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Abstract: Monoclonal antibodies, which recognise markers of the modified tumour extracellular matrix, may
be valuable tools for the diagnosis and therapy of cancer. The pattern of expression of some good-quality
tumour-associated antigens is known to be regulated by intracellular pH. In this article. a strategy is described
for the isolation of human antibodies specific for proteins which are differentially secreted by fibroblasts at
different pH values. We panned a large synthetic antibody phage library against biotinylated proteins secreted
by normal human dermal fibroblasts, cultured at pH 7.5, in the presence or in the absence of a molar excess
of unbiotinylated proteins, secreted by fibroblasts cultured at pH 6.7. A panel of monoclonal antibodies
was isolated, whose reactivity was tested by enzyme-linked immunosorbent assay (ELISA) and immuno-
histochemistry.

Keywords: Angiogenesis· Antibody phage technology· Extracellular matrix· Fibroblast· Pharmaceutical
chemistry· Tumour targeting

1. Introduction

Tumour targeting, i.e. the selective deliv-
ery of molecules to the tumour site, typi-
cally by intravenous injection, is a prom-
ising approach to tumour imaging and
therapy [1][2]. This approach relies on
the availability of good-quality markers,
which are abundantly expressed at the
tumour site but absent in normal tissues,
and of targeting agents (e.g. antibodies),
with high affinity for the target and suita-
ble pharmacokinetic properties.

The tumour stroma and its extracellu-
lar matrix (ECM) are a rich source of
tumour-associated antigens. These anti-
gens are typically more abundant and
possibly more stable than tumour-associ-
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ated antigens located at the surface of
tumour cells. During tumour progres-
sion, the ECM of the tissues in which
a tumour grows is remodelled through
proteolytic degradation of the existing
ECM components and by neo-synthesis
of ECM components (by both neoplastic
and stromal cells). It appears that this
tumour extracellular matrix generates a
more suitable environment for tumour
progression.

Some tumour-associated ECM anti-
gens are isoforms of proteins with a wide
distribution in normal adult tissues (e.g.
fibronectin and tenascin-C), generated
by a mechanism of alternative splicing
of their primary transcript.

The ED-B domain of fibronectin is
highly conserved in different species.
The corresponding exon can be inserted
into the fibronectin-mRNA by a mecha-
nism of alternative splicing, which only
occurs in transformed cells, malignancies
and under strictly controlled physiologi-
cal conditions. Thus, with some very rare
exceptions, ED-B is undetectable in nor-
mal tissues, but exhibits a much greater
expression in foetal and tumour tissues as
well as during wound healing. Its selec-
tive accumulation around neo-vascular
structures has been extensively demon-

strated in studies on many different
tumour types, in particular in invasive
breast carcinomas and in brain tumours
[3][4], as well as in ocular angiogenesis
[5]. Furthermore, recombinant human
antibody fragments with high affinity
for the ED-B domain have been shown
to efficiently target tumour neo-vascula-
ture in vivo [5-7]. Anti-ED-B antibodies,
fused to a pro-coagulant factor, cause
the complete and selective thrombosis of
tumour blood vessels and can provide
complete remissions in murine tumour
models which are not cured by conven-
tional chemotherapy [8].

Like fibronectins, tenascins show a
wide distribution in normal adult tissue.
Tenascin-C exists in several polymor-
phic isoforms due to alternative splicing
of nine fibronectin-like type III repeats.
Large tenascin-C isoforms are present
in almost all normal adult tissues but
are upregulated in foetal, regenerating
and neoplastic tissue to a much greater
extent. Changes both in synthesis and
accumulation of the different tenascin-C
isoforms are induced by mitogenic
stimulation [9]. In addition, in cultured
normal human fibroblasts, small pH vari-
ations of the culture medium (from 7.2
to 6.9) strikingly modify the alternative
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Fig. 1.Strategy forthe recovery of proteins secreted by fibroblasts, cultured at different pH values.
For further details, see 4. Experimental Procedures.

splicing pattern of the tenascin-C primary
transcript [10]. Since such extracellular
pH variations occur in many normal and
pathological conditions, microenviron-
mental pH may be an important element
for the regulation of mRNA alternative
splicing in vivo [10]. Furthermore, tu-
mour cells often have an elevated intrac-
ellular pH, which may result in a differ-
ent pattern of protein neosynthesis or
alternative splicing of ECM components.

The systematic investigation of the
differential expression of proteins secret-
ed by fibroblasts at different pH values is
an issue of interest both in basic research
and for tumour targeting applications. In
particular, recent advances in antibody
phage technology [11] make it possible
to rapidly generate human antibody frag-
ments against virtually any target, with-
out immunisation and by-passing hybrid-
oma technology. In this article, we de-
scribe the use of a good-quality human
antibody phage library for the discovery
of tumour-associated ECM antigens.

A B c
2. Results

Fig. 2. 2D-PAGE analysis of proteins secreted by fibroblasts. A, unconcentrated; B. 10-fold
concentrated; C, 80-fold concentrated culture supernatants.

2.1. Proteins Secreted by
Fibroblasts Grown at Different pH
Values

The differential expression of tenas-
cin-C isoforms upon culture of fibroblast
at different pH values has been described
by Borsi et at. [10]. We followed the
same experimental strategy for the cul-
ture of fibroblasts, under the assumption
that environmental pH may be an impor-
tant element for the regulation of alter-
native splicing or neo-synthesis of other
proteins. Fig. 1 schematically depicts the
experimental approach that we followed.
Normal human dermal fibroblasts were
grown to confluence in serum-rich medi-
um and then incubated for four days in
serum-free medium of different pH val-
ues (6.7 or 7.5). The supernatant was then
dialysed, concentrated and biotinylated.
Secreted medium was concentrated using
ultrafiltration devices, and the quality of
the samples monitored during concentra-
tion by two-dimensional polyacrylamide
gel electrophoresis (2D-PAGE). Fig. 2
shows 2D gels of medium collected from
NHDF cultures before concentration
(Fig. 2A) and at different steps of the
concentration procedure (Figs. 2B and
2C). No apparent selective loss of protein
spots was detected. We further used 80-
fold concentrated medium for the follow-
ing biopanning steps, using an antibody
phage library (see below).

The effect of extracellular pH on
the differential expression of protein iso-
forms was investigated by Dot Blot, ana-
lysing the expression pattern of the large
and small tenascin-C isoforms (data not
shown). The larger isoform of tenascin-C
is present at higher levels in medium
of fibroblasts incubated at pH 7.5, com-
pared to pH 6.7 (data not shown).

2.2. Antibody Phage Library
Selections

Antibody phage technology was used
in an attempt to isolate human anti-
bodies specific for proteins or protein
isoforms expressed by fibroblasts at
basic pH (pH 7.5) and not at more acidic
pH (pH 6.7). The large synthetic ETH-2
antibody phage library [12] was used in a
biopanning strategy, depicted in Fig. 3,
which relies on the pre-binding of the
library with an excess of unbiotinylated
pH 6.7 proteins, before exposing the
library to biotinylated pH 7.5 proteins.
The unbiotinylated proteins and irrele-
vant phage were discarded, whereas us-
ing streptavidin-coated magnetic beads,
biotinylated pH 7.5 proteins were recov-
ered together with the specific phage
bound to them. Recovered phage were

eluted and could be used for further
rounds of biopanning. In total, we per-
formed four rounds of panning. As
negative control, a selection was per-
formed in parallel, without pre-incuba-
tion of the ETH-2library with the pH 6.7
supernatant. The phage titres rescued at
the end of the various rounds of panning
are shown in Fig. 4. As expected, phage
titres increased after the second round of
panning, indicating that a selection and
amplification of binding specificities had
occurred. Also, the higher titres observed
in the negative control selection were ex-
pected, since the absence of competitor
proteins would result in the isolation of
more binders.

Five hundred selected clones, isolated
after four rounds of competitive biopan-
ning, were screened by ELISA on plates
coated either with biotinylated pH 7.5
proteins, or with biotinylated pH 6.7 pro-
teins. Clones which preferentially bound
to proteins present in the pH 7.5 medium,
and not in the pH 6.7 medium (approx.
70/500 clones), were further character-
ised. In particular, we focused our further
work on ten antibody clones which did
not bind to ED-B or serum, and which
were able to bind to fibroblasts, as detect-
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2.3. Characterisation of Selected
Antibody Clones

The ten antibody clones were se-
quenced. This analysis revealed three
distinct protein sequences (clones MS-l,
MS-2 and MS-3; Fig. 5), represented at a
4/10, 4/10 and 2/10 frequency, respec-
tively.

The three antibodies were produced
by bacterial fermentation and were puri-
fied on a Protein A column as described
[12]. They were further investigated by
immunohistochemistry on tumoral and
normal tissues: glioblastoma multiforme
(an aggressive tumour of the brain),
breast carcinoma, lung carcinoma, and
their normal counterparts.

The staining results obtained with the
three antibodies were similar. For exam-
ple, antibody MS-l showed a strong
staining around tumour blood vessels
in sections of glioblastoma multiforme,
whereas vessels in the normal brain
tissue are only weakly stained (Fig. 6).
However, the usefulness of MS-l is lim-
ited by the fact that this antibody stains
strongly and homogeneously the ECM
in both normal and tumour breast and
lung.

ed by fluorescence microscopy (data not
shown).

Fig. 3. Schematic representation of the strategy for the selection of human antibodies from the
ETH-2 library, which preferentially react with proteins (or epitopes) secreted by fibroblasts at
pH 7.5, but not at pH 6.7. Around of panning, which can be repeated several times, is illustrated.
Antigens are depicted as geometric objects; biotinylated antigens are marked by the symbol B.
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3. Discussion
We have devised a biopanning strate-

gy, featuring the use of a synthetic human
antibody phage library and proteins
secreted by human fibroblasts, for the
discovery of antigens which are differen-
tially expressed in slightly basic or acidic
media. This research had been stimulated
by the observation that the pattern of
alternative splicing of a relevant tumour
marker, such as tenascin-C, is regulated
by intracellular pH.

We have isolated monoclonal anti-
bodies which stain vascular structures
in glioblastoma multi forme, but not in
normal brain. The corresponding antigen
has not been identified yet, but can be
observed in a 20 immunoblotting analy-
sis of 20 gels of fibroblast culture super-
natants (data not shown). The applicabil-
ity of these antibodies is limited by the
fact that they also stain normal tissues
such as breast and lung. However, the

Fig. 4. Phage titres (transforming units) res-
cued after each of the four rounds of panning
with biotinylated pH 7.5 protein supernatants
in the presence ('selection') or in the absence
('contra!') of an excess of unbiotinylated pH 6.7
supernatants.
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Fig. 6. Immunohistochemical findings with sections of glioblastoma multiforme (A) or normal
brain (8), stained in blue with hematoxilin and in red with the MS-1 antibody.

Fig. 5. Amino acid sequence of the variable heavy and light chains of recombinant antibody
fragment MS-1. Note that residues which have been combinatorially mutated in the ETH-2 phage
display library are indicated in bold.

Quality Controls of the Processed
Medium

Culture supernatants were analysed
by 2D-PAGE using the methodology of
G6rg et al. [13].

To evaluate the level of biotinylation
of the proteins present in the concen-
trated medium, a Western Blot was
performed: biotinylated proteins could
easily be detected with the avidin-HRP
complex (data not shown). A monodi-
mensional reducing SDS-PAGE was per-
formed in a Novex system using a 10%
acrylamide gel (Novex, San Diego CA,
USA), followed by protein transfer onto
nitrocellulose membrane and immuno-
detection, according to the protocol de-
scribed in Viti et al. [12]. Avidin-HRP
(Sigma, Buchs, Switzerland) diluted
1:500 in 4% MilkPBS was used for the
experiment.

To further analyse the biotinylation of
the proteins isolated from culture super-
natants, we performed an ELISA on
streptavidin-coated plates, onto which
the biotinylated supernatants had been
applied. The large isoform of tenascin-C
and ED-B containing fibronectin were

performed in PBS at 4 °C for 2 d using a
SpectraJPor molecular porous membrane
tubing (Spectrum Medical Industries, La-
guna Hills CA, USA) with a 12-14 kD
cut-off.

Samples were then concentrated 80-
fold with a Ultrafree-15 centrifugal filter
device (Millipore, Bedford MA, USA)
with a 10 kD cut-off according to the
manufacturer's instructions. Concentra-
tion of the sample was monitored by
measuring the absorbance at 280 nm in a
spectrophotometer. Concentration of the
samples is necessary both for the bio-
tinylation reaction and for the success of
the selection of binders from the phage
display library.

The biotinylation of the proteins
present in the pH 7.5 supernatant is cru-
cial for the success of the strategy. Expe-
rience of our laboratory has shown that
selections can be conveniently performed
with biotinylated antigen in the 10 nM
concentration range.

Proteins were biotinylated with NHS-
SS-Biotin (Biotin disulfide N-hydroxy
succinimide ester, Pierce, Rockford IL,
USA). 500 III protein solution were
mixed with 50 III NHS-SS-Biotin (I mg/
ml in DMSO) and incubated at r.t. for 1 h.
A PD-lO (Sephadex G25M, Pharmacia,
Uppsala, Sweden) gel filtration was then
performed according to the manufac-
turer's instructions to remove free biotin.

Processing of the Medium
NHDF supernatant was collected af-

ter 4 d incubation in medium at pH 6.7
or 7.5.

In order to use it as a source of anti-
gens for the selection of binding recom-
binant antibody fragments, medium was
dialysed to remove small peptides and
phenol red which could interfere with
the biotinylation reaction. Dialysis was

(BioWhittaker, Verviers, Belgium). Cells
were cultured in Dulbecco' s modified
Eagle's medium (DMEM, Life Technol-
ogies, Paisley, UK) supplemented with
10% foetal bovine serum (FBS, Life
Technologies) in a 5% CO2 atmosphere
at 37°C.

After reaching confluence, NHDF
were incubated in FBS-free medium at
different pH values (6.7 and 7.5) for 4 d
in a 5% CO2 atmosphere at 37°C [10].
The different pH values of the medium
were obtained by adding different con-
centrations (4 to 20 mM) of sodium bi-
carbonate (Life Technologies) to bicar-
bonate-free DMEM (Life Technologies).

A daily measurement of the pH of the
medium was performed to monitor that
the pH remained constant.

VL
SSELTQDPAVSVALGQTVRITCQGDSLRSYYASWYQQK
PGQAPVLVIYGKNN RPSG IPDRFSGSSSGNTASL TITGA
QAEDEADYYCNSSQPNRNPVVFGGGTK

4. Experimental Procedures

A

VH
EVQLLESGGGLVQPGGSLRLSCAASGFTFSSFSMSWVR
Q A P G KG LE WV S SIS G SSG TTY Y ADS V KG R F TIS R D N S K N
TLYLQMNSLRAEDTAVYYCAKKRGGWFDYWGQGTLVTV
SS

procedure illustrated in this article shows
that it is possible to rapidly generate
binding specificities against interesting
biological specimens, which recognise
antigens in their native conformation and
which can conveniently be tested by im-
munohistochemical analysis.

The strategy relies on a pre-culture of
fibroblasts in serum-containing medium
at basic pH, followed by a change into
serum-free culture medium (pH 6.7 or
pH 7.5). It is conceivable that, during
the pre-culture step, a number of mRNA
molecules are being generated, which
will continue to express the correspond-
ing protein even after the change of
culture medium. We anticipate that a
better discrimination between protein
production at pH 6.7 or pH 7.5 could be
achieved by performing several changes
of culture medium and by collecting
supernatants only at later time points.

4.1. Cell Culture and Processing of
Supernatants
Cell Cultures

Normal Human Dermal Fibroblasts
(NHDF) were purchased from Clonetics
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successfully detected, uSlOg the BC-2
monoclonal antibody [14] and the
scFv (Ll9) antibody fragment [15], re-
spectively.

4.2. Antibody Phage Library
Selections

Selections of antibody fragments
from the ETH-2 library [12] were per-
formed on biotinylated material, follow-
ing the protocol described in Viti et
at. [12]. In short, approx, 1012 phages
were pre-incubated for 20 min with an
excess of unbiotinylated pH 6.7 pro-
teins (150 f..llof 80-fold concentrated me-
dium, O.D'280nm = 0.8). Biotinylated
pH 7.5 proteins (30 f..lI,0.D'280nm= 0.15)
were then added and allowed to bind the
phages for 10 min. A control selection
was also performed, in which phage
were not pre-incubated with the unbioti-
nylated material. After 30 min incubation
at r.t., binding phage were captured on
streptavidin-coated paramagnetic beads
(Dynabeads M-280 streptavidin, Dynal,
Oslo, Norway), washed and eluted with
20 mM dithiothreitol.

4.3. Screening of Selected
Antibodies

After four rounds of panning, the
eluted phage was used to infect exponen-
tially growing TG 1 bacteria. Soluble
ELISA of bacterial supernatants obtained
from single colonies was performed as
described [12][16] on streptavidin coated
plates. The clones were in this way tested
for their different reactivity towards
the proteins present in the pH 6.7 and
pH 7.5 biotinylated medium. The clones
showing a reactivity against pH 7.5
proteins, but not against pH 6.7 proteins,
were further characterised.

4.4. Characterisation of Selected
Clones

Relevant clones were sequenced us-
ing an ABI PRISM 310 Genetic Analyz-
er, as described in Viti et at. [12].

Recombinant scFv fragments were
expressed in bacteria and purified on
Protein-A-Sepharose as described [12].

Immunohistochemical studies with
cryostat sections of human glioblastoma
multiforme, breast carcinoma, lung carci-
noma and normal brain, breast and lung
were performed as described previously
[17].

Received: September 6, 2000

[I] R.H. Begent, M.J. Verhaar, K.A. Chester,
J.L. Casey, A.J. Green, M.P. Napier, L.D.
Hope-Stone, N. Cushen, P.A. Keep, C.J.
Johnson, R.E. Hawkins, A.J. Hilson, L.

Robson, 'Clinical evidence of efficient
tumour targeting based on single-chain
Fv antibody selected from a combinatorial
library', Nat. Med. 1996, 2(9), 979-984.

[2] D. Neri, B. Carnemolla, A. Nissim, A. Le-
prini, G. Querze, E. Baiza, A. Pini, L. Tar-
Ii, C. Halin, P. Neri, L. Zardi, G. Winter,
'Targeting by affinity-matured recom-
binant antibody fragments of an angiogen-
esis associated fibronectin isoform', Nat.
Biotechnol. 1997, 15(]2), 1271-1275.

[3] J. Kaczmarek, P. Castellani, G. Nicolo,
B. Spina, G. Allemanni, L. Zardi, 'Distri-
bution of oncofetal fibronectin isoforms
in normal, hyperplastic and neoplastic
human breast tissues', Int. J. Cancer 1994,
59(1),11-]6.

[4] F. Castellani, G. Viale, A. Dorcaratto,
G. Nicolo, J. Kaczmarek, G: Querze, L.
Zardi, 'The fibronectin isoform contain-
ing the ED-B oncofetal domain: a marker
of angiogenesis', (published erratum ap-
pears in lnt. J. Cancer 1995, 62(1), ] ]8),
Int. J. Cancer 1994, 59(5), 612-6] 8.

[5] M. Birch]er, F. Viti, L. Zardi, B. Spiess,
D. Neri, 'Selective targeting and photo-
coagulation of ocular angiogenesis medi-
ated by a phage-derived human antibody
fragment', Nat. Biotechnol. 1999, 17(10),
984-988.

[6] F. Viti, L. Tarli, L. Giovannoni, L. Zardi,
D. Neri, 'Increased binding affinity and
valence of recombinant antibody frag-
ments lead to improved targeting of tu-
moral angiogenesis', Cancer Res. 1999,
59(2), 347-352.

[7] L. Tarli, E. Baiza, F. Viti, L. Borsi, P. Cas-
tellani, D. Berndorff, L. Dinkelborg, D.
Neri, L. Zardi, 'A high-affinity human
antibody that targets tumoral blood ves-
sels', Blood 1999, 94(1),192-198.

[8] F. Nilsson, H. Kosmehl, L. Zardi, D. Neri,
'Targeted delivery of tissue factor to the
ED-B domain of fibronectin, a marker of
angiogenesis, mediates the infarction of
solid tumours in mice', Cancer Res., in
press.

[9] L. Borsi, E. Baiza, P. Castellani, B.
Carnemolla, M. Ponassi, G. Querze, L.
Zardi, 'Cell-cycle dependent alternative
splicing of the tenascin primary tran-
script', Cell Adhes. Commun. 1994,1(4),
307-317.

[10] L. Borsi, E. Baiza, B. Gaggero, G. Alle-
manni, L. Zardi, 'The alternative splicing
pattern of the tenascin-C pre-mRNA is
controlled by the extracellular pH', J.
BioI. Chem. 1995,270(11),6243-6245.

[11] G. Winter, A.D. Griffiths, R.E. Hawkings,
H.R. Hoogenboom, 'Making Antibodies
by phage display technology', Annu. Rev.
Immunol. 1994,12,433-455.

[12] F. Viti, F. Nilsson, S. Demartis, A. Huber,
D. Neri, 'Design and use of phage display
libraries for the selection of antibodies and
enzymes', Methods in Enzymology 2000,
326,480-505.

[13] A. Gtirg, C. Obermaier, G. Boguth, A.
Harder, B. Scheibe, R. Wildgruber, W.
Weiss, 'The current state of two-dimen-
sional electrophoresis with immobilized
pH gradients', Electrophoresis 2000,
21(6), 1037-]053.

682
CHIMIA 2000, 54, No. 11

[14] A. Siri, B. Carnemolla, M. Saginati, A.
Leprini, G. Casari, F. Baralle, L. Zardi,
'Human tenascin: primary structure, pre-
mRNA splicing patterns and localization
of the epitopes recognized by two mono-
clonal antibodies', Nucleic Acids Res.
1991,19(3),525-531.

[15] A. Pini, F. Viti, A. Santucci, B. Camemolla,
L. Zardi, P. Neri, D. Neri, 'Design and use
of a phage display library. Human anti-
bodies with subnanomolar affinity against
a marker of angiogenesis eluted from
a two-dimensional gel', J. Bioi. Chem.
1998,273(34),21769-21776.

[16] A. Nissim, H.R. Hoogenboom, I.M. Tom-
linson, G. Flynn, C. Midgley, D. Lane,
G. Winter, 'Antibody fragments from a
'single pot' phage display library as
immunochemical reagents', Embo J.,
1994,13(3),692-698.

[17] B. Carnemolla, D. Neri, P. Castellani, A.
Leprini, G. Neri, A. Pini, G. Winter, L.
Zardi, 'Phage antibodies with pan-species
recognition of the on cofoetal angiogenesis
marker fibronectin ED-B domain', Int. J.
Cancer 1996, 68(3), 397-405.


