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Screening cDNA libraries from solid human tumors with
sera of autologous patients (SEREX) has proven to be a
powerful approach to identifying tumor antigens recognized
by the humoral arm of the immune system. In many cases,
application of this methodology has led to the discovery of
novel tumor antigens as unknown gene products. We tried to
improve the potency of the SEREX approach by combining it
with phage-display technology. We designed a new lambda
vector to express protein fragments as N-terminal fusions to
the D capsid protein and generated high-complexity cDNA
libraries from human breast carcinoma cell lines and solid
tumors. Screening these phage-displayed libraries required
limited amounts of sera from patients and efficiently identi-
fied several tumor antigens specifically reacting with sera
from breast cancer patients.
© 2003 Wiley-Liss, Inc.
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Tumor-associated antigens recognized by humoral effectors of
the immune system are an attractive target for diagnostic and
therapeutic approaches to human cancer. A considerable number
of this type of antigen have been identified over recent years
through screening expression cDNA libraries from human solid
tumors with sera of the autologous patients (SEREX, serologic
identification of antigens by recombinant expression cloning).1–4

This type of screening of a cDNA expression library by conven-
tional methods requires the preparation of a large number of
membrane filters blotted with bacteriophage plaques that are then
searched with a specific probe. In the case of the SEREX experi-
ments, the screening is performed using sera from cancer patients,
which are usually available in very limited quantity. The second
limitation is that such immunoscreening procedure does not allow
selection of antigens that are recognized by sera from different
patients.

We tried to overcome these limitations and to simplify the
screening procedure by performing affinity selection of cDNA
libraries in very small volumes by combining the SEREX ap-
proach with that of phage-display technology. Phage-display tech-
nology is based on the insertion of foreign nucleotide sequences
into genes encoding for various coat proteins of filamentous phage,
resulting in a heterogeneous mixture of phages, each displaying the
different peptide sequence encoded by a corresponding insert. A
physical link between a displayed fusion protein and DNA en-
coded for it make this phage target selectable.

Phage-display technology was introduced in 1985 by Smith5 and
has been widely used since for generating and screening peptide
libraries to identify ligands for various kinds of receptor mole-
cules.6–8 However, significantly less striking progress has been
reported on the use of filamentous phage as display vector for
constructing cDNA libraries. In most cases, foreign peptides are
displayed on the filamentous phage capsid as N-terminal fusions to
the major (pVIII) or the minor (pIII) coat protein. Large protein
domains fused to pVIII disturb (with some rare exceptions) the
process of protein transport across the inner bacterial membrane

and assembly of phage particles.9–11 pIII is less sensitive to the
size of protein inserts but has the much lower number of copies
than pVIII, which markedly reduces the avidity contribution in the
ligand binding. This seriously limits the selection efficiency of
ligands for receptors only available at low concentration or present
in complex mixtures (as in the case of biologic fluids, such as
serum). Moreover, several observations have confirmed that se-
lecting known ligands for a target of interest from genomic or
cDNA libraries, displayed as pIII-fusion, have often failed.12

cDNA libraries based on pJuFo vector13 or fused to the carboxy
terminus of another filamentous phage minor protein pVI14 have
been successfully screened with different antibodies. Sioud and
Hansen reported the use of filamentous phage M13 pVI-based
display system for cancer gene discovery by screening cDNA
repertoires from breast cancer cell lines with serum antibodies
from cancer patients.15 However, all these filamentous phage-
based libraries display only those recombinant proteins able to
pass through the inner bacterial membrane still maintaining their
correct folding in the oxidizing environment of the periplasmic
space.

Using lambda phage as a display vector overcomes many of the
limitations of filamentous phage systems. Indeed, the lambda
capsid is assembled in the reducing milieu of the cytoplasm and
does not depend on the ability of fusion proteins being translocated
across the membrane. Protein D (pD) is one of the head proteins
that form the protruding trimeric structure essential for the stability
of the capsid. Polypeptides and even large multimeric proteins can
be expressed as amino-16 and carboxy-17 terminal fusions to the
capsid protein pD without interfering with lambda phage produc-
tion. Recently, the successful construction and screening of several
cDNA lambda-displayed libraries was reported.18–20 In all these
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cases, recombinant proteins encoded by the cDNA were expressed
as fusion to the carboxy terminus of pD. Taken together, these
experiments demonstrate that complex repertoires from natural
sources displayed on lambda phage capsid can be efficiently ex-
ploited for antigen discovery. An alternative approach based on the
use of T7 phage display was developed and applied.21–23 However,
lambda display system, as compared to T7 bacteriophage, has the
ability to display proteins with the highest density.22

In this article, we report the successful construction of high-
complexity lambda-displayed cDNA libraries from a human breast
carcinoma cell line and from a human breast carcinoma. We
screened these libraries using a limited amount of sera and driving
the selection toward the identification of cDNA-encoded tumor-
associated antigens recognized by antibodies from different tumor
patients.

MATERIAL AND METHODS

Bacterium and phage strains
For phage plating and amplification we used Escherichia coli

strain BB4 (supF58 supE44 hsdR514 galK2 galT22 trpR55
metB1tonA �lacU169 F�[proAB�lacIqlacZ�M15Tn10(tetr)]). For
construction of lambda vector phage �Dam15imm21nin5 was
used.16

Human sera and breast tumors
Negative human sera used in our study (samples N1-N42) were

collected from healthy volunteers from institute staff (27 men, 15
women, aged 22–46 years), from healthy donors from “Servizio
Ematologia e Emotrasfusione” of “Universita Cattolica del Sacro
Cuore”, Roma (samples N46–N50, N52, N57–N59, N61, N64,
N70, N73, N74 from 12 men, 2 women, aged 20–55 years) and
from Institut Jacques Boy, Reims (samples N80–N82, N89, N92–
N96, N102, N105–N109, N111, N113, N115, N117, N119, 50%
men, 50% women, aged 24–58). Human sera from breast cancer
patients B1–B80 (100% women of aged 32–77 years) and speci-
mens of solid tumors were obtained from the Division of Medical
Oncology, Federico II University, Naples, Italy.

Construction of plasmids and lambda vector
The plasmid pNS378516 was amplified by inverse PCR with

oligos 5�-TTTATCTAGACCCAGCCCTAGGAAGCTTCTCCT-
GAGTAGGACAAATCC-3� bringing XbaI site (underlined) for
subsequent cloning in lambda phage and 5�-GGGTCTAGATA-
AAACGAAAGGCCCAGTCTTTC-3� bringing XbaI. In inverse
PCR we used a mix of Taq polymerase with Pfu DNA polymerase
to increase fidelity of DNA synthesis. Twenty-five cycles of am-
plification (30 sec at 95°C, 30 sec at 55°C, 20 min at 72°C) were
done. Self-ligation of the PCR product previously digested with
XbaI endonuclease resulted in plasmid pKM3. The lambda pD
gene was amplified by PCR from plasmid pNS3785 using primers
5�-CCGCCTTCCATGGGTACTAGTTTTAAATGCGGCCGCAC-
GAGCAAAGAAACCTTTAC-3� and 5�-AGCTTCCTAGGGC
TGGGTCTAG-3� containing restriction sites NcoI, SpeI, NotI and
EcoRI, respectively (underlined). PCR product was purified, di-
gested with NcoI and EcoRI restrictases and recloned into NcoI
and EcoRI sites of pKM3, resulting in plasmid pKM4 bringing
unique SpeI and NotI restriction sites at the 5�-end of gpD. Plasmid
was digested with XbaI enzyme and cloned in XbaI site of lambda
phage �Dam15imm21nin516 generating �KM4. For amplification,
the resulting bacteriophage can be plated in top agar to form
typical phage plaques on the bacterial lawn or alternatively on
LB-agar plate with ampicillin to form Ap-resistant lysogenic col-
onies, slowly (about 24 hr) growing at 32°C. The last method of
plating we used to get lysogenic bacteria for large-scale prepara-
tion of bacteriophage.

The plasmid pGEX-SN was constructed by cloning the oligo-
nucleotide duplex K108 5�-GATCCTTACTAGTTTTAGTAGCG-
GCCGCGGG-3� and K109 5�-AATTCCCGCGGCCGCTAC TA-
AAACTAGTAAG-3� into BamHI and EcoRI sites of plasmid

pGEX.24 Resulting plasmid contains SpeI, NotI sites in the same
reading frame, as �KM4.

The plasmid pKM4-6H was constructed by cloning the oligo du-
plex K106 5�-GACCGCGTTTGCCGGAACGGCAATCAG-
CATCGTTCACCACCACCACCACCACTAATAGG-3� and K107
5�-AATTCCTATTAGTGGTGGTGGTGGTGGTGAACGATGCT-
GATTGCCGTTCCGGCAAACGCG-3� into RsrII and EcoRI re-
striction sites of the plasmid pKM4. Protein D encoded by pKM4-6H
has a tail of histidine residues.

The sequence of lambda KM4 vector is available on request.

Construction of �NS3 phage
The NS3 domain encoded DNA fragment was amplified by PCR

using primers K66 5�-GCACTAGTGGCCGGCCAACCAAAGC-
CATCCCCATTGAAGC-3� and K67 5�-GGAGGCTCGAGCGGC-
CGCTGGCACATGTGTTACAGTCGATCACTGAGT-3� contain-
ing SpeI and NotI restriction sites (underlined) and cloned in �KM4.

To demonstrate the lambda clone stability, we performed an
additional round of amplification of the �-NS3 phage. Approxi-
mately 20,000–30,000 phages were plated in NZY top agar from
the pool of phage after first amplification to get confluent growth
of the plaques. After ON incubation amplified phage was eluted
and again plated on a Petri dish to get numerous single plaques.
Plaques were transferred to nitrocellulose membrane and tested in
immunoscreening assay with one of HCV-positive serum (data not
shown). As negative control, we used a filter with plaques formed
by vector phage. One hundred percent of �-NS3 plaques were
positive in this assay.

Cloning fused GST and pD proteins
To produce fusion proteins, each clone was amplified by PCR

with oligonucleotide primers: K84 5�-CGATTAAATAAGGAG-
GAATAAACC-3� e K86 5�-CTCTCATCCGCCAAAACAGCC-
3�. The resulting fragments were purified by QIAquick PCR pu-
rification kit (Qiagen, ), digested with SpeI and NotI restrictases
and cloned in plasmid pKM4-6H to express recombinant protein D
possessing a tail of 6 histidine residues, or in vector pGEX-SN to
generate fusion with GST. The corresponding recombinant pro-
teins were prepared and purified according to the standard proto-
col.25

cDNA libraries construction
mRNA was isolated from 107 MCF-7 cells (T1 library) or from

0.1 g solid tumor specimen (T4 library) by QuickPrep Micro
mRNA Purification Kit (Amersham Pharmacia Biotech, UK) fol-
lowing the manufacturer’s instructions. Double-strand cDNA was
synthesised from 5 �g of the poly(A)� RNA using TimeSaver
cDNA Synthesis Kit (Amersham Pharmacia Biotech, Piscataway,
NJ). Random tagged priming was performed as described earlier.18

From 500 ng of cDNA, the first-strand cDNA copy was synthe-
sised with the tagged random primer 5�-GCGGCCGCTGG(N)9-
3�; the second strand with primer 5�-GGCCGGCCAAC(N)9-3�.
The final cDNA product was amplified using oligos, bringing SpeI
with 3 reading frames or NotI sites to facilitate cloning in lambda
vector �KM4 (5�-GCACTAGTGGCCGGCCAAC-3�, 5�-GCAC-
TAGTCGGCCGGCCAAC-3�, 5�-GCACTAGTCGGGCCGGC-
CAAC-3� and 5�-GGAGGCTCGAGCGGCCGCTGG-3�). PCR
products were purified through Qiaquick columns (Qiagen, Hilden,
Germany) and filtrated through Microcon 100 (Amicon, Bedford,
MA) to eliminate small inserts, digested with SpeI, NotI restriction
enzymes and after phenol extraction again filtrated through Mi-
crocon 100.

Vector �KM4 was digested with SpeI/NotI and dephosphory-
lated; for each library were performed 8 ligation mixes, each one
containing 0.5 �g of vector and about 3 ng of insert. After
overnight incubation at 4°C, the ligation mixtures were packaged
in vitro by a lambda packaging kit (Ready-To-Go™ Lambda
Packaging Kit, Amersham Pharmacia Biotech) and plated in top-
agar on 100 (15 cm) NZY plates. After overnight incubation,
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phage was eluted from plates with SM buffer, purified, concen-
trated and stored at �80°C in SM buffer, 7% DMSO.

The complexity of the 2 libraries calculated as total independent
clones with insert was 108 for library T1 and 3.6 � 107 for library
T4.

Affinity selection
Falcon plates (6 cm, Falcon 1007, Becton-Dickinson Labware,

Franklin Lakes, NJ) were coated overnight at 4°C with 3 ml of 1
�g/ml Protein A (Pierce, # 21184, Rockford, IL) in 50 mM
NaHCO3, pH 9.6. After discarding the coating solution, plates
were incubated with 10 ml of blocking solution (5% dry nonfat
milk in PBS �1, 0.05% Tween 20) for 2 hr at 37°C. Ten micro-
liters of human serum were preincubated for 30 min at 37°C with
gentle agitation with 10 �l BB4 bacterial extract, 10 �l 1M
MgSO4 in 1 ml of blocking solution. About 1010 phage particles of
lambda library were added to the serum solution and further
incubated for 1 hr at 37°C with gentle agitation. Incubation mix-
tures were placed on the Protein A coated plate and left for 30 min
at RT with agitation. The plate was washed several times with 10
ml of washing solution (1� PBS, 1% Triton, 10 mM MgSO4). The
bound phages were recovered by infection of BB4 cells added
directly to the plate (600 �l per plate). Ten ml of molten NZY-Top
Agar (48°C–50°C) were added to infected cells and poured im-
mediately on NZY plates (15 cm). The next day, phages were
harvested from the incubation plate by agitation with 15 ml of SM
buffer for 4 hr at 4°C. Phages were purified by PEG and NaCl
precipitation and stored in 1/10 of initial volume of SM with
0.05% NaN3 at 4°C.

Nucleotide sequences of cDNA inserts were controlled in dif-
ferent available databases (Non-Redundant Genbank CDS, Non-
Redundant Database of Genbank Est Division, Non-Redundant
Genbank�Embl�Ddbj�Pdb Sequences).

Immunoscreening
Phage plaques from bacterial lawn were blotted onto a dry

nitrocellulose filter (Schleicher & Schuell, Dassel, Germany) for 1
hr at 4°C. Filters were blocked for 1 hr at RT in blocking buffer
(5% dry nonfat milk in PBS �1, 0.05% Tween 20). Twenty
microliters of human serum were preincubated with 20 �l BB4
bacterial extract, 109/ml wild-type lambda phage in 4 ml of block-
ing buffer. After discarding the blocking solution, filters were
incubated with serum solution for 2 hr at RT with agitation. Filters
were washed several times with PBS �1, 0.05% Tween20 and
incubated with 1:5,000 secondary antibody alkaline phosphatase-
conjugated anti-human IgG (Sigma, St. Louis, MO) in the blocking
buffer for 1 hr at RT. Then the filters were washed as above and
rinsed briefly with substrate buffer (100 mM Tris-HCl, pH 9.6, 100
mM NaCl, 5 mM MgCl2). Each filter was incubated with 10 ml of
substrate buffer containing 330 mg/ml nitro blue tetrazolium, 165
mg/ml 5-bromo-4-chloro-3-indolylphosphate. Reaction was
stopped with pouring water.

Bacterial extract of BB4 cells was prepared as described
earlier.26

Individual phage clones positive in immunoscreening assay
were isolated and then grown on the lawn of bacteria on plates of
15 cm by picking in arrayed order. To make the procedure more
robust and reproducible, we used a Genesys Tecan Robotic Station
to pick phage on the plate. Using this instrument, we analysed up
to 384 individual clones on the membrane of 11 cm � 7.5 cm, or
simultaneously tested a lower number of clones repeatedly picked
on the same plate with a set of positive and negative sera, cutting
the membrane before incubation with sera (Fig. 5a). All of the
described procedures were optimised to consume small amounts of
serum.

Large-scale preparation of lambda phage (from lysogenic cells)
The BB4 cells were grown up to OD600 � 1.0 in LB containing

0.2% of maltose with agitation, the cells were spun down by
centrifugation and cell pellet was resuspended in buffer SM up to

OD600 � 0.2. The 100 �l of cells were infected by lambda with
low phage multiplicity, preincubated for 20 min at RT, plated on
LA with Ap and incubated for 18–20 hr at 32°C. The next day, a
single colony was incubated in 10 ml of LB with Ap overnight at
32°C with agitation. Five hundred milliliters of fresh LB with Ap
and 10 mM MgSO4 were inoculated with 5 ml of overnight culture
in a big flask at 32°C up to OD600 � 0.6 with vigorous agitation.
The flask was incubated for 15 min in a water bath at 45°C, then
incubated with agitation at 37°C for a further 3 hr. Ten milliliters
of chloroform were added to the culture to complete cell lysis and
incubated in a shaker for an additional 15 min at 37°C. The phage
from lysed culture was purified according to standard procedure.25

Phage lysates for the ELISA test were prepared using an anal-
ogous procedure from lysogenic cells but without adding chloro-
form. After NaCl and PEG precipitation, bacteriophage pellet was
resuspended in 1/10 of the starting volume of SM buffer with
NaN3 (0.05%) and stored at 4°C.

Lambda ELISA
ELISA using phage lysates and human sera was performed as

following. Multiwell plates (Immunoplate Maxisorb, Nunc, Na-
perville, IL) were coated overnight at 4°C with 100 �l/well of
polyclonal antilambda antibodies in a concentration of 0.7 �g/ml
in 50 mM NaHCO3, pH 9.6. After discarding coating solution,
plates were incubated with 250 �l/well of blocking solution (5%
dry nonfat milk in PBS �1, 0.05% Tween 20). Plates were washed
twice with washing buffer (PBS �1, 0.05% Tween 20). A 100 �l
mix of blocking buffer with phage lysate (1:1) was added to each
well and incubated 1 hr at 37°C. A 1 �l human serum was
incubated for 30 min at room temperature with 109 plaque forming
units of phage �KM4, 1 �l rabbit serum, 1 �l BB4 bacterial
extract, 1 �l FBS in 100 �l of blocking buffer. Plates washed after
incubation with phage lysate were incubated with a solution of
serum for 60 min at 37°C. Plates were then washed and a 1:20,000
dilution of goat anti-human HRP-conjugate (Jackson ImmunoRe-
search Laboratories, West Grove, PA) secondary antibody in
blocking buffer (1:40 rabbit serum in blocking solution) was
added. After 30 min incubation, plates were washed and peroxi-
dase activity was detected with 100 �l of TMB liquid substrate
system (Sigma). After 15 min of developing, reaction was stopped
by adding 25 �l 2M H2SO4.

The plates were read by an automated ELISA reader (Lab-
systems Multiskan Bichromatic, Helsinki, Finland) and the results
were expressed as A � A450nm � A620nm. For each serum, binding
of antibodies to the tested phage, GST- or pD-fusion protein and to
the corresponding control molecules (wt lambda, GST and pD,
respectively) was measured. ELISA data reported in display items
are average values from 2 independent assays. They were consid-
ered statistically significant if they were greater than the arbitrarily
chosen 0.20 cutoff value and differed more than 3	 from the
background signal observed for the wt phage. Standard deviation
(	) of the difference between the mean ELISA data for the tested
phage or fusion protein p and the wt molecule was calculated as
	 � [(	p

2 � 	w
2)/2]1/2, where 	p and 	w are the standard deviation

of the ELISA data for the tested phage or fusion protein and the
corresponding wt molecule, respectively.

Immunization
Recombinant proteins fused with protein D: D1–52, D4–11,

D4–19 were used for immunization. Balb/c mice were immunized
according to previously described protocol27 with minor modifi-
cations. Briefly, the 25 �g dose of the antigen was resuspended in
CFA and administrated intraperitoneally (i.p.) 4 times at a weekly
interval. An equal amount of the antigen (25 �g) was resuspended
in PBS (100 �l) and administered to animals both i.p. and intra-
venously (i.v.) at days 2 and 1 before the sacrifice. Blood samples
were collected from animals by tail vein puncture after an accurate
anaesthesia.
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Rabbits were immunized by 3 subcutaneous injections with 200
�g doses of the antigen pD or D4–11 resuspended in CFA, IFA or
PBS at 2 week intervals.

Flow cytometry
MCF7 cells were harvested by trypsinization washed by serum-

free medium (SFM) and then fixed with 4% paraformaldehyde for
5 min at room temperature. After an extensive washing with SMF,
the cells were treated by FACS permealized solution (Becton
Dickinson, Mountain View, CA) for 10 min at RT, then washed
twice with 10% fetal bovine serum in PBS and incubated for an
additional 60 min at 4°C with 50 �l of 1:1,000 mice sera. This
serum concentration was identified (after a calibration experiment)
as the most suitable for flow cytometry analysis. To determine the
specificity of the antibody reaction, the cell suspension was incu-
bated for 30 min at 4°C with FITC conjugated F(ab�)2 goat
anti-mouse IgG, washed with PBS-FCS and the cell pellet was
resuspended and maintained in ice until the analysis with a FAC-
Scan cytometer (Becton Dickinson) equipped with a 15 mW argon
ion laser emitting light at a fixed wavelength of 488 nm.

Western blot analysis
Protein extract from about 5 � 107 p.f.u. of �NS3 or wt phage

purified by PEG precipitation was fractionated by SDS/PAGE,
transferred onto a nitrocellulose membrane and probed with rabbit
anti-pD serum (dilution 1:1,000) or serum from HCV-positive
patient C39 (dilution 1:150).

Protein extract from 105 breast carcinoma MCF7, promyelocyte
HL-60 cells were fractionated by SDS/PAGE, blotted onto a
nitrocellulose membrane and probed with anti T4-11 rabbit serum
(1:200 dilution), anti T4-11 rabbit serum affinity purified on T4-11
peptide exposed on filamentous phage (1:50 dilution) and anti-
actin antibodies (Sigma, A2066) (1:200 dilution).

RESULTS

Construction of vector �KM4
In a library where cDNA sequences are nondirectionally cloned

as carboxy terminal protein fusions, less than 17% (1/6) of the
proteins expressed are expected to be in the correct frame. Thus,
screening or affinity selection of such cDNA libraries using com-
plex receptor mixtures (as in the case of human sera) very often
identifies clones expressing nonnatural peptide sequences. These
sequences derive from the translation of out-of-frame or reverse-
orientation cDNA inserts that are efficiently expressed and dis-
played on the phage. To minimize the display of out-of-frame
peptides and to enrich the library with authentic translation prod-
uct, we have designed a vector for the display of protein sequences
as fusions to the amino terminus of pD. Phage clones display a
given protein fragment on the phage surface only when the correct
reading frame of the insert matches that of pD. Similarly, sequence
frames that include a nonsuppressed stop codon will not be dis-
played.

Unique SpeI and NotI restriction sites were introduced in the 5�
region of gpD in the plasmid pNS3785.16 Cloning cDNA inserts
into these 2 sites will express the corresponding cDNA-encoded
protein fragments as fusion to the amino terminus of pD. In
addition, a unique XbaI site was introduced downstream of the
gpD expression cassette, composed of the Ptrc promoter, gpD,
terminator of transcription. The resulting plasmid pKM4 was
XbaI-linearized and inserted into the XbaI (24508) site of
�Dam15imm21nin516 genome to generate phage �KM4 (Fig. 1) .
This phage contains the genomic copy of gpD harbouring an
amber mutation (Dam15), bears imm21 and nin5 mutations in the
right arm of lambda and has length of about 47.9 kb, thus accept-
ing inserts up to 3 kb of length without disturbing the lambda
packaging. Phage particles grown on suppressor bacterial strain
BB4 display on their capsids a chimeric array of wild-type pD
(encoded by the gpD lambda genomic gene) and recombinant
protein D (encoded by the gpD plasmid gene).

Expression of N-terminal fusion proteins on the lambda surface
We tested the display efficiency of large polypeptides on

lambda surface by expressing the 237 bp DNA fragment en-
coding the region between aa 1378 –1457 of hepatitis C virus
(HCV)28 polypeptide as N-terminal fusion to the pD protein
using the �KM4 vector. This HCV fragment corresponds to a
domain of the nonstructural viral protein NS3, well character-
ised in our laboratory for its high specific reactivity with sera
from HCV-infected patients. After in vitro packaging, recom-
binant phage was plated as lysogenic cells on Ap plate, and
phage lysate was prepared from a single colony resistant for Ap,
as described in Material and Methods. The reactivity of purified
phage was tested in ELISA using several HCV-positive human
sera possessing anti-NS3 protein antibodies and HCV-negative
sera as negative control (Fig. 2a). Phage lysate specifically
reacted with positive sera, indicating that NS3 domain was
efficiently displayed on the phage surface. The lambda clone
stably maintained NS3 domain expression after repeated rounds
of amplification (see Material and Methods).

The number of the fusion proteins displayed on the phage capsid
varied with the length and the amino acid composition of the
foreign sequence. When the foreign sequence is expressed as
C-terminal fusion to the D protein, the percentage of fusion protein
incorporated in the capsid can reach up to 90% of the total D
protein content.22 A similar situation is detected when the foreign
sequence is expressed as N-terminal fusion to D protein. In the
case of �NS3, Western blot analysis revealed a high D fusion/wt
ratio on the phage capsid (Fig. 2b).

Construction of cDNA libraries from human breast cancer cell
line MCF7 and from human breast tumor

We purified mRNA from breast cancer cell line MCF7 and from
frozen specimen of a breast solid tumor as described in Material
and Methods. Double-stranded cDNA was synthesised according
to standard procedure and elongated by tagged random primer
amplification, according to procedure developed earlier.18 The
elongation products were then reamplified by PCR using a set of
primers incorporating SpeI and NotI restriction sites. The ampli-

FIGURE 1 – Genetic map of �KM4 with cDNA insert.
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fication products were SpeI, NotI digested and cloned into the
corresponding sites in �KM4 vector. In vitro packaged libraries
yielded 1 � 108 and 3.6 x 107 independent clones for MCF7 (T1)
and breast carcinoma (T4) library, respectively. About 40 clones
from each library were randomly chosen and showed to have
inserts with sizes ranging from 100–600 bp (T1 library) and
80–300 bp (T4 library).

Selection of tumor-associated antigens
In our current study, we used a collection of sera from 75 breast

cancer patients (indicated as B1–B75 or positive sera) and 70 sera
from healthy donors (indicated as N1–N119 or negative sera).

The screening strategy was aimed at identifying cDNA products
that specifically or preferentially reacted with multiple positive
sera. It typically consisted of a couple of rounds of affinity selec-
tion (biopanning) performed with a single or a mixture of positive
sera. Phage pool thus generated was analysed for its reactivity with
sera used in the panning step and then immunoscreened for iden-
tifying positive clones. The sequence of these clones was deter-
mined and their reactivity with a panel of positive and negative
sera was evaluated.

To illustrate the selection strategy, we detail 2 representative
selection protocols (Fig. 3). Phage library T1 was panned twice on
10 positive sera (B9, B11, B13, B14, B15, B16, B17, B18, B19,
B20) to generate phage pools p9II, p11II, p13II, p14II, p15II, p16II,

p17II, p18II, p19II, p20II). Some of these pools demonstrated an
increased reactivity with the corresponding serum in ELISA (p9II,
p13II, p15II, p19II, p20II; Fig. 4a). Individual clones were isolated
by immunoscreening these pools with the same serum used for the
selection.

A different selection strategy was implemented to single out
clones recognized by multiple positive sera. Phage pool p13II

(derived from 2 rounds of panning on serum B13) was further
panned on a mixture of 8 sera that did not include serum B13 (mix
�B13, composed by sera B11, B14, B15, B16, B17, B18, B19 and
B20) (Fig. 3b). In ELISA, the pool of phage p13III thus displayed
strong reactivity with sera mix �B13 (Fig. 4b).

Individual phage clones positive in immunoscreening assay
were isolated and then grown on the lawn of bacteria on plates of
15 cm by picking in arrayed order. Then the plaques were trans-
ferred to nitrocellulose membrane and probed with a number of
positive sera and negative sera (details in Material and Methods)
(Fig. 5a).

Sequence analysis of selected cDNA clones
The nucleotide sequences of 16 clones that exhibited multiple

specific or preferential reactivity with sera from breast tumor
patients as compared to sera of healthy donors were determined
(Table I).

Sixteen different sequences were determined. By aligning on
various databases, these sequences could be classified into 7
groups: (i) Known breast cancer antigens (T1–2, T1–8). The clone
T1–2 is a fragment of intestinal mucin (MUC3). The mucins are
glycoproteins secreted by epithelial cells and their carcinomas.
Membrane-bound mucin 3 is normally expressed in the mucosa of
the duodenum. Immunoreactive epitopes of MUC3 were expressed
in 26% of ductal carcinoma in situ (DCIS) of the breast.29 The
clone T1–8 represents a newly defined cross-reactive epitope of
RBP1 (retinoblastoma binding protein 1) different from RBP1
peptide (250–256), recently identified by screening the MCF7
cDNA expression library with serum of breast cancer patients.30

(ii) Known tumor antigens described for tumor types other than
breast cancer (T1–2, T1–17). The sequence of clone T1–17 cor-
responds to the beta isoform of type II DNA topoisomerase (TO-
PIIb). TOPIIb was previously described as tumor antigen for
malignant mesothelioma31 when the SEREX technique was ap-
plied to cDNA expression library of the correspondent cell line.
The precise role of TOPIIb is not clear yet.32 However, TOPII can
co-immunoprecipitate with p53 and, moreover, type II topoisom-
erases are overexpressed in the majority of hepatocarcinomas.33

We identified 25 aa fragments of the TOPII that also elicited an
immune response in the breast cancer patients. MUC3 (clone
T1–2) has certain prognostic significance for several types of
carcinoma different from breast cancer. Aberrant expression of
MUC3 gene have been found during the neoplasmic transforma-
tion of stomach mucosa34 and in mucinous type of bronchi-
oloaveolar carcinoma.35

(iii) Autoantigens (T1–6, T1–101). Clones T1–6 and T1–101
contain sequences for Golgin p245 and Lupus La autoantigen,
respectively. Both clones are autoantigens whose expression is not
related to neoplastic disease. Golgin p245 is one of the 5 known
Golgi autoantigens recognized by sera of patients with various
systemic rheumatic disease, such as Sjogren’s syndrome (SS).36 La
antigen is recognized by certain lupus erythematosus autoantibody
(SLE) and SS antibodies.37

(iv) Known proteins, not described as tumor-associated antigens
(T1–52, T1–10 and T1–35). The sequence of clone T1–52 corre-
sponds to the nuclear localization motif of topoisomerase I binding
protein, topors.38 Topors has not been reported as a tumor-asso-
ciated antigen, nevertheless nuclear localization signals are fairly
common among tumor antigens identified by SEREX. The screen-
ing of cDNA expression libraries derived from renal-cell carci-
noma revealed several sequences of that type,39 probably because
of the particular features of nuclear targeting sequences40 that

FIGURE 2 – (a) ELISA reactivity of �NS3 phage with HCV-positive
(C39, C60) and -negative (N49, N51) human sera. Tested dilutions of
sera are indicated on the abscissa. Results are expressed as A �
A450nm � A620nm. Data reported are the average value from 2 inde-
pendent assays. (b) Fusion/wt D protein ratio on the �NS3 phage
capsid. Protein extract from �NS3 phage particles was fractionated by
SDS/PAGE, transferred onto a nitrocellulose membrane and probed
with anti-pD rabbit serum (lanes 2, 3) or serum from an HCV-positive
patient C39 (lanes 4, 5). The protein size marker is included (lane 1).
Bands corresponding to wt protein D (pD; approximately 11 kDa) and
to NS3-D fusion protein (pNS3-D; approximately 20 kDa) are indi-
cated. Additional bands correspond to bacterial proteins detected by
polyclonal serum.
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contain a high proportion of highly immunogenic positively
charged amino acids. Ribosomal protein S3a (clone T1–10) and
nuclear matrix protein p84 (clone T1–35) have been isolated in the
screening with breast cancer patient sera. However, immunoreac-
tivity of T1–35 does not appear to be cancer related. Protein S3a
is not known as autoantigen or tumor antigen; its further charac-
terization is in progress.

(v) Unknown or putative proteins were found in databases as
human DNA sequences. For clone T1-55 was found 100% homol-
ogy with hypothetical human protein (CAB66672) or with putative
human protein pc326 (AAF67474).

(vi) Sequences not found in databases (T1–12, T1–32, T4–19).
(vii) Mimotopes (T4–2, T1–74, T4–11). This last group is

composed of short out-of-frame sequences that encode peptides
not existing in natural proteins (T4–2, T1–74, T4–11). In spite of
the low frequency of short sequences in the library, these peptides
were enriched through panning steps. Some of them show a very
specific reactivity for sera from tumor-bearing patients, suggesting
they mimic tumor-specific epitopes (mimotopes). Clone T1–39, a
chimeric fusion of 2 different DNA fragments, could also mimic a
tumor-specific epitope.

Immunoreactivity of selected clones
Phage lysates were prepared from all selected clones as de-

scribed in Material and Methods and tested in ELISA with a
collection of negative and, successively, positive sera. We empir-
ically observed a good relation between the reactivity of a given
clone with a serum detected in the immunoscreening assay and that
measured by ELISA (Fig. 5b). Differences in the intensity of
immunoscreening signals between stripes can be ascribed to the
fact that development of each strip is variable, lasting until the
signal from lambda wt phage is detectable.

Reactivity data for the clones tested are presented in Table II.
Clone T1–35 reacted with both positive and negative sera with

a comparable frequency. In contrast, phage clone T1–52 detected
antibodies with high specificity in 17% of the positive sera. Sim-
ilarly, phage clones T1–74, T4–2, T4–11, T1–12, T4–19, T1–32
and T1–39 showed a quite remarkable specific reactivity with
positive sera. For example, clone T4–2 scored more than 60% of
the sera from breast cancer patients, whilst it did not detect
antibodies in any of the sera from healthy donors tested.

Clones with a specific reactivity to positive sera were further
characterized by expressing their cDNA sequence as C-terminal
fusion to GST or as N-terminal fusion with lambda D protein. The
fusion proteins thus generated were tested in ELISA for their
reactivity with the same sera. Sequences T1–52, T1–32, T4–2,

FIGURE 3 – Scheme of the selection strategies leading to the TAA
identification.

FIGURE 4 – ELISA reactivity of phage pools. (a) Reactivity of phage
pools derived from the second round of panning of the T1 library using
sera from breast cancer patients. Reactivity of pools remaining nega-
tive after the second round of selection is not shown. (b) Reactivity of
phage pool p13III derived from the third round of panning using a mix
of sera applying the second selection strategy. Data reported are the
average value from 2 independent assays, expressed as A � A450nm �
A620nm according to the color scale included at the bottom of the
picture.
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T4–11, T4–19 and T1–52 retained most of their specific reactivity
with positive sera. In contrast, T1–12, T1–39 failed to react with
positive sera when expressed in a different protein context, indi-
cating that the phage contributed critical elements for the binding
of specific antibodies from breast cancer patients in terms of
flanking sequences or folding.

Specificity of immune response elicited by clones T1–52, T4–11,
T4–19

We wanted to demonstrate that the selected proteins detect
antibodies directed against tumor-associated antigens. To this end,
we immunized mice and rabbits to elicit antibody response to some
of the identified protein fragments.

Mice were immunized with protein D fusions D1–52, D4 –11
and D4 –19. Immunogenicity of these fusions was tested in
ELISA. The same peptide sequences were expressed in a dif-
ferent protein context (to exclude the reactivity against protein
D) and used as target antigen. In the case of D1–52, the sera
were assayed with GST fusion protein (GST1–52), while for
D4 –11 and D4 –19 the corresponding peptide sequences were
cloned as fusion with pVIII (major coat protein of filamentous
phage) in phagemid pC89.41 Both D1–52 and D4 –11 proved to
be efficient immunogens (data not shown). Anti D1–52 and
anti-D4 –11 mouse sera were tested for their capacity to spe-
cifically recognize tumor cells. Antibody binding to breast
carcinoma MCF7 cells was detected by FACS analysis. Both
sera specifically bound to MCF7 cells, as indicated by fluores-
cent shift (Fig. 6). In contrast, no variation in the distribution of
fluorescent-labeled cells was detected when pre-immune mouse
sera were tested. No significant differences in fluorescent shift
were observed when human ovary tumor SKOV3 or other cell
lines were tested (data not shown).

Rabbits were immunized with D4–11 protein, and the anti-
D4–11 serum thus generated was affinity purified on filamentous
phage displaying T4–11 peptide. These affinity-purified anti-
T4–11 antibodies recognize a 49 kDa protein band on MCF7
extract, which is absent in non-breast cancer cell lines HL-60 (Fig.
7).

DISCUSSION

The well-established method for identifying specific tumor an-
tigens from cDNA libraries by screening with sera of autologous
patients known as SEREX offered the possibility to enlarge the list
of proteins recognized by the immune system of tumor-bearing
patients and possibly involved in the tumor-forming process.

In our study, we describe a variant of the SEREX method that
can considerably improve the efficiency by which relevant TAA
are identified. This new approach implies generating lambda-
displayed cDNA libraries, which are then affinity selected using
patients’ sera.

A first crucial benefit is that this method requires very small
quantities of patient serum, as the library affinity selected before
direct screening is enriched for positive clones and has a lower
complexity. A second, major advantage is that it efficiently screens
libraries with a much higher complexity than those currently used.
Direct screening of a library as large as technology of recombinant
DNA can generate is not feasible. By contrast, phage-display
libraries with a complexity 10–100 times higher than those tradi-
tionally used in SEREX experiments can be effectively surveyed,
thus increasing the probability of identifying low represented or
downregulated42 antigens.

A third relevant feature is the possibility of performing succes-
sive cycles of selection with different combinations, or mixtures of
patient sera this system offers, which facilitates the identification
of cross-reactive tumor antigens, the principal objective of our
research.

In our study, we have identified several breast cancer-associated
antigens: these protein fragments exhibit a significant specific

FIGURE 5 – (a) Immunoreactivity of phage clones. The present pic-
ture illustrates the analysis of positive clones isolated by immuno-
screening. Phages derived from panning library T4 on autologous
serum B76 were analyzed by immunoscreening using the same B76
serum. Positive clones were distributed as an ordered array of plaques
on a bacterial lawn. Multiple replicas of the same ordered array were
generated, transferred to nitrocellulose membrane and individually
screened for their reactivity with positive and negative sera. All clones
were scored positive by serum B76 used for selection and immuno-
screening. Position 6, according to the scheme included in the picture,
hosted clone T4–2. (b) An ordered array of plaques of 4 phage clones
(�wt, T1–52, T4–11 and T4–19) was generated on a bacterial lawn
and transferred to nitrocelullose strips, as described in Material and
Methods. Each strip was probed with a 1:200 dilution of serum B9,
B13, B15, B62, N40 or N41 (upper panel). Purified phage particles
from the same 4 clones were tested for their reactivity with a 1:100
serum dilution of the same sera (lower panel). ELISA data are ex-
pressed as the difference between the average value of the tested phage
and that of wild-type 
.
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reactivity with breast cancer patient sera compared to sera from
healthy donors. Their analysis shows the presence of a class of
antigens with a nuclear localization in the cell: topoisomerase-II-
beta (TOPII) and topoisomerase I binding protein (topors). This
result is related to possible tissue necrosis associated with tumor
growth. The immunogenicity of these nuclear proteins may be

either the result of tumor-specific posttranscriptional protein mod-
ification or a consequence of particular structural features, such as
high positive charge of domains interacting with DNA. This is the
first time to our knowledge that topors is identified as a breast
cancer-associated antigen. The clone T1–52, as phage or pD-
fusion protein, detects with high frequency antibodies specifically

TABLE II – CHARACTERIZATION OF CDNA SEQUENCES IDENTIFIED

Clones Sera used for selection Identity Classification

Frequence reactivity

Phage clones pD1 - or GST2 - fusion protein

Positive
sera

Negative
sera P Positive sera Negative

sera P

T1–8 B20, B20/B20 Retinoblastoma binding
protein 1

Breast cancer Ag 1/10 n.d. 1/131 0/151

T1–2 B12, B12/B12 Intestinal mucin Tumor antigen 1/20 0/9 1/312 n.d.
T1–17 B20, B20/B20 DNA-topoisomerase II

beta
Malignant

mesothelioma Ag
1/10 n.d. 2/162 0/152

T1–6 B20, B20/B20 Golgin p245 Auto-Ag 1/10 n.d. n.d. n.d.
T1–101 B9, B9, mix �

B9/B3
Human protein lupus La Auto-Ag 2/20 n.d. n.d. n.d.

T1–10 B19, B19/B19 Ribosomal protein S3a Unknown as
tumour Ag

1/10 n.d. n.d. n.d.

T1–35 B19, B19/B19 Nuclear matrix protein
p84

Unknown as
tumour Ag

4/10 14/21 n.d. n.d.

T1–55 B18, B18/B18 Hypothetical protein
(CAB66672)

Unknown as
tumour Ag

1/20 0/9 n.d. n.d.

T1–52 B9, B9/B9 Topoisomerase I-binding
protein

Unknown as
tumour Ag

7/41 0/20 0.0495 13/721 2/241 0.2560

T1–74 B13, B13, mix �
B13/mix�B13

AB007891 (out of CDS) 29/72 2/27 0.0017 21/722 4/322 0.0664

T4–2 B76, B76/B76 BC022845 (reverse
orientation)

11/18 0/17 0.0001 9/281 1/311 0.0031

T4–11 B13/B13 M17733 (alternative
frame)

4/21 0/26 0.0200 8/701 0/301 0.0536

T1–12 B13, B13, mix �
B13/mix �B13

Not found 23/72 0/31 0.0004 Not
reactive1,2

n.d.

T4–19 B13/B13 Not found 5/20 0/26 0.0069 15/741 0/701 0.0001
T1–32 B13, B13, mix

�B13/mix�B13
Not found 17/72 0/31 0.0031 10/722 1/312 0.1080

T1–39 B19, B19/B19 NADH dehydr.sub
5�mitoch. DNA

11/34 0/26 0.0013 Not
reactive1,2

n.d.

Binding of the indicated phage clones, pD–(1) or GST–(2) fusion proteins, to positive and negative human sera was detected by ELISA and
analyzed as described in Material and Methods. The p-value is the probability that the observed frequency distributions of reactivities of the
positive and negative sera are statistically the same according to the �2 test. Sera used for panning or immunoscreening are indicated in italic
or underlined, respectively. Mix �B9 indicates the mixture of sera B1–B10 in which serum B9 was omitted. Similarly, mix �B13 refers to the
mixture of sera B9, B11, B14–B20 in which serum B13 was excluded.

TABLE I – THE AMINO ACID SEQUENCES OF SELECTED CLONES REPORTED IN SINGLE LETTER CODES1

T1–2 ITPTNTMTSMRTTTYWPTATMMEPPSSTVSTTGRGQTTFPSSTATFPNTKHP
T1–6 LEELQKKYQQKLEQEENPGNDNVTIMELQTQLAQKTTLISDSKLKEQEFREQIHNLEDRLKKYEKNVYATTVGTPYKGGNL

YHTDVSLFGEP
T1–8 TRQLEEVLKLDQEMPLTEVKSEPEENIDSNSESEREEIELKSPRGRRRIARD
T1–10 TAVVLEKPLGTRQVLKLNELMELHGEGSSSGKATGDETGAKVERADGMT
T1–12 MRYYTATKTYELMLDATTQ
T1–17 LVEELDKVESQEREDVLAGMSGKSSFQRSEGDFLLRSL
T1–32 LHAFPLHSTTLYYTTP
T1–35 QIRQIECDSEDMKMRAKQLLVAWQDQEGVHATPENLINALNKSGLSDLAES
T1–55 TTDEWSSIASSSRGIGSHCKSEGQEESFVPQSSVQPPEGDSETKAPEESSEDVTKYQEGVSAENPVENHINITT
T1–39 ALVREVAMRVIDRAQAFVDEIFGGGDDAHNLNQHNS
T1–52 VAGQRYQSRSGHDQKNHRKHHGKKRMKSKRSTSLSSPRNG
T1–74 REAKQLHHQPHSIELIQS
T1–101 FVEISEDKTKIRRSPSKPLPEVTDEYKNDVKNRSVYIKGFPTE
T4–2 SEVYKPTLLYS
T4–11 TVGFTLDFTVDPP
T4–19 LYRTTLTYT
M G T S G R P T S G R T S K
ATGGGTACTAGTGGCCGGCCAAC [cDNA insert] CCAGCGGCCGCACGAGCAAA

SpeI NotI
1gpD sequences flanking the cDNA inserts are reported in the lower panel, where restriction sites engineered to facilitate cloning also are

indicated.
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present in the serum of breast cancer patients, indicating its pos-
sible use as a serologic marker for breast cancer. Furthermore,
immunization of mice using T1–52 elicited antibodies that specif-
ically targeted breast carcinoma cell line MCF7.

Another group of antigens identified in this work share a sero-
logic profile associated with breast cancer. These clones have quite
short sequences not found in databases (T1–32, T4–19) or found
only in the human EST database but not having a natural reading
frame (T1–74, T4–2, T4–11). Several antigens with an alternative
reading frame, such as NY-ESO-1,43 RU2AS44 and probably NY-
BR-8742 have been described as tumor antigens for melanoma,
human kidney tumor and breast cancer, respectively. Similarly, the
immunogenicity of T4–2, T4–11 and T4–19 might result from the
expression of an alternative reading frame in tumor cells, which
occurs after abnormal splicing or chromosome rearrangement.
Alternatively, these short peptide sequences may mimic tumor
antigens of nonpeptidic nature, such as posttranscriptional protein
modifications, not present in the library expressed in bacteria.
Indeed, clones T4–2 and T4–19 display sequence homology, have

a similar pattern of reactivity with positive sera and cross-compete
with each other (data not shown). These data suggest that the 2
clones mimic the same epitope, since it is very unlikely that
alternative expression of 2 different proteins elicit the same im-
mune response. Most of these short sequences contain numerous
aromatic amino acids that are typically present in peptides mim-
icking carbohydrate structures.45,46 Affinity-purified anti-T4-11
antibodies bind to a 49 kDa protein in breast carcinoma MCF7
extract that is not detected in promyelocytic cells HL-60. The
availability of such anti-T4-11 antibodies might allow the identi-
fication of the tumor antigen corresponding to this clone.

In most cases, the presence of antibodies against tumor-associ-
ated antigens is detected only in a small proportion of patients
(10–30%) with tumors overexpressing the corresponding antigen.1
Thus, it is not surprising that only a fraction of the sequences
identified are true tumor-specific antigens. The list of the selected
clones also includes antigens that react uniquely with serum from
a single breast cancer patient that has been used in the selection
protocol (idiosyncratic reactivity). In addition, antigens whose
serologic profile is not restricted to cancer patients are also present
in the list. The immune system is constantly in contact with an
enormous number of antigens and can synthesize a vast repertoire
of antibodies. Human proteins or protein fragments that are not
always properly folded when expressed in bacteria fall in this
class. They can be detected by the immune system simply because
of their sequence or structural homology to different antigens. This
class also includes antigens recognized by the natural autoantibody
repertoire. Indeed, SEREX experiments demonstrated that normal
human sera from individuals without obvious disease probed on a
cDNA expression library prepared from cytogenetically normal
meningioma revealed different natural autoantigens.47 The bio-
logic significance and function of natural autoantibodies are not
clear, but their presence interferes with the identification of tumor-
associated antigens.

Negative sera used in our study was derived from healthy
donors of both sexes and from a population younger than the
positive breast cancer patients population composed exclusively
from women (see Material and Methods). For this reason, some of
the selected antigens’ sera reactivity could possibly correlate with
sex or age of tested donors. Conversely, where a correlation exists
it could also reflect individual humoral history of humans pro-
tected routinely from neoplasms due to humoral immunity mech-
anism.48

In this work, we have designed a new-concept vector for the
display of cDNA-encoded protein fragments as fusions to the
amino terminus of pD. The size of cloned DNA fragments in our
libraries was adjusted to an average of 200–300 base pairs, which
is a reasonably sufficient size to encode for a protein domain. As
3 of 64 codons in the genetic code correspond to a translation stop,
the vast majority of out-of-frame sequences of the above length
will contain at least one in-frame stop codon. Thus these inserts
will not be expressed as D fusions and will not be displayed on the
phage surface. In these cases, phage capsid will contain only wt pD
protein encoded by lambda. Usually cDNA libraries are generated
as C-terminal fusions. When such a library is panned on a serum,
the presence of a complex receptor mixture gives to out-of-frame
short sequences a high chance to be enriched. This is because short
peptides are more efficiently displayed on the phage and have a
lower biologic bias than longer proteins. The N-terminal display
system clearly reduced the occurrence of these artificial peptides
compared to a C-terminal fusion library displayed on lambda.18

Nevertheless, a tiny fraction of contaminant short inserts (or rare
out-of-frame long inserts not containing any stop codons) are
expected to be present in the library and still act as a source of
random peptide sequences not existing in natural proteins. Re-
cently this new vector was successfully used to identify the im-
munodominant epitopes of T. gondii antigens involved in the
human B-cell response against this parasite: a novel cDNA-dis-

FIGURE 6 – Staining of MCF7 with mice sera. Immunoreactivity of
1:1,000 dilution of the mice sera anti-D4-11 (a) and anti-D1-52 (b)
with MCF7 permeabilized cells is represented by the fluorescence
profile in bold. Staining of MCF7 permeabilized cells with sera from
pre-immune animals is represented by the shaded graph. Similar
negative patterns of reactivity were observed with immune sera to
living/intact cells or with permeabilized cells from a different source.

FIGURE 7 – Anti-T4-11 antibodies recognize a tumor-associated pro-
tein. Protein extracts from breast carcinoma MCF7, promyelocyte
HL-60 cells were analyzed by western blotting using anti-D4–11
rabbit serum (1:200 dilution), anti D4–11 rabbit serum affinity purified
on T4–11 peptide exposed on filamentous phage (1:50 dilution) and
anti-actin antibodies (as positive control).
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played library from T. gondii tachyzoites was screened using a
panel of sera of pregnant women infected with this parasite.49

When our present work was submitted for publication, our
attention was drawn by a recent study also using a phage-display
approach for the analysis of the humoral response in tumor pa-
tients. This work50 revealed a panel of colorectal cancer tumor
antigens using an M13 pVI-based display system. All these results
together with aforementioned studies of Sioud et al.15,23 confirm

the validity of a phage-display-based approach to tumor antigens
discovery.
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