cells (Fig. 1B).

In the case of HER2 receptor, the output of the depletion/
selection strategy was mainly constituted of unspecific HEK
binders, yielding only 7% of HER2 binders. The use of Hy-
perphage as helper phage for high display conditions did not
improve (8%) this yield. By contrast, the masked selection
approach improved more than three times the output with
26% of HER2 binders. DNA sequencing of a subset of the
positive clones revealed two different clones out of six HER2
binders obtained by each of the two depletion strategies and
five different clones out of 24 HER2 binders selected by
masked selections (Table I). The dominant clone A.B5 was
found in all different strategies. Several clones that had been
isolated on purified antigens were not retrieved by any of the
cell selections. Conversely, clone H.H8 was only retrieved by
masked selection on cells.

All the 15 anti-HER2 binders obtained so far using recom-
binant antigen or transfected cells were produced as soluble
fragments to be further characterized in terms of specificity
and affinity. Their specificity was first confirmed by ELISA.
supplemental Fig. S3 shows that all clones (including sdAb
H.H8) yielded a high signal on HER2-Fc and were negative
against Fc. Next, flow cytometry on HER2 positive cells was
used to demonstrate the ability of these anti-HER2 sdAbs to
bind their antigen in a native context. All clones were found
positive (supplemental Fig. S4A), including the seven clones
that were selected on recombinant antigen but not through
cell selections. A competition assay was then performed to
analyze the ability of each sdAb to compete with the others.
The binding of phage-sdAbs on HER2 positive cells was
investigated by flow cytometry in the presence of a large
excess of each purified soluble sdAb (supplemental Fig. S4B).
At least three groups of sdAbs binding to three independent
HER2 epitopes could be established (supplemental Fig. S4C),
and at least one member of each group could be isolated
using masked selection.

A third independent approach based on HTRF) (28)) was
finally used to clearly establish the specificity and determine
the affinity of anti-HER2 sdAbs. HEK cells were transfected
with HER2 fused to the SNAP tag, allowing a site-directed
labeling of the receptor at the cell surface with a donor fluo-

FIG. 1. Phage ELISA analysis of clones selected on known an-
tigens A, Screening of clones selected on recombinant HER2-Fc.
Ninety-four clones randomly picked from each type of selection were
assayed by monoclonal phage ELISA for binding to HER2-Fc, or Fc.
Clones yielding a positive signal on HER2-Fc but not on Fc were
considered anti-HER2. Those positive on HER2-Fc and Fc were con-
sidered anti-Fc and those negative on both were considered non
binders (negative). Direct: simple selection. Dep. K: Depletion step,
KM13 helper phage. Dep. H: Depletion step, hyperphage helper
phage. Mask: Masked selection. B, Phage ELISA analysis of clones
selected on transfected cells. Ninety-four clones randomly picked
from each type of selection were assayed by monoclonal phage
ELISA for binding to HEK cells, HEK cells transfected with HER2
(HEK-HER2) or cells transfected with mGluR4 (HEK-mGluR4). Binders
yielding signals on transfected cells but not on HEK cells were con-
sidered receptor-specific (anti-Receptor), those yielding signal on all
type of HEK cells were considered HEK-specific (anti-HEK) and those
negative on all cells were considered negative. C, Phage ELISA
screening on HEK-CXCR4 transfected cells. Ninety-three randomly
picked clones from each strategy were assayed. Clones yielding a
positive signal on HEK-CXCR4 but not on HEK were considered
anti-CXCR4.
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rophore. Bound sdAbs were detected using an anti-His tag
monoclonal antibody labeled with an acceptor fluorophore. In
this setting, the excitation of the donor fluorophore leads to a
fluorescence emission of the acceptor fluorophore (FRET ef-
fect) if these two molecules are in close proximity, that is, if the
sdAb is bound to HER2. As shown in Fig. 2A, all anti-HER2
sdAbs were found positive in this assay whereas an irrelevant
(anti-Fc) sdAb did not yield any signal. SdAb H.F6 yielded a
lower signal, in agreement with flow cytometry results.

Interestingly, three clones (A.E6, A.E4, and C.E10), previ-
ously shown to bind the same or overlapping epitopes
yielded significantly lower FRET signals, suggesting that
these epitopes are more distant to the SNAP tag than the
other epitopes.

Dose response curves of the 12 best binders were used to
determine the sdAb dissociation constants (supplemental Fig.
S5A). The calculated KD values using a non-linear curve fitting
program ranged between 0.5 and 7.3 nM (supplemental Fig.
S5B).

To see if similar results could be obtained on a different
type of receptors, depletion and masked strategies were ap-
plied to the selection of sdAbs against mGluR4 and CXCR4.
These receptors belong to the seven-transmembrane G pro-
tein-coupled receptor family and are a good example of an-
tigens which are difficult to produce recombinantly. In this
case, all steps, that is, immunization, selection and screening,
were performed using transfected HEK cells.

For mGluR4, a conventional depletion step on untrans-
fected HEK cells followed by a selection on mGluR4-trans-
fected cells yielded a vast majority of HEK binders and less
than 13% of mGluR4 binders, as shown by phage ELISA on
cells, (Fig. 1B), despite the high cell surface expression level
of the transfected receptor (supplemental Fig. S2). In sharp
contrast, the masked selection strategy was highly successful
since 90% of the output was specific for the relevant recep-
tors and only 4% of the outputs were HEK binders (Fig. 1B).
The sequencing of 47 mGluR4 binders obtained by masked
selection revealed 19 different clones, suggesting again that
this approach can lead to a good diversity of binders. Soluble
sdAbs corresponding to these 19 clones were produced,

FIG. 2. Specificity of sdAbs selected on cell surface antigens by
homogeneous time resolved fluorescence (HTRF) technology. A,
Analysis of anti-HER2 sdAbs. Cells transfected by SNAP-tag HER2
and labeled with donor fluorophore were incubated with sdAbs and
acceptor-labeled anti-6his mAb. sdAb binding, detected by FRET, is
expressed as HTRF ratio to normalize results for the HER2 receptor
density (see Materials and Methods). Anti-Fc: anti human Fc sdAb
used as negative control. B, Analysis of anti-mGluR4 sdAbs. (sdAb
binding was followed as described in A). C, Analysis of anti-CXCR4
sdAbs (sdAb binding was followed as described in A).

TABLE I
Frequency of anti-HER2 clones isolated by various strategies. Dep. K: Depletion step, and use of Km13 helper phage; Dep. H: Depletion step,

and use of Hyperphage helper phage; Mask: Masked selection

Clones C.A5 C.G5 A.A10 A.F1 A.B5 B.F11 A.E6 A.E4 C.E4 A.D6 C.E10 A.H10 C.D4 H.F6 H.H8

HER2-Fc
Direct 1 1 7 11 1 1 1 1
Dep. K 2 29 7 1 1 1
Dep. H 1 3 24 7 1 1
Mask 8 1 19 30 7 1 1 1 1

HEK-HER2
Dep. K 1 5
Dep. H 1 5
Mask 1 9 12 1 1
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purified and characterized by HTRF experiments on mGluR4-
transfected cells. As shown in Fig. 2B, all clones yielded high
HTRF signals demonstrating their specificity for mGluR4, in
contrast to an irrelevant anti-Fc sdAb that was found negative.
Dose response curves and non-linear curve fitting analysis
(supplemental Fig. S5C) were used to determine the dissoci-
ation constant of five binders among the best ones. KD values
of these monovalent single domain antibodies ranged from
3.9 to 30 nM (supplemental Fig. S5D).

The same approach was applied to CXCR4, a receptor
characterized by a low level of expression (supplemental Fig.
S2) and a very short extracellular domain (�62 amino acids).
Depletion on nontransfected HEK cells followed by a selection
on CXCR4-transfected cells was performed. In this case, the
first round of selection results led to a significant difference
between masked selection and depletion. Indeed, masked
selection yielded 24% of CXCR4 specific clones, that is,
fourfold higher than the conventional depletion step with 6%
of receptor specific clones, as shown by phage ELISA on
intact cells (Fig. 1C). Sequencing of the specific clones re-
vealed 3 different sequences. The specificity of these binders,
produced as soluble sdAbs, was demonstrated by HTRF (Fig.
2C). Dose response curves were used to determine their
dissociation constants (supplemental Fig. S5E), leading to KD

values ranging from 15 to 22 nM (supplemental Fig. S5F).
Selection of Phage-antibodies with Breast Cancer Specific-

ity—The efficiency of masked selection being established on
transfected HEK cells, we applied this approach to the selec-
tion of binders against unknown antigens overexpressed in
cancer samples. Llamas were immunized with breast cancer
biopsies and the resulting sdAb libraries were selected
against either breast cancer cell lines or breast cancer biop-
sies, using human PBMC and the human mammary epithe-
lium cell line HME1 (immortalized by hTERT expression) as
normal sample.

Selection on Breast Cancer Biopsy Lysates—Selections
were performed on a mixture of 11 breast cancer biopsy
lysates (see Materials and Methods). A lysate of human pe-
ripheral blood mononuclear cells mixed with a lysate of hu-
man mammary epithelium cell line HME1 (immortalized by
hTERT expression) was used as normal sample. A classical
deletion/selection approach was compared with a depletion
plus masked selection strategy (using sdAbs selected from
the same library by panning on the normal sample as mask),
and the use of KM13 or hyperphage was compared in both
case.

Ninety-six clones were randomly picked after two rounds of
selection for each approach. A phage ELISA screening pro-
cedure, using plastic-adsorbed biopsy or normal sample ly-
sates, was performed to evaluate the specificity of the se-
lected binders. The depletion strategy yielded a majority of
clones binding to both biopsy and normal lysates. Only 13%
(KM13) and 9% (hyperphage) of clones showed specificity for
biopsy lysates (Fig. 3A). Addition of masking sdAbs during the

selection step drastically decreased the number of noncancer
specific clones down to 2–3%, and increased the proportion
of cancer-specific clones to 40% (KM13) and 30% (hy-
perphage) (Fig. 3A). DNA sequencing of 53 biopsy lysate
binders revealed nine different sequences (supplemental Fig.
S6A). Competition experiments performed by phage ELISA in
the presence of an excess of each purified sdAb indicated
that four of these clones were sharing a common epitope
(supplemental Fig. S6B). A representative clone of this family
and the five other sdAbs targeting independent epitopes were
further characterized.

To confirm the specificity of these sdAbs for breast cancer,
phage ELISA was performed on a panel of immobilized ly-
sates from 11 different breast cancer biopsies, and on a
mixture of breast cancer cell line lysates (see Material and
Methods). As expected, lysates of PBMCs and HME1 cell

FIG. 3. Screening of clones selected against overexpressed tar-
gets. A, Screening of clones selected against biopsy lysates. For
each selection, 96 clones were randomly picked and assayed by
phage ELISA for binding to biopsy or healthy cell lysates immobilized
on microtiter plates. Clones positive on biopsy lysates and negative
on normal lysates were considered cancer specific. Dep.: depletion.
Dep. � masked sel.: depletion followed by selection performed in the
presence of masking sdAbs. B, Screening of sdAbs isolated against
intact breast cancer cells. For each selection, 96 clones were
screened by phage-cytometry assay on a mixture of intact breast
cancer cells (MDA-MB-231, MCF7, SKBr3, HCC1954). Bound phage-
sdAb were detected using PE-conjugated anti-M13 mAb. Dep.: de-
pletion. Dep. � masked sel.: depletion followed by selection per-
formed in the presence of masking sdAbs.
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yielded no signal. Interestingly, various binding profiles were
generated against the 11 breast cancer biopsy lysates (Fig
4A). To further investigate the cancer specificity of these
antibody fragments, they were produced and purified as sol-
uble fragments and tested by immunohistochemistry. Out of
six tested sdAbs, only sdAb J.H6 yielded a strong signal on
paraffin-embedded tissue. This sdAb was thus further char-
acterized on larger scale using breast cancer tissue microar-
ray including 80 breast cancer samples (lobular and ductal
breast cancer biopsies) and 14 healthy breast samples. Fig.
4B shows immunohistochemistry results on representative
samples (cancer biopsies and normal samples). None of the
normal samples were stained by this sdAb whereas 75% of
breast cancer biopsies were positive (Fig. 4C).

Selection for Cell Surface Binders on Breast Cancer Cell
Lines—Although intracellular cancer specific antigens can be
useful as biomarkers for diagnosis purposes, they are not
compatible with some therapeutic approaches such as ther-
apeutic antibodies. For these approaches, the identification of
cancer-specific membrane antigens is required. To evaluate
the potential of masked selection in this case, we compared
the output of two rounds of selection performed on a mixture
of four different breast cancer cell lines (MDA-MB-231, MCF7,
SKBr3, and HCC1954) using the same sdAb library and either
a simple depletion step on a mixture of intact human PBMCs
and HME1 (PBMC�HME1), or a combination of deletion and
masked selection using sdAbs from the same library selected
on PBMC�HME1. Ninety-six clones from each selection

FIG. 4. Fine characterization of candidate sdAbs isolated against biopsy lysates. A, Reverse phase phage-ELISA. Various biopsy
lysates, a mixture of breast cancer cell lysates, (BC cell lines), a human PBMC lysate, and a healthy breast epithelial cell line HME1 lysate were
coated on MaxiSorpTM 96 well plates. Phage-sdAbs were incubated and washed. Bound phages were detected using HRP-conjugated
anti-M13 mAb. Data shown are representative of at least 3 independent experiments. B, Tissue micro array analysis. Paraffin embedded slide
containing 80 breast cancer samples or 14 healthy breast samples were incubated with purified and in vitro biotinylated sdAb J.H6. Bound
sdAbs were detected using HRP-conjugated streptavidin. Representative examples are shown. C, Staining results were classified according
to their intensity. SI: staining intensity.
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strategy were screened as phage-sdAb by flow cytometry on
the mixture of breast cancer cell lines, and PBMC�HME1.

As shown in Fig. 3B, a standard depletion strategy did not
succeed in isolating any cancer specific clones, whatever the
helper phage used. In sharp contrast, 60 and 35% of the 96
tested clones were positive on PBMC�HME1, for KM13 and
hyperphage, respectively. The addition of the masking sdAbs
during the selection step not only very efficiently blocked the
selection of unwanted PBMC�HME1 binders, but allowed
the selection of 6 to 12 clones that specifically bound to the
mixture of breast cancer cell lines, depending on the helper
phage. DNA sequencing of these 18 binders revealed 11
different sequences (supplemental Fig. S6C). Flow cytometry

competition experiments performed using purified sdAbs in-
dicated that 6 different epitopes were targeted by these 11
different sdAbs (supplemental Fig. S6D). A representative
binder of each epitope was chosen for further studies. These
6 purified sdAbs were tested by flow cytometry against six
different breast cancer cell lines including the four used for
selection, seven cancer cell lines of various origins, normal
breast epithelial cell line HME1 and human PBMCs. As shown
in Fig. 5A, none of the sdAbs were positive on normal cells.
Four sdAbs (M.C9, M.B9, M.H3, and M.H12) were strongly
positive against most of the tested cancer cell lines. SdAb
M.D5 specifically recognized two of the four breast cancer cell
lines used for selection whereas sdAb M.A4 was positive only

FIG. 5. Fine characterization of candidate sdAbs against intact breast cancer cells. A, A cytometry assay was performed on six breast
cancer cell lines, seven cancer cell lines of various origins (cervical, pancreas, ovarian, colon, prostate, and lymphocyte), on human PBMC and
normal breast epithelium cell line HME1. In vitro biotinylated sdAb were added on cells. After washing, bound sdAbs were detected with
PE-conjugated streptavidin. MFI: mean fluorescence intensity. Data shown are representative of at least three independent experiments. B,
Tissue micro array analysis. Paraffin embedded tissue array containing 80 breast cancer samples and 14 healthy breast samples were
incubated with in vitro biotinylated sdAbs. Bound sdAbs were detected by HRP-conjugated streptavidin. Shown are representative examples.
C, Staining results were classified according to their intensity. SI: staining intensity.
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on one breast cancer cell line (MDA-MB-231), but recognized
two other types of cancer cell lines such as PC3 (prostate
cancer) and HeLa (cervical cancer).

Immunohistochemistry characterization demonstrated that
two of these sdAbs (M.H3, M.H12) were functional on paraf-
fin-embedded tissues. These sdAbs were thus assayed on
breast cancer tissue micro array. Fig. 5B displays represent-
ative results obtained with these two sdAbs. None of the 14
healthy samples were stained while 98% or 79% of breast
cancer biopsies were strongly stained by sdAb M.H3 and
M.H12, respectively (Fig. 5C).

Identification of the Targeted Markers—Two of sdAbs lead-
ing to strong positive signals on many cell lines, M.C9 and
M.H12, and two sdAbs with more restricted patterns, M.A4
and M.D5, were chosen to demonstrate the feasibility of iden-

tifying their corresponding antigens by immunoprecipitation
(IP) and mass spectrometry analysis. Purified sdAbs were
covalently immobilized on NHS-activated Sepharose beads
and were incubated with cell line lysates. After binding and
washing, the retained proteins were loaded on SDS-
PAGE. M.H12 immunoprecipitation of T47D lysates yielded
several strong bands below 100 kDa that were not present on
the control IP performed in the absence of sdAb (Fig. 6A).
Under the same conditions, M.C9 yielded a faint but specific
band at around 30 kDa. Mass spectrometry (MS) analysis was
performed on both IPs and led to the identification of Epithe-
lial cell adhesion molecule (EpCAM, CD326) and Transferrin
receptor 1 (TfR1, CD71) for M.C9 and M.H12 respectively (Fig
6C). IPs using M.A4 and M.D5 with SKBr3 lysate did not lead
to a clearly defined band as detected by silver staining. How-

FIG. 6. Target identification by immunoprecipitation and mass spectrometry. A, Sepharose beads were covalently coupled to purified,
incubated with cell lysates (�) or not (-), and washed. Captured proteins were separated on SDS-Page, and detected by silver staining. Cont:
negative control using uncoupled beads. B, Immunoprecipitated proteins corresponding to each sdAb and matching controls were analyzed
by Western blots using commercial anti-CD71, anti-EpCAM, anti-MUC18, or anti-SUSD2 antibodies. C, Mascot Results of the LC-MSMS
analysis. Only peptides with high confidence Mascot score (identities) were used. Detailed MS and MSMS results are available as supple-
mentary data.
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ever, the differential MS analysis of the IP outcome could
identify metastasis cell adhesion molecule (MetCAM/MUC18/
MCAM/CD146) and Sushi domain containing 2 (SUSD2) being
selectively present in the IP eluates of sdAbs M.A4 and M.D5,
respectively (Fig. 6C). To confirm these results by an inde-
pendent approach, a Western blot analysis of the IP outputs
was performed using corresponding commercially available
antibodies. In each case, a specific signal was obtained with
the IP of the corresponding sdAb, confirming the MS results
(Fig. 6B).

DISCUSSION

Beside depletion (negative selection), several techniques
have been proposed to focus a phage selection on a partic-
ular antigen or epitope, including guided selection (29, 30),
competitive elutions (8), or alternating of the source of antigen
(7). These techniques have been successfully used in several
studies but they are limited in several aspects. Guided selec-
tion depends on the availability of a cloned antibody and is
labor-intensive. Competitive elution uses a known ligand or
monoclonal antibody to specifically elute phage-antibodies
binding to the same epitope. Unfortunately this strategy has a
tendency to favor the selection of low affinity binders. The
availability of various sources of an antigen of interest (ex-
pressed on cell and as purified protein, for example) can be a
limiting factor. But most importantly, none of these ap-
proaches can be used for target discovery.

We have designed a new procedure to restrict the output of
phage display selections toward specific epitopes of a chi-
meric protein, toward transfected membrane receptors and
toward specific or overexpressed cancer markers using crude
lysates, or intact cells when surface markers are preferred.
The masked selection is based on a competition between
masking antibody fragments and phage particles. The general
concept underlying this approach is merely to block un-
wanted epitopes by addition of an excess of binders previ-
ously selected by panning the very same library against the
non relevant sample. This procedure can be very efficient
since the input of a selection procedure usually contains 1012

phage particle in 1 ml, leading to a phage concentration of
around 2 nM. Single domain antibodies used in this study are
easily produced in E. coli and we routinely use 10 �M of
polyclonal sdAbs for the masking procedures, ensuring a
huge excess of sdAbs over phage-sdAbs to guarantee an
efficient blockade of non relevant epitopes.

In all cases, from a very simple selection on purified antigen
to the selection of binders against overexpressed tumor
markers, the principle of masking nonrelevant epitopes was
shown to be more efficient than conventional depletion. This
advantage was most obvious when using highly complex
sources of antigens such as intact tumor cells. This simple
procedure is very powerful because it takes advantage of the
potential biases of a library. Indeed, libraries often contain a
large number of binders directed against non-relevant but

highly abundant or very immunoreactive epitopes. These
binders often out-compete binders against scarce but poten-
tially relevant epitopes when selections are performed on
complex samples. In such case, masked selection should be
very efficient because these dominant binders targeting abun-
dant proteins would be highly represented in the polyclonal
population of soluble binders selected on the nonrelevant
sample (the mask). In other words, the mask will naturally be
biased with binders that have to block the most problematic
(abundant and/or immunoreactive) epitopes.

In this study, masked selection was compared with a de-
pletion strategy. Our results demonstrate some efficiency of
depletion but also highlight its shortcomings in difficult selec-
tions on complex samples. The principle of depletion relies on
the capture of non relevant binders from the phage population
before positive selection. This approach can improve the
specificity of an output but cannot be totally efficient since, as
for any noncovalent interaction, a fraction of the total phage-
antibody to be depleted will stay in solution at a ratio depen-
dent on the affinity of the antibody. Increasing the number of
antibody fragments displayed per phage particle by using
hyperphage as helper phage should increase the apparent
affinity of binders and thus increase the proportion of bound
phage during the depletion step. Such an effect could be seen
in this study on depletion performed on Fc portion but was not
visible on selections performed on complex samples.

This work demonstrates that masked selection can greatly
increase the number of target-specific binders, without sig-
nificantly impacting on the diversity of selected clones, or on
their affinity. Indeed, several binders with nanomolar affinities
were selected against several epitopes of the various antigens
targeted in this study, including difficult antigens such as
GPCRs. Remarkably, masked selection also significantly im-
proved the isolation of binders against CXCR4, a class A
GPCR receptor displaying only 62 amino acids above the cell
membrane. Noteworthy, in the case of GPCRs, the entire
procedure, from immunization to sdAb characterization, was
performed using only transfected cells, that is, in the absence
of purified proteins.

Probably one of the most remarkable applications of
masked selection is the isolation of binders against unknown
but differentially expressed targets. In this study, we have
isolated binders against differentially expressed antigens us-
ing both biopsy lysates and intact breast cancer cell lines,
thus insuring that the targeted markers are accessible mem-
brane proteins. Two sdAbs leading to strong flow cytometry
signals on various cancer cell lines (M.C9 and M.H12) and two
sdAbs with more restricted expression patterns (M.A4 and
M.D5) were chosen to demonstrate the possibility of identify-
ing the corresponding antigen by immunoprecipitation and
mass spectrometry (MS). The antigen targeted by M.C9 was
identified as the epithelial cell adhesion molecule (EpCAM,
CD326). This result further validates our approach since
EpCAM is known to be a tumor associated antigen, abun-
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dantly expressed in primary tumors and metastases of most
epithelial malignancies (31), including breast cancer (32, 33).
More recently, EpCAM was also shown to be expressed on
cancer stem cells and circulating tumor cells, which further
raised enthusiasm to use EpCAM for drug delivery (34, 35).
The second sdAb, M.H12, binds the human transferrin recep-
tor 1 (TfR1, CD71), a receptor involved in cellular iron home-
ostasis. Numerous studies have shown that TfR1 is highly
expressed in cancer cells (36), including tumors of the nerv-
ous system, chronic lymphocytic leukemia, non-Hodgkin’s
lymphoma, lung adenocarcinoma but also breast cancer (37).
A proposed explanation for its wide overexpression in tumor
cells is that these rapidly growing cells require more iron as
nutrient and cofactor of ribonucleotide reductase for their
massive DNA synthesis (36). In addition, TfR1 was also shown
to be a signaling molecule that enhances anti-apoptosis and
potentiates breast cancer cells survival through tyrosine
phosphorylation by Src (38). M.A4 is binding MetCAM. This
receptor was first identified as a human melanoma antigen,
rarely expressed on normal epidermal melanocytes, but abun-
dantly expressed in advanced primary and metastatic mela-
noma (39). Phage display selection on mesothelioma cell lines
also led to the isolation of anti-MetCAM antibody fragments
(40). It that has been shown to play an important role during
melanoma progression to metastasis (41). However, its role in
breast cancer is much less characterized and appears to be
controversial (42). Finally sdAb M.D5 binds SUSD2, a 822-
amino acid type I membrane protein. Very little is known about
this human receptor. It was indeed recently shown by mass
spectrometry to interact with galectin-1, a protein extensively
studied for its role in tumor immune-escape mechanisms and
angiogenesis (43), and was even more recently isolated using
a breast cancer cDNA library based approach (44). In this
work, the authors show weak or no expression of SUSD2 in
normal epithelial cells, but staining of lobular and ductal
breast carcinomas, thereby confirming our findings on the
expression of this protein. Altogether, these results clearly
warrant further investigations to fully evaluate the potential of
SUSD2 as innovative therapeutic target.

Thus, our results highlight the strong benefit of the masked
selection strategy for isolating high affinity binders against
overexpressed receptors. In this work aiming at establishing a
proof of concept of masked selection efficiency, we screened
around two hundreds clones selected on intact cells, which
already led to the isolation of 11 different tumor specific
binders. Because phage display can be easily adapted to high
throughput, a straightforward scale-up of the procedure has
the potential to lead the isolation of large numbers of tumor
specific binders. It would also be of high interest to perform
this approach on more clinically relevant samples than tumor
cell lines, such as patient derived xenografts (45).

By facilitating the identification of new targetable markers
for antibody-based therapy while simultaneously providing
the specific antibody, masked selection has a great potential

in the field of cancer diagnostic and therapy. It should also be
of high interest for many other purposes, such as the identi-
fication of specific cell surface receptors of some cell types,
such as normal and cancer stem cells or regulatory T cells, for
example. In principle, this technique is very flexible and can
be used with any kind of antibody fragments (scFv, Fab
fragments), alternative scaffolds (darpins, monobodies, affi-
bodies, anticalins) (46, 47), or even other type of display such
as ribosome display (48).
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