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HEp-2 cells (Table). As anticipated, mutTNF was unable to acti-
vate TNFR 1. Likewise clones N3 and N7 do not activate TNFR1
signaling, even when tested at high concentrations. The TNFR 1-
mediated antagonistic assay demonstrated that N7 showed the
highest activity of all the TNFR1-selective antagonist candi-
dates. The Figure show details of bioactivities and antagonistic
activities of N7. The TNFR 1-mediated agonistic activity using
L-M cells showed that wtTNF displays TNFR1-mediated ago-
nistic activity in a dose-dependent manner. In contrast, N7,
in addition to mutTNF, barely displays any agonistic activity
(Fig. A). Moreover, N7 had an almost identical antagonistic
activity for TNFR 1-mediated bioactivity to that of mutTNF
(Fig. B). Next, TNFR2-mediated activities of these TNFRI-
selective antagonists were measured using hTNFR2/mFas-
preadipocyte cells. The bioactivity of mutTNF and N7 via
TNFR2 was much lower than that of wtTNF. Remarkably,
TNFR2-mediated agonistic activity of N7 was lower than that
of mutTNF, in agreement with the reduced affinity for TNFR2
(Fig. C).

In conclusion, we have succeeded in creating a TNFR 1-selective
antagonist with improved TNFR 1-selectivity over that of mut-
TNF. This was achieved by constructing a library of mutTNF
variants using a phage display technique. While TNFRI is
believed to be important for immunological responses (Rothe
et al. 1993), TNFR2 is thought to be important for antiviral
resistance and is effective for controlling mycobacterial infec-
tion by affecting membrane-bound TNF stimulation (Saunders
et al. 2005; Olleros et al. 2002). Therefore, use of N7 might
reduce the risk of side effects, such as infections, when apply-
ing TNF blockade as a therapy for autoimmune discase. We are
currently evaluating the therapeutic effect of N7 using a mouse
autoimmune disease model.

3. Experimental
3.1. Cell culture

HEp-2 cells (a human fibroblast cell line) were provided by Cell Resource
Center for Biomedical Research (Tohoku University, Sendai) and were
maintained in RPMI 1640 medium supplemented with 10% FBS and 1%
antibiotics cocktail (penicillin 10,000 units/ml, streptomycin 10 mg/ml, and
amphotericin B 25 pg/ml). L-M cells (a mouse fibroblast cell line) were
provided by Mochida Pharmaceutical Co. Ltd. (Tokyo, Japan) and were
maintained in minimum Eagle’s medium supplemented with 1% FBS and
1% antibiotics cocktail. \TNFR2/mFus-preadipocyte cells were established
previously in our laboratory (Abe et al. 2008) and were maintained in
Dulbecco’s modified Eagle’s medium supplemented with Blasticidin § HCI,
10% FBS. I mM sodium pyruvate, 5 » 10~ M 2-mercaptoethanol, and 1%
antibiotic cocktail.

3.2, Construction of a novel gene library displaying mutTNF
variants

The pCANTAB phagemid vector encoding mutTNF was used as template
for PCR. The mutTNF was created in previous study and showed TNFR1-
selective antagonistic activity (Shibata et al. 2008b). The six amino acid
residues at the receptor binding site (amino acid residues; 29, 31, 32 and
145-147) of mutTNF were replaced with other amino acids using a 2-step
PCR procedure as described previously (Mukai et al. 2009).

3.3. Selection of TNF R1-selective antagonist candidates from a
mutTNF mutated phage library

Human TNFR1 Fc¢ chimera (R&D systems, Minneapolis, MN) was
immobilized onto a CM3 sensor chip as described previously. Bricfly,
the phage display library (1 = 10" CFU/100 pl) was injected over the
sensor chip at a flow rate of 3 pl/min. After binding, the sensor chip was
washed using the rinse command until the association phase was reached.
Elution was carried out using 4 w1 of 10mM glycine-HCL. The eluted phage
pool was neutralized with 1M Tris-HC1 (pH 6.9) and then used to infect
E. ¢oli TG in order to amplify the phage. The panning steps were repeated
twice. Subsequently, single clones were isolated and supernatant from
each clone was collected and used to determine the cytotoxicity in the
HEp-2 cytotoxic assay and the affinity for TNFR1 by ELISA, respectively
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(Shibata et al. 2008b). We screened clones having almost no cytotoxicity
but significant affinity for TNFR1. The phagemids purified from single
clones were sequenced using the Big Dye Terminator v3.1 kit (Applied
Biosystems, Foster City, CA). Sequencing reactions were analyzed on an
ABI PRISM 3100 (Applied Biosystems).

3.4. Surface plasmon resonance assay (BIAcore® assay)

The binding kinetics of the proteins were analyzed by the surface plasmon
resonance technique by BIAcore® (GE Healthcare, Amersham, UK). Each
TNF receptor was immobilized onto a CMS5 sensor chip, which resulted in
an increase of 3,000-3,500 resonance units. During the association phase,
all clones serially diluted in running buffer (HBS-EP) were allowed to pass
over TNFR! and TNFR2 at a flow rate of 20 pJ/min. Kinetic parameters
for each candidate were calculated from the respective sensorgram using
BlAevaluation 4.0 software.

3.5. Cytotoxicity assay

In order to measure TNFR1-mediated cytotoxicity, HEp-2 or L-M cells were
cultured in 96-well plates in the presence of TNF mutants and serially diluted
wtTNF (Peprotech, Rocky Hill, NJ) with 100 pg/ml cycloheximide for 18 h
at4 - 10%cells/well or for48 hat 1 - 104 cells/well. Cytotoxicity was then
assessed using the methylene blue assay as described previously (Mukai et al.
2009; Shibataet al. 2004). For the TNFR 1-mediated antagonistic assay, cells
were cultured in the presence of 5ng/ml human wtTNF and a serial dilution
of the mu(TNF. For the TNFR2-mediated cytotoxic assay, hTNFR2/mFas-
preadipocyte cells were cultured in 96-well plates in the presence of TNF
mutants and serially diluted wtTNF (1 - 10% cells/well) (Abe et al. 2008).
After incubation for 48 h, cell survival was determined using the methylene
blue assay.
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Tumor necrosis factor-alpha (TNF) is expressed on the cell surface as a transmembrane form (tmTNF),
that can be released as a soluble form (solTNF) via proteolytic cleavage. These two types of TNF exert their
biological functions by binding to one of two TNF receptors, TNFR1 or TNFR2. However, the biological
function of tmTNF through these two receptors remains to be determined. Here, we generated macro-
phages that expressed tmTNF mutants with selectivity for either TNFR1 or TNRF2 as a tool to evaluate
signaling through these receptors. Wild-type TNF (wtTNF), TNFR1-selective mutant TNF (mutTNF-R1)
or TNFR2-selective mutant TNF (mutTNF-R2) were individually expressed on the TNFR1 /"R2/~ mouse
macrophages (M) as the tmTNF forms. tm-mutTNF-R1-expressing Mg exhibited significant selectivity
for binding to TNFR1, whereas tm-mutTNF-R2-expressing M¢ only showed a slight selectivity for binding
to TNFR2. Signaling by tm-mutTNF-R1-expressing M¢ through the hTNFR2 was weaker than that of tm-
wtTNF-expressing Mo, suggesting that the binding selectivity correlated with functional selectivity.
Interestingly, signaling by tm-mutTNF-R2-expressing Mo through TNFR2 was much stronger than signal-
ing by tm-wtTNF-expressing Mo, whereas signaling by the corresponding soluble form was weaker than
that mediated by wtTNF. These results indicate tmTNF variants might prove useful for the functional

analysis of signaling through TNF receptors.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Tumor necrosis factor alpha (TNF) plays a crucial role in the
host defense system [1]. Increased secretion of TNF is involved in
the development of autoimmune diseases, such as rheumatoid
arthritis (RA) and Crohn’s disease [2,3]. Indeed, anti-human TNF
antibody and soluble TNF receptor (TNFR), which interfere with
the activity of TNF, have been used to treat these diseases, and
are expected to be revolutionary therapies due to their excellent
therapeutic effects [4]. TNF is primarily produced as a type Il trans-
membrane form (tmTNF) arranged in stable homotrimers [5,6].
A mature, soluble homotrimeric 17-kDa TNF (solTNF) is released
from this 26 kDa memTNF via proteolytic cleavage by the metallo-

* Corresponding author. Address: National Institute of Biomedical Innovation,
Laboratory of Pharmaceutical Proteomics, 7-6-8 Saito-Asagi, Ibaraki, Osaka 567-
0085, Japan. Tel.: +81 72 639 7014, fax: +81 72 641 9817.

E-mail address: tsunoda@nibio.go.jp (S.-i. Tsunoda).

' These authors contributed equally to this work.

1043-4666/($ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.cyt0.2009.11.022

protease, TNF converting enzyme (TACE) [7]. Both solTNF and
tmTNF induce cell signaling. tmTNF acts through cell-cell contacts
to promote juxtacrine signaling, and solTNF acts in a paracrine
fashion. The relative contribution of tmTNF and solTNF to overall
TNF activity is difficult to elucidate due to the absence of physio-
logically relevant models. However, evidence for distinct roles for
tmTNF and solTNF in vivo have been obtained in genetically mod-
ified mice. Study of tmTNF knock-in mice revealed that solTNF is
required for the development of acute and chronic inflammation,
whereas tmTNF supports many processes underlying the develop-
ment of lymphoid tissue [8]|. Mueller et al. also reported that
tmTNF has a strong effect upon the course of cellular immune re-
sponses in vivo and exerts quantitatively and qualitatively distinct
functions from solTNF in vitro and in vivo [9]. Additionally, juxta-
crine signaling by tmTNF was shown to be essential for the resolu-
tion of inflammation and the maintenance of immunity to the
pathogens, Listeria monocytogenes and Mycobacterium tuberculosis
[10-12]. These different functions mediated by the two forms of
TNF may help to explain the opposing activities of TNF, such as
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its inflammatory and anti-inflammatory effects. However, the
factors underlying the different functions of solTNF and tmTNF
and the components of the specific signaling cascades induced by
the two forms of TNF remain to be elucidated.

solTNF and tmTNF interact with two receptor subtypes, p55 TNF
receptor (TNFR1) and p75 TNF receptor (TNFR2) [13], to exert their
biological functions. The interaction of solTNF with TNFR and the
downstream signaling and functional outcome of that signaling
has been extensively studied [14], because signaling by solTNF
via TNFR1 or TNFR2 can be analyzed in vitro using recombinant
wild-type TNF, as well as recombinant TNFR1-, and TNFR2-selec-
tive mutant TNF (mutTNF). On the other hand, the analysis of
tmTNF/TNFR signaling is still poorly understood. tmTNF-express-
ing cells have previously been reported following transfection into
target cells of a TNF gene containing a deletion of the TNF cleavage
site [15]. Nanoparticles decorated with solTNF chemically bound to
the surface initiate strong TNFR2 responses, and could mimic the
bioactivity of tmTNF [ 16]. However, there are no receptor-selective
forms of tmTNF that could be used to analyze tmTNF/TNFR signal-
ing. Moreover, there are few assay systems that can assess the bio-
activity of TNF mediated via TNFR2 with high sensitively.

In this context, we have used a novel phage-display based
screening system to develop TNFR1 or TNFR2-selective mutTNFs
to help clarify the biology of TNF/TNFRs interactions. We have al-
ready isolated a TNFR1-selective antagonist [17], and both TNFR1
and TNFR2-selective agonists [18]. Additionally, we established a
novel cell line hTNFR2/mFas-preadipocyte, which is a simple and
highly sensitive, cell death-based assay system for measuring
TNFR2-mediated bioactivity [19]. This assay system can assess
both solTNF and tmTNF-mediated bioactivity. In this study, we first
expressed the TNFR-selective mutTNFs agonists (mutTNF-R1, mut-
TNF-R2) in TNFR1/"R27/~ macrophages, and we then investigated
the possibility of creating TNFR1- and TNFR2-selective tmTNF.

2. Materials and methods
2.1. Cells

The immortalized TNFR1/"R2~/~macrophage cell line (DKO
Me) established from the bone marrow of a TNFR1~/"R2~/~ mouse
was generously provided by Dr. Aggarwal (The University of Texas
M.D. Anderson Cancer Center, Houston TX), and cultured in RPMI-
1640 medium supplemented with 10% fetal bovine serum (FBS)
and 1% antibiotic cocktail (penicillin 10,000 U/ml, streptomycin
10 mg/ml, and amphotericin B 25 pg/ml; Nacalai Tesque, Kyoto,
Japan).  Human-TNFR2/mouse-Fas-expressing  preadipocytes
(hTNFR2/mFas-PA) were maintained in Dulbecco’s modified Ea-
gle’s medium (DMEM; Sigma-Aldrich, Inc., Tokyo, Japan) with
10% FBS, 1% antibiotic cocktail, and 5 pg/ml blasticidin (Bsd) (Invit-
rogen Corp., Carlsbad, CA). hTNFR2/mFas-PA cells express a chime-
ric receptor derived from the extracellular and transmembrane
domain of human TNFR2 fused to the intracellular domain of
mouse Fas [19]. 293T cells and HeLaP4 cells were cultured in
DMEM with 10% FBS and 1% antibiotic cocktail. HEp-2 cells are a
human laryngeal squamous cell carcinoma cell line, and were cul-
tured in RPMI-1640 medium supplemented with 10% FBS and 1%
antibiotic cocktail.

2.2. Surface plasmon resonance (SPR) assay

The binding kinetics of wtTNF, mutTNF-R1 and mutTNF-R2
were analyzed by the SPR technique using a BIAcore 3000 (BIA-
core®, GE Healthcare, Buckinghamshire, UK). Human TNFR1 or hu-
man TNFR2 Fc chimeras (R&D systems, Minneapolis, MN) were
diluted to 50 pg/ml in 10 mM sodium acetate buffer (pH 4.5).

TNFRs were immobilized on a CM5 sensor chip, which resulted
in anincrease of 3000-3500 resonance units (RU). During the asso-
ciation phase, TNFs diluted in running buffer (HBS-EP) at 156.8,
52.3 or 17.4nM were individually passed over the immobilized
TNFRs at a flow rate of 20 pl/min. During the dissociation phase,
HBS-EP buffer was applied to the sensor chip at a flow rate of
20 pl/min. The data were analyzed with BIAEVALUATION 3.0 soft-
ware (BIAcore®) using a 1:1 binding model.

2.3. Cytotoxicity assays

HEp-2 cells were cultured in 96-well plates (4 x 10* cells/well)
in a serial dilution of human TNF (Peprotech, Rocky Hill, NJ) or
mutTNFs with 100 pg/ml cycloheximide. After incubation for
18 h, cell survival was determined using the methylene blue assay
as described previously [17]. hTNFR2/mFas-PA were seeded onto
96-well plates at a density of 1.5 x 10%cells/well in culture
medium. Serial dilutions of human TNF or paraformaldehyde-fixed
Mo cells were prepared in DMEM containing 1 pg/ml cyclohexi-
mide, and added to each well. After 48 h, cell viability was
measured using the WST-assay kit (Nacalai Tesque) according to
the manufacturer’s instructions.

2.4, Construction of a self-inactivating (SIN) lentiviral vector

Vectors were constructed using standard cloning procedures.
A DNA fragment encoding the precursor signal of human TNF
was amplified by polymerase chain reaction (PCR) with the follow-
ing primer pairs : forward primer-1 (5'-GAT TTC GAT ACG TAC GGA
AGC TTC GTC GAC ATT AAT TAA GGA CAC CAT GAG CAC TGA AAG
CAT GAT CCG GGA CGT GGA GCT GGC CGA GGA GG-3') containing
a Sall site at the 5-end, reverse primer-1 (5-AGA GGC TGA GGA
ACA AGC ACC GCC TGG AGC CCT GGG GCC CCC CTG TCT TCT
TGG GGA GCG CCT CCT CGG CCA GCT CCA CGT CCC GGA TCA-3),
forward primer-2 (5-GCT CCA GGC GGT GCT TGT TCC TCA GCC
TCT TCT CCT TCC TGA TCG TGG CAG GCG CCA CCA CGC TCT TCT
GCC TGC TGC ACT TTG GAG TGA-3'), and reverse primer-2 (5'-
TGC CTG GGC CAG AGG GCG CGG CCG CGA GAT CTC TGG GGA
ACT CTT CCC TCT GGG GGC CGA TCA CTC CAA AGT GCA GCA
GGC AGA AGA GCG-3') containing Bglll site at the 5'-end. The
resulting amplified fragment was subcloned into the pY02 vector
to generate pY02-preTNF. DNA fragments encoding non-cleavable
wild-type human TNF (tm-wtTNFA1-12) (Fig. 2a), TNFR1-selective
mutant TNF (tm-mutTNF-R1A1-12), and TNFR2-selective mutant
TNF (tm-mutTNF-R2A1-12) which were generated by deleting
amino acids 1-12 in the N-terminal part of TNF, were amplified
by PCR from wtTNF, mutTNF-R1, and mutTNF-R2 respectively with
the following primer pairs : forward primer-3 (5-AGT GAT CGG
CCC CCA GAG GCA AGC TTA GAT CTC TCT CTA ATC AGC CCT CTG
GCC CAG GCA GTA GCC CAT GTT GTA GCA AAC CCT CAAG-3') con-
taining a Bglll site at the 5'-end, and reverse primer-3 (5-GGT TGG
ATG TTC GTC CTC CGC GGC CGC CTA ACT AGT TCA CAG GGC AAT
GAT CCC AAA GTA GAC CTG-3') containing a Notl site at the 5'-
end. These fragments were cloned into the pY02-preTNF vector.
Then, fragments of tm-wtTNFA1-12, tm-mutTNF-R1A1-12, and
tm-mutTNF-R2A1-12 were cloned between the Sall and Notl sites
of the SIN vector construct, generating CSII-EF-tm-wtTNF-IRES-
GFP, CSH-EF-tm-mutTNF-R1-IRES-GFP, and CSII-EF-tm-mutTNF-
R2-IRES-GFP, respectively.

2.5. Preparation of lentiviral vectors

Lentiviral vectors were prepared as previously described [20,21].
In brief, 293T cells were transfected by the calcium phosphate
method with three plasmids: packaging construct (pCAG-HIVgp),
VSV-G and Rev expressing construct (pCMV-VSV-G-RSV-Rev) and
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the SIN vector constructs (CSII-EF-tm-wtTNF-IRES-rhGFP, CSII-EF-
tm-mutTNF-R1-IRES-rhGFP or CSII-EF-tm-mutTNF-R2-IRES-rhGFP)
(Fig. 2b). Two days after transfection, the conditioned medium was
collected and the virus was concentrated by ultracentrifugation at
50,000g for 2 h at 20 °C. The pelleted virus was re-suspended in
Hank’s balanced salt solution (GIBCO BRL, Paisley, UK). Vector titers
were determined by measuring the infectivity of HeLaP4 cells with
serial dilutions of vector stocks using flow cytometric analysis
(FCM) for GFP-positive cells.

2.6. Creation of membrane-bound TNF expressing cells

To prepare tmTNF-expressing cells, DKO Mg (1 x 10° cells/well)
cells were transfected with each lentiviral vector (tm-wtTNF, tm-
mutTNF-R1 or tm-mutTNF-R2) at a multiplicity of infection
(MOI) of 160 in 96-well plates. Infected cells were cultured until
reaching 1 x 107 cells. IRES-driven GFP-positive cells were single-
cell-sorted by FACSVantage™ (BD Biosciences, Franklin Lakes, NJ),
and cultured in conditioned medium from DKO Mg cells. After
blocking Fc receptors with anti-mouse CD16/32 (eBioscience, San
Diego, CA), the expression of tmTNF on monoclonal cell lines was
detected by staining with Phycoerythrin-conjugated anti-human
TNF antibody (clone MAb11, eBioscience) at 0.5 pg/5 x 10° cells
for 30 min on ice. Subsequently, the cells were washed with 1%
FBS/PBS and re-suspended in 500 pl of 4% paraformaldehyde. GFP
or phycoerythrin fluorescence was analyzed using FCM by FAC-
SCalibur™. Monoclonal cell lines stably expressing tmTNF or its
mutants and GFP (tmTNF-expressing Mo, tm-wtTNF Mo, tm-mut-
TNF-R1 Mg, or tm-mutTNF-R2 M) were used for the following
experiments.

2.7. Measurement of receptor binding activity by FCM

To detect the binding of soluble human TNFR1 (shTNFR1) or
TNFR2 (shTNFR2) to tmTNF on Me cell lines, shTNFR1- or
shTNFR2-Fc chimera were labeled with R-phycoerythrin by
Zenon™ Human 1gG Labeling Kits (Invitrogen Corp.) according to
the manufacturer's procedure. Briefly, 10 ul of shTNFR1- or
shTNFR2-Fc chimera (250 pg/ml) (R&D systems) was incubated
with 5 pl labeling reagent for 5min at room temperature, and
5 ul blocking reagent was added to each reaction solution. After
incubation for 5 min at room temperature, 4 pl each reaction solu-
tion was added to 5 x 10° cells/tube which were pretreated with
mouse Fc block. After incubation for 30 min on ice, the cells were
washed with 1% FBS/PBS, and then suspended in 500 pl of 0.4%
paraformaldehyde.

3. Results and discussion

An understanding of the bioactivity of tmTNF is key to a better
understanding of the overall function of TNF and TNF receptors.
The relative contribution of signaling by tmTNF through the TNFR1
and TNFR2 receptors is unclear, as it is difficult to monitor the spe-
cific activation of these two receptors in response to tmTNF. To ad-
dress this problem, we established macrophage cell lines
expressing TNFR-selective mutant TNFs (tmTNF-R1 or tmTNF-R2)
on the cell surface.

First, to assess the receptor selectivity of soluble mutTNF-R1 or
R2 (sol-mutTNF-R1 or R2), which we previously created using a
phage display system [18], we measured human TNFR1-mediated
bioactivities of sol-mutTNFs on HEp-2 cells and human TNFR2-
mediated bioactivities on hTNFR2/mFas-PA cells (Fig. 1a and Table
1). The binding affinity and kinetic parameters of these mutant
TNFs for each TNF receptor were also measured using a Surface
plasmon resonance assay (Fig. 1b and Table 1). We observed that

both the bioactivity and binding affinity of sol-mutTNF-R1 for
hTNFR1 were equivalent to those of sol-wtTNF, whereas the activ-
ity and affinity of sol-mut-TNF-R1 for hTNFR2 were decreased to
less than 0.2% and 8%, respectively, of the values observed with
sol-wtTNF. Although the bioactivity of sol-mutTNF-R2 mediated
via hTNFR2 was only 16% of that of sol-wtTNF, the binding affinity
of sol-mutTNF-R2 for human TNFR2 was about 1.5 times higher
than that of sol-wtTNF. The bioactivity and binding affinity of
sol-mutTNF-R2 for hTNFR1 were decreased to less than 0.1% and
3%, respectively, of the corresponding values for sol-wtTNF. Inter-
estingly, the kinetic parameters, k,, and kg, of the sol-mutTNFs
for the TNF receptors tended to be higher than those of sol-wtTNF,
indicating rapid association/dissociation interaction. From these
data, we confirmed a significant TNFR-selectivity of sol-mutTNF-
R1 and sol-mutTNF-R2. Therefore, we attempted to create the cor-
responding TNFR-selective tmTNFs using these sol-mutTNFs.

To express only tmTNF on the cell surface, the recombinant
genes corresponding to each sol-TNF mutant, each encoding a pro-
tein with an additional twelve amino acid deletion from the N-ter-
minus, were subcloned into lentiviral vectors (Fig. 2a and b). The
resulting recombinant lentiviral vectors were transduced into
TNFR1/"R27/~ macrophages (DKO Mg). As previously reported,
the deletion of the first 12 amino acids from the N-terminus of
TNF, including the entire TACE cleavage site, leads to the expres-
sion of only the tmTNF form, and not the soluble form [15,22].
Since the SIN vector also comprises a GFP expression cassette,
GFP expression was visible in all three cell lines: wtTNF-expressing
DKO Mo (tm-wtTNF M), mutTNF-R1 expressing DKO Mo (tm-
mutTNF-R1 Me), and mutTNF-R2 expressing DKO Mo (tm-mut-
TNF-R2 Mo) (Fig. 2c). We next verified the expression of TNF on
single sorted cells using FCM analysis. We observed significant
expression of TNF on tm-wtTNF Me (Fig. 3a). The mean fluores-
cence intensity (MFI) of tm-mutTNF-R1 Me and tm-mutTNF-R2
Mo was lower than that of tm-wtTNF Me (Fig. 3b). Since the
expression level of GFP on tm-mutTNF-R1 M¢ and tm-mutTNF-
R2 M was lower than that on tm-wtTNF Me (Fig. 2c), the expres-
sion level of TNF on these cells might also be lower than that on
tm-wtTNF M.

Next, the affinity of each cell-surface expressed tmTNF for sol-
uble TNF receptors was measured by FCM analysis (Fig. 4a), and
receptor selectivity was estimated (Fig. 4b and c). We observed
that both soluble TNFR1 and TNFR2 Fc chimeras bound to tm-
WtTNF Mg, although TNFR2 bound to tm-wtTNF M¢e with an
affinity approximately twofold stronger than that of TNFR1
(Fig. 4b). Although the affinity of tm-mutTNF-R1 Me for TNFR1
was 50% that of tm-wtTNF Me, the affinity of tm-mutTNF-R1
Mo for TNFR2 was greatly decreased and the ratio of selectivity
of tm-mutTNF-R1 Me¢ for TNFR1 over TNFR2 (R1/R2 of MFI)
was approximately three times that of tm-wtTNF Me (Fig. 4b
and c). Therefore, the expression of mutTNF-R1 on the cell surface
as the tmTNF form demonstrates TNFR1 selectivity, as does its
soluble form. On the other hand, the affinity of TNFR1 and TNFR2
for tm-mutTNF-R2 M¢ was weaker than their affinity for tm-
wtTNF Mo (Fig. 4a and b). Additionally, the ratio of selectivity
of tm-mutTNF-R2 M¢ for TNFR1 over TNFR2 was similar to that
of tm-wtTNF Mo, indicating little selectivity for TNFR2 in contrast
to what was observed for sol-mutTNF-R2 (Fig. 4c). We next eval-
uated the bioactivity of these tmTNFs via hTNFR2, by assessing
the cytotoxicity of these tmTNFs on hTNFR2/mFas-PA cells, which
express the hTNFR2/mFas chimeric receptor (Fig. 5). As previously
reported, a cytotoxicity assay using hTNFR2/mFas-PA cells is a
simple and highly sensitive assay system for determining
TNFR2-mediated activity. DKO Mo expressing each type of tmTNF
(effector cell) were fixed with paraformaldehyde, and co-cultured
with hTNFR2/mFas-PA cells (target cell). The viability of the tar-
get cells decreased significantly and in a dose-dependent manner
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Fig. 1. Bioactivity and binding of sol-wtTNF, sol-mutTNF-R1, and sol-muTNF-R2 to TNFRs. (a) HEp-2 cells or hTNFR2/Fas-PA cells were used for measuring TNFR1-mediated
or TNFR2-mediated bioactivity respectively. HEp-2 cells were cultured in serial dilutions of sol-wtTNF, sol-mutTNF-R1, and sol-mutTNF-R2 with 100 pug/ml cycloheximide for
18 h. hTNFR2/Fas-PA cells were also cultured in serial dilutions of sol-TNFs with 1 pg/ml cycloheximide for 48 h. Cell viability was determined using the methylene blue assay
for HEp-2 cells, and the WST-8 assay for hTNFR2 /Fas-PA cells. (b) The binding kinetics of sol-TNFs to immobilized TNFRs were analyzed using the surface plasmon resonance
(SPR) technique. TNFRs were immobilized to a sensor chip CM5, which resulted in an increase of 3000-3500 resonance units (RU). The amount of protein bound to the surface

was recorded in RU. Duplicate injections of 156.8, 52.3, or 17.4 nM sol-TNFs were passed over the immobilized TNFRs at a flow rate of 20 pl/min. The sensorgrams shown
were normalized by subtracting the control surface sensorgram.

when exposed to an increasing E(effector)/T(target) cell ratio of in a dose-dependent manner via signaling through the TNFR2/
tm-wtTNF M¢e compared to exposure to the control DKO Me. mFas chimera expressed on the target cell surface. The bioactivity
These results suggest that tmTNF induced death of these cells of tm-mutTNF-R1 Me was lower than that of tm-wtTNF Mo in
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Table 1
Amino acid sequence, bioactivity, and kinetic parameters of mutTNFs.
Human TNFs ~ Amino acids sequence Bioactivity EC50 (nM) Binding property
TNFR1 TNFR2
29 31 32 145 146 147 HEp-2 hTNFR2/ Kon ko (s7')° kg (NnM) Kon kotr (S71)° ka (nM)‘
mFas-PA (M-Ts 1y (M~1§° 1)
sol-wtTNF L R R A E S 1.9 (100%) 05 (100%) 2.1 x10° 14%x10* 068 1.1 x 10° 7.8 x 107* 0.70
(100%) (100%)
sol-mutTNF- K A G A S T 1.5 (128%) >300 6.5 x 10° 47x107*  073(93%) 5.8x10° 5220 107" 9.0 (8%)
R1 (<0.2%)
sol-mutTNF- L R R R E T >3000 3.1 (16%) 1.8 x 10° 36.1 x107% 202 (3%) 3.1x10° 154x 1074 049
R2 (<0.1%) (144%)

Kinetic parameters for each TNF were calculated by from the respective sensorgrams by BIA evaluation 3.0 software. Value in parenthesis shows the relative bioactivity or
relative binding affinity (%).

? kon is association kinetic constant.

b koir is dissociation kinetic constant.

¢ kq (equilibrium dissociation constant) denotes binding affinity.
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Fig. 2. Schematic representation of the tmTNF forms and the construction of the lentiviral vector. (a) Schematic representation of non-cleavable human TNFs (tm-TNFsA 1-
12). An inverted filled triangle shows the cleavage site. Closed bar, amino acids 1-12, indicates the deleted region. (b) Schematic representation of self-inactivating (SIN) LV
plasmid (CSII-EF-tm-TNFsA1-12-IRES-GFP). CMV: cytomegalovirus promoter, \: packaging signal, RRE: rev responsive element, cPPT: central polypurine tract, IRES:
Encephalomyocarditis virus internal ribosomal entry site, Bsd: Blasticidin, WPRE: woodchuck hepatitis virus posttranscriptional regulatory element. A: deletion of 133 bp in
the U3 region of the 3’ long terminal repeat. (c) Expression of GFP on each cell was analyzed by FCM, and the mean fluorescence intensity of each cell is shown.
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Fig. 3. The expression of TNF as the transmembrane form on tm-TNFs Me. (a) Expression of TNF on each cell was analyzed by FCM using PE-conjugated anti-hTNF
monoclonal antibody (open histograms) or PE-conjugated isotype control antibody (shaded histograms). (b) The mean fluorescence intensity of each cell is shown.

this assay, which correlates with the results observed when
studying its soluble form in Table 1. Interestingly, tm-mutTNF-
R2 M¢ was more cytotoxic than tm-wtTNF Mo, whereas the cyto-
toxicity of sol-mutTNF-R2 was only 16% of that of sol-wtTNF in
this assay.

In this study, we have established the selectivity of tm-mutTNF-
R1 Me for binding to TNFR1, although we need to measure the pre-
cise expression level of TNF in each cell. In addition, FCM analysis
suggested that tm-mutTNF-R2 Me have a lower affinity for both
TNFRs than do tm-wtTNF Mo, and that they exhibit little selectivity
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Fig. 4. The affinity of tm-TNFs M¢ for soluble TNF-receptors. (a) The binding of each tmTNF to solTNFR1 (dashed lines) or solTNFR2 (solid lines) was analyzed by FCM
analysis. DKO Mg, tm-wtTNF Mg, tm-mutTNF-R1 M¢, and tm-mutTNF-R2 M¢ were stained with solTNFR1- or solTNFR2-Fc chimera that was labeled with PE-conjugated Fab
fragment of anti-human Fc antibody. Shaded histograms show non-stained cells. (b) Mean fluorescence intensity of each cells is shown. (c) Values in parenthesis indicate the

relative intensity against non-treated cells in each cell line.

for TNFR2. In this report, we established macrophage cell lines
expressing only tmTNF, and not solTNF, owing to the deletion of
the first 12 amino acids (A1-12) of each TNF mutant. Although

most studies have made use of the A1-12 TNF mutation for the
investigation of tmTNF activity, the bioactivity of the resulting
non-cleavable tmTNF is reported to be reduced compared to
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Fig. 5. tm-mutTNF-R2 Mg induced death of hTNFR2/mFas-PA cells. hTNFR2/mFas-PA cells were co-incubated with paraformaldehyde-fixed DKO Mg (open bars), tm-wtTNF
Mg (filled bards), tm-mutTNF-R1 Mg (shaded bards), or tm-mutTNF-R2 M (stiped bards) at an effector/target (E/T) ratio of 5:1, 1:1, or 0.2:1 in the presence of cycloheximide
(1 pg/ml). After 48 h, cell viability was measured by the WST-8 Assay. Data were expressed as mean values * SD of triplicate measurements and analyzed by one-way ANOVA

(Dunnett's test). 'p < 0.05: compared to DKO Mg, *p < 0.05: compared to tm-wtTNF M.

wild-type tmTNF, whereas a tmTNF mutant containing a A1-9
K11E mutation exhibited normal cell-surface expression and a
bioactivity similar to the wild-type [22]. Therefore, use of this latter
deletion backbone may allow greater TNFR-selectivity in Mo engi-
neered to express tm-mutTNF-R2, and may generate superior
TNFR-selective tmTNF-expressing cells.

As described earlier, tmTNF and solTNF have distinct roles or
functions in normal and pathological conditions [8]. Furthermore,
it is also believed that TNFR2 can only be fully activated by tmTNF
[23]. Although the mechanisms underlying these effects are poorly
understood, the half lives of the individual ligand/receptor com-
plexes may contribute to the differential activity of tmTNF and sol-
TNF [23]. Krippner-Heidenreich et al. reported that the dissociation
rate constant of the cell surface binding of tmTNF to TNFR2 is much
lower than that of the binding of soITNF to the same receptor, indi-
cating that tmTNF dissociates much less readily from TNFR2 [24].
Thus, the bioactivity imparted by the interaction of the ligand/
receptor pair is dependent upon various binding parameters (bind-
ing affinity, association or dissociation rate constant). We have
shown here that tm-mutTNF-R2 M¢ exhibit greater cytotoxicity
on hTNFR2/mFas-PA cells than do tm-wtTNF M¢, whereas the cyto-
toxicity of sol-mutTNF-R2 was lower than that of sol-wtTNF. We as-
sume that the dissociation rate constant of the binding of mutTNF-
R2 to immobilized TNFR2 or TNFR2 on the cell surface might be re-
duced to a level similar to that of tm-wtTNF Mo upon conversion of
the soluble form to the transmembrane form. As such, the threefold
higher association rate constant of the interaction of TNFR2 with
sol-mutTNF-R2 than that of TNFR2 with sol-wtTNF (Table 1) might
explain the strong bioactivity on hTNFR2/mFas-PA cells.

The affinity between a ligand and its receptor is determined by
an equilibrium between the rates of association and dissociation,
and is determined inherently. Therefore, expression of sol-mut-
TNFs with selectivity for each TNFR as the corresponding tmTNF
forms on the cell surface, may alter the selectivity for the TNFRs.
We plan to carry out more detailed analyses of the variant tmTNFs,
such as measurement of their expression, their precise affinity for
TNFR1 or R2, and their activity mediated through binding and sig-
naling through TNFR1. Eventually, these tmTNFs, tm-mutTNF-R1
and R2 M¢ may prove useful for functional analysis or signal anal-
ysis of TNF receptors.
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Proteomics-based analysis is currently the most promising approach for identifying biomarker proteins
for use in drug development. However, many candidate biomarker proteins that are over- or under-
expressed in diseased tissues are found by such a procedure. Thus, establishment of an efficient method
for screening and validating the more valuable targets is urgently required. Here, we describe the
development of an “antibody proteomics system” that facilitates the screening of biomarker proteins
from many candidates by rapid preparation of cross-reacting antibodies using phage antibody library
technology. Using two-dimensional differential in-gel electrophoresis analysis, 16 over-expressed
proteins from breast cancer cells were identified. Specifically, proteins were recovered from the gel
pieces and a portion of each sample was used for mass spectrometry analysis. The remainder was
immobilized onto a nitrocellulose membrane for antibody-expressing phage enrichment and selection.
Using this procedure, antibody-expressing phages against each protein were successfully isolated within
two weeks. The expression profiles of the identified proteins were then acquired by immunostaining of
breast tumor tissue microarrays with the antibody-expressing phages. Using this approach, expression of
Eph receptor A10, TRAIL-R2 and Cytokeratin 8 in breast tumor tissues were successfully validated.

These results demonstrate the antibody proteomics system is an efficient method for screening tumor-
related biomarker proteins.
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1. Introduction

Proteomics-based analysis is the most promising approach for
identifying tumor-related biomarker proteins used in the drug
development process [1-3]. The technological development of
proteomics to seek and identify differentially expressed proteins in
disease samples is expanding rapidly. However, in spite of the
identification of many candidate biomarkers, the number of
biomarker proteins successfully applied to drug development has
been limited. The main difficulty is the lack of a methodology to
comprehensively analyze the expression or function of many
candidate proteins and to efficiently select potential biomarker
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proteins of interest. To circumvent this problem, an improved
technology to efficiently screen the truly valuable proteins from
a large number of candidates is desirable.

Monoclonal antibodies are extremely useful tools for the func-
tional and distributional analysis of proteins [4-G|. For example,
they can be applied to the specific detection and study of proteins
through various techniques including ELISA, Western blotting,
fluorescent imaging and tissue microarray analysis (TMA). Of all
these techniques, TMA is particularly valuable because it enables
the analysis of clinical expression profiles of antigens from many
clinical samples [7—11]. However, the common hybridoma-based
antibody production is a laborious and time-consuming method.
Thus, it is impractical to create antibodies against many differen-
tially expressed proteins identified by proteomics technologies,
such as two-dimensional differential in-gel electrophoresis
(2D-DIGE) [12-15]. Furthermore, a relatively large amount of
antigen (several milligrams) is necessary to produce an antibody
(i.e., immunization of animals or screening of positive clones). The
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production of protein on this scale often requires engineering the
corresponding gene for heterologous expression, which may
require some time to optimize. In this respect, phage antibody
library technology is able to construct a large repertoire protein or
peptide consisting of hundreds of millions of molecules. Mono-
clonal antibodies against target antigens are then rapidly obtained
from the phage libraries displaying single chain fragment variable
(scFv) antibodies in vitro [ 16 21].

However, the amount of protein in spots detected by 2D-DIGE
analysis is generally very small (hundreds of nanograms). There-
fore, a technology for generating monoclonal antibodies from such
small amounts of antigen needs to be developed. There are no
reports that describe the successful isolation of antibodies against
small amounts of proteins obtained from differential proteome
analysis.

Here, we report the establishment of a method for the efficient
isolation of scFv antibody-expressing phages from a small amount
of protein antigen prepared via 2D-DIGE spots using a high quality
non-immune mouse scFv phage library [22]. We also describe an
efficient method for screening and validating tumor-related
biomarker proteins of interest from a number of differentially
expressed proteins by expression profiling using TMA and scFv
antibody-expressing phages.

2. Materials and methods
2.1. Non-immune mouse scFv phage library

Construction of the improved non-immune murine scFv phage library has been
described previously [22]. The phage library was prepared from a TG1 glycerol stock
containing the scFv gene library.

2.2. Affinity panning using BlAcore®™ and nitrocellulose membrane

Three different amounts (5000 ng, 50 ng or 0.5 ng) of KDR-Fc chimera (R&D
systems Inc., Minneapolis, MN) or a portion of the proteins (1-5 ng) extracted from
2D-DIGE spots were immobilized on a BlAcore sensor chip CM3® (BlAcore, Uppsala,
Sweden) or on a nitrocellulose membrane. BlAcore-based panning has been
described previously [22]. Membrane-based panning was performed using the Bio-
Dot Microfiltration Apparatus (Bio-Rad Laboratories, Hercules, CA). The membrane
was incubated with blocking solution (10% skimmed milk, 25% glycerol) for 2 h and
then washed twice with 0.1% TBST (Tris-buffered saline containing 0.1% Tween 20).
The model phage library (anti-KDR scFv antibody-expressing phages: wild type
phage = 1: 100) or the non-immune scFv phage library was pre-incubated with 90%
blocking solution at 4 “C for 1 h and then applied to each well. After 2—3 h incu-
bation, the apparatus was washed ten times with TBST. Bound scFv antibody-
expressing phages were then eluted with 100 mwm triethylamine. The eluted phages
were incubated in log phase E. coli TG1 cells and glycerol-stocks prepared for further
repeat panning cycles. Phage titer was measured by counting the number of infected
colony cells on Petrifilm (3M Co., St. Paul, MN).

2.3. Colony direct PCR

After the panning, colonies of phage-infected TG1 were picked up at random as
PCR templates. The gene inserts of 16 clones were amplified by PCR using the
following primers: primer-156 (5'-CAACGTGAAAAAATTATTATTCGC-3') and primer-
158 (5'-GTAAATGA ATTTTCTGTATGAGG-3'), which anneal to the sequences of
pCANTABSE phagemid vector (GE Healthcare Biosciences AB, Uppsala, Sweden). The
size of insert DNA sequence was analyzed by agarose gel electrophoresis.

24. Cell lines

Human mammary gland cell line 184A1 (American Type Culture Collection;
ATCC, Manassas, VA) was maintained by MEGM Bullet Kit (Takara Bio, Shiga, JAPAN).
Mammary gland-derived breast cancer cell line SKBR3 (ATCC) was maintained in
McCoy's 5a plus 10% FBS. All cells were grown at 37 °C in a humidified incubator
with 5% CO,.

2.5. 2D-DIGE analysis

Cell lysates were prepared from human mammary gland cell line 184A1 and
mammary gland-derived breast cancer cell line SKBR3, and then solubilized with 7 m
urea, 2 m thiourea, 4% CHAPS and 10 mm Tris—HCl (pH 8.5). The lysates were labeled
at the ratio 50 pg protein: 400 pmol Cy3 or Cy5 protein labeling dye (GE Healthcare

Biosciences AB) in dimethylformamide according to the manufacture’s protocol. For
first dimension separation, the labeled samples (each 50 ug) were combined and
mixed with rehydration buffer (7 m urea, 2 m thiourea, 4% CHAPS, 2% DTT, 2%
Pharmalyte (GE Healthcare Biosciences AB)) and applied to a 24-cm immobilized pH
gradient gel strip (IPG-strip pH 5—6 NL). The samples for the spot-picking gel were
prepared without labelling by Cy-dyes. For the second dimension separation, the
IPG-strips were applied to SDS-PAGE gels (10% polyacrylamide and 2.7% N,N’-dia-
llyltartardiamide gels). After electrophoresis, the gels were scanned with a laser
fluoroimager (Typhoon Trio, GE Healthcare Biosciences AB). The spot-picking gel
was scanned after staining with Flamingo solution (Bio-Rad). Quantitative analysis
of protein spots was carried out with Decyder-DIA software (GE Healthcare Biosci-
ences AB). For the antigen spots of interest, spots of 1 ~ 1 mm in size were picked
using an Ettan Spot Picker (GE Healthcare Biosciences AB). Proteins were extracted
by solubilizing the picked gel pieces using 88 mm sodium periodide. Protein volumes
were determined by BSA standard in Colloid Gold Total Protein staining (Bio-Rad).

2.6. In-gel tryptic digestion

Spots of 1 mm » 1 mm in size were picked using an Ettan Spot Picker and
digested with trypsin as described below. The gel pieces were then destained with
50% acetonitrile/50 mm NH4HCO3 for 20 min twice, dehydrated with 75% acetonitrile
for 20 min, and then dried using a centrifugal concentrator. Next, 5 ul of 20 pl/ml
trypsin (Promega, Madison, WI) solution was added to each gel piece and incubated
for 16 h at 37 “C. Three solutions were used to extract the resulting peptide mixtures
from the gel pieces. First, 50 ul of 50% (v/v) acetonitrile in 1% (v/v) aqueous tri-
fluoroacetic acid (TFA) was added to the gel pieces, which were then sonicated for
5 min. Next, we collected the solution and added 80% (v/v) acetonitrile in 0.2% TFA.
Finally, 100% acetonitrile was added for the last extraction. The peptides were dried
and then resuspended in 10 pl of 0.1% TFA before being cleaned using ZipTip™ uCyq
pipette tips (Millipore, Billerica, MA). The tips were wetted with three washes in 50%
acetonitrile and equilibrated with three washes in 0.1% TFA, then the peptides were
aspirated 10 times to ensure binding to the column. The column and peptides were
washed three times in 0.1% TFA before being eluted in 1 pl of 80% acetonitrile/0.2%
TFA.

2.7. Mass spectrometry (MS) and database search

The tryptic digests (0.6 pl) were mixed with 0.6 ul a-cyano-4-hydroxy-trans-
cinnamic acid saturated in a 0.1% TFA and acetonitrile solution (1:1vol/vol). Each
mixture was deposited onto a well of a 96-well target plate and then analyzed by
matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF/MS; autoflexll, Bruker Daltonics, Billerica, WI) in the Reflectron mode.
The mass axis was adjusted with calibration peptide (BRUKER DALTNICS) peaks (M/z
1047.19,1296.68, or 2465.19) as lock masses. Bioinformatic databases were searched
to identify the proteins based on the tryptic fragment sizes. The Mascot search
engine (http://www.matrixscience.com) was initially used to query the entire
theoretical tryptic peptide as well as SwissProt (http://www.expasy.org/, a public
domain database provided by the Swiss Institute of Bioinformatics, Geneva,
Switzerland). The search query assumed the following: (i) the peptides were
monoisotopic (ii) methionine residues may be oxidized (iii) all cysteines are modi-
fied with iodoacetamide.

2.8. Phage ELISA using nitrocellulose membrane

Phage ELISA using scFv antibody-expressing phages was performed as previ-
ously described [22]. Briefly, phage-infected TG1 clones were picked, monocloned in
a Bio-Dot Microfiltration Apparatus and scFv antibody-expressing phages propa-
gated. The supernatants containing scFv antibody-expressing phages were incu-
bated with immobilized proteins (~1 ng) extracted from 2D-DIGE spots. scFv
antibody-expressing phages bound to 2D-DIGE spots were visualized using HRP-
conjugated anti-M13 monoclonal antibody (GE Healthcare Biosciences AB).

2.9. Immunohistochemical staining using scFv antibody-expressing phages

Human breast cancer and normal TMA (Super Bio Chips, Seoul, South Korea &
Biomax, Rockville, MD) were deparaffinated in xylene and rehydrated in a graded
series of ethanol. Heat-induced epitope retrieval was performed in while keeping
Target Retrieval Solution pH 9 (Dako, Glostrup, Denmark) temperature following the
manufacturer's instructions. Heat-induced epitope retrieval was performed while
maintaining the Target Retrieval Solution pH 9 (Dako) at the desired temperature
according to the manufacturer’s instructions. After heat-induced epitope retrieval
treatment, endogenous peroxidase was blocked with 0.3% Hy0, in TBS for 5 min
followed by washing twice in TBS. TMA were incubated with 5% BSA blocking
solution for 15 min. The slides were then incubated with the primary scFv antibody-
expressing phages (10'> CFU/ml) for 60 min. After washing three times with 0.05%
TBST, each series of sections was incubated for 30 min with ENVISION + Dual Link
(Dako), washed three times in TBST. The reaction products were rinsed twice with
TBST, and then developed in liquid 3,3'-diaminobenzidine (Dako) for 3 min. After
the development, sections were washed twice with distilled water, lightly
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counterstained with Mayer's hematoxylin, dehydrated, cleared, and mounted with
resinous mounting medium. All procedures were performed using AutoStainer
(Dako).

2.10. TMA Immunohistochemistry scoring

The optimized staining condition for breast tumor tissue microarray was
determined based on the coexistence of both positive and negative cells in the same
tissue sample. Signals were considered positive when reaction products were
localized in the expected cellular component. The criteria for the staining were
scored as follows: distribution score was scored as 0 (0%), 1 (1-50%), and 2
(51-100%) to indicate the percentage of positive cells in all tumor cells present in
one tissue. The intensity of the signal (intensity score) was scored as 0 (no signal), 1
(weak), 2 (moderate) or 3 (marked). The total of the distribution score and intensity
score was then summed into a total score (TS) of TSO (sum = 0), TS1 (sum = 2), TS2
(sum = 3),and TS3 (sum = 4-5). Throughout this study, TSO or TS1 was regarded as
negative, whereas TS2 or TS3 was regarded as positive. Statview software was used
in statistical analysis.

3. Results
3.1. Optimization of panning methods

To establish a method for the efficient isolation of antibodies
against a small amount of protein antigen (nanogram-order or less)
prepared from 2D-DIGE spots, 5000 ng, 50 ng or 0.5 ng of
recombinant KDR proteins were first immobilized on a BlAcore
sensor chip CM3" or on a nitrocellulose membrane using the Bio-
Dot Microfiltration Apparatus”. lIsolation of antibodies was
assessed using a model phage library (anti-KDR scFv antibody-
expressing phages: wild type phage = 1: 100) (Fig. 1). Enrichment
of the desired clones in the output library was evaluated by
analyzing the gene inserts of randomly-picked phage-infected TG1
cells by colony direct PCR. In the method using BlAcore®, enrich-
ment was observed when 5000 ng of KDR was used for immobili-
zation. By contrast, Membrane-based panning led to the successful
enrichment of anti-KDR scFv antibodies from only 0.5 ng of KDR.
These results demonstrated that membrane-based panning was
suitable for the isolation of antibodies from very small amounts of
antigen extracted from 2D-DIGE spot gel pieces.

3.2. 2D-DIGE analysis and identification of differentially expressed
proteins

To identify breast tumor-related biomarker proteins and isolate
monoclonal antibodies against them, we performed 2D-DIGE using
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breast cancer cell lines SKBR3 and normal breast cell lines 184A1
(Fig. 2). Quantitative analysis showed that 21 spots displayed
increased or decreased expression levels in the cancer cell line
compared with the normal cell line. MALDI-TOF/MS analysis of the
spots subsequently identified 16 different proteins (Table 1).

3.3. Isolation of antibodies against each 2D-DIGE spot from the
non-immune scFv phage library

The amount of protein extracted from the gel pieces ranged
from several tens of nanogram to a few micrograms (Table 1).
Because the membrane-based panning method facilitates the
isolation of antibodies from 0.5 ng of protein (Fig. 1), we reasoned
that this method could be used to isolate antibodies from the small
amounts of proteins extracted from 2D-DIGE spot gel pieces. Thus
a portion of the extracted proteins were immobilized onto nitro-
cellulose membranes by means of a Bio-Dot Microfiltration Appa-
ratus, and membrane-based panning was performed using the
non-immune scFv phage library [22] (Table 2). The results from this
panning showed that the output/input ratio of phage titer (titer of
the recovered phage library after the panning/titer of phage library
before the panning) after the fourth round of panning against all
spots increased approximately 20-fold—4000-fold in comparison to
that obtained from the first round of panning. This elevated output/
input ratio indicated the enrichment of the antigen-binding scFv
antibody clones. To isolate monoclonal scFv antibodies to each spot,
a total of 60 clones were randomly picked from the 4th panning
output phage library and binding of the monoclonal scFv antibody-
expressing phages to each antigen was tested by phage ELISA. As
a result, several scFv antibody clones binding to each of the 16
antigens were isolated (Table 2). The antigenic specificity of iso-
lated scFv antibodies was investigated by dot blot using various
proteins as antigens. Some of the isolated scFv antibodies bound
specifically to the antigen protein, but not to the His-tagged cas-
pase-8, His-tagged importin-f, tumor necrosis factor receptor 1
(TNFR1)-Fc-chimera and KDR-Fc-chimera (data not shown). These
results indicated the successful isolation of each spot-specific scFv
antibody-expressing phages after only two weeks.

3.4. TMA analysis

The next stage in the process was to select the most valuable
breast tumor-related biomarker proteins from a large number of

anti-KDR scFv-expressing phage
wild type phage

Membrane-based panning output

Fig. 1. Optimization of panning methods to isolate monoclonal antibodies from a very small amount of antigen. Model panning was performed using the BlAcore® or nitrocellulose
membrane. The model library (anti-KDR scFv phage : wild type phage = 1: 100) was incubated with KDR ((A) 5000 ng, (B) 50 ng, (C) 0.5 ng) immobilized on a sensor chip or
nitrocellulose membrane. The BlAcore-based panning method has been previously described [22]. After the binding step, the nitrocellulose membrane was washed ten times with
TBST. The bound scFv antibody-expressing phages were eluted with triethylamine. The eluted scFv antibody-expressing phages were then incubated in log phase TG1 cells and
individual TG1 clones were picked at random. Inserts of 16 phage clones were amplified by PCR. The gene sizes of inserts were analyzed by agarose gel electrophoresis.
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Fig. 2. 2D-DIGE image of fluorescently labeled proteins from SKBR3 and 184A cell.
Breast cancer cell line (SKBR3) and normal breast cell line (184A1) were labeled using
cy3 and cy5, respectively. The protein samples were then subjected to 2D electro-
phoresis. Spots that were over- and under-expressed in mammary cancer cells relative
to normal cells were colored red and green, respectively. Yellow color spots show no
change in expression.

identified candidate proteins. To this end, we immunostained TMA
slides with 189 cases of breast tumors and 15 cases of normal breast
specimens using the isolated spot-specific scFv antibody-express-
ing phages and screened the promising candidate biomarker
proteins in terms of the expression profile in breast tumor tissues
and normal tissues (Table 3). The result of the expression profile
analysis showed that SPATA5, beta-actin variant, FLJ31438, PAK65,
XRN1 and Jerky protein homolog-like were not expressed in

Table 1
Identification of 2D-DIGE spots by MALDI-TOF/MS.
Spot  Protein name Accession MW pl Protein  Expression
number (kDa) volume  ratio
(ng) [cancer/
normal]
(fold)
#1 splicing factor Q96MU7 85 59 119 6
YT521-B
#2 IkappaBR Q96HA7 63 5.5 104 6
#3 SPATA5 C9JT97 76 5.6 94 7
#4 skin aspartic Q53RT3 37 53 610 0.1
protease
#5 beta actin variant ~ P60709 42 53 99 15
#6 TRAIL-R2 014763 48 5.4 100 18
#7 Cytokeratin-18 P05783 48 53 99 12
#8 TRAIL-R2 014763 48 54 95 16
#9 RREB1 Q92766 52 53 109 10
#10  Cytokeratin-7 P08729 51 54 126 23
#11  Cytokeratin-18 P05783 48 53 497 13
#12  Cytokeratin-7 P08729 51 54 122 24
#13  FLJ31438 QI6N41 53 55 126 35
#14  Cytokeratin-7 P08729 51 5.4 406 36
#15  PAK65 Q13177 55 5.7 677 8
#16  Cytokeratin 8 P05787 54 55 694 32
#17 Cytokeratin 8 P05787 54 55 1143 72
#18  XRN1 Q8IZH2 54 5.8 353 8
#19  Jerky protein Q9Y4A0 51 6.0 130 22
homolog-like
#20  Ephreceptor A10  Q5JZY3 32 5.7 119 9
#21 Glutathione P09211 23 5.4 119 0.02

S-transferase P

Table 2
Enrichment and isolation of antibodies to 2D-DIGE spots from non-immune
libraries.

Spot  Protein name Output/Input Ratio The number of

(~1077)/round isolated mAb.
Ist 2nd 3rd  4th
#1 splicing factor YT521-B 6 7 16 480 4
#2 IkappaBR 6 7 15 500 3
#3 SPATAS 5 6 32 860 2
#4 skin aspartic protease 5 6 5 24 1
#5 beta actin variant 7 11 17 480 1
#6 TRAIL-R2 6 7 25 420 5
#7 Cytokeratin 18 5 11 62 260 4
#8 TRAIL-R2 5 27 41 1500 5
#9 RREB1 8 9 14 370 7
#10 Cytokeratin 7 6 7 3 2200 5
#11 Cytokeratin 18 6 8 15 84 2
#12  Cytokeratin 7 10 11 13 94 2
#13  FLJ31438 7 9 32 80 6
#14  Cytokeratin 7 - 7 46 280 5
#15  PAK65 7 11 51 580 9
#16 Cytokeratin 8 8 7 16 4100 6
#17 Cytokeratin 8 5 12 33 240 2
#18 XRN1 6 20 18 200 1
#19  Jerky protein 7 10 49 940 3
homolog-like
#20  Eph receptor A10 8 6 57 3000 2
#21  Glutathione 7 8 110 1900 2

S-transferase P

normal and breast cancer tissue at all. By contrast, TRAIL-R2,
Cytokeratin 8 and Eph receptor A10 were highly and specifically
expressed (Fig. 3) in 63, 73 and 49% of breast tumor cases respec-
tively, while the existing-breast cancer marker, Her-2, was
expressed in 28% of breast tumor cases (Table 3). Thus, the rela-
tionship between the expression of each antigen and the Her-2
expression profile was analyzed. The level of expression of TRAIL-
R2, Cytokeratin 8 and Eph receptor A10 in Her-2 positive cases were
77, 77 and 62%, and in Her-2 negative cases were 57, 67 and 44%,
respectively (Table 4). Furthermore, the relationship between the
expression of each antigen and clinical stage was analyzed in 187 of
the 189 cases where all the clinical data was available. The level of
expression of Cytokeratin 8 and Eph receptor A10 increased with
progression of clinical symptoms (Table 5).

4. Discussion

Here, we aimed to develop a method of efficiently screening
tumor-related biomarker proteins by proteome analysis. In

Table 3
Positive rate of identified proteins in breast cancer and normal breast tissues.

Protein name Positive rate of antigens

Normal breast Breast cancer tissues

tissues
Her-2 0/15 (0%) 53/189 (28%)
IkappaBR 3/15 (20%) 22/189 (12%)
SPATAS5 0/15 (0%) 0/189 (0%)
beta actin variant 0/15 (0%) 0/189 (0%)
TRAIL-R2 0/15 (0%) 119/189 (63%)
RREB1 1/15 (7%) 83/189 (44%)
FLJ31438 0/15 (0%) 0/189 (0%)
PAKG5 0/15 (0%) 0/189 (0%)
Cytokeratin 8 0/15 (0%) 137/189 (73%)
XRN1 0/15 (0%) 0/189 (0%)
Jerky protein homolog-like 0/15 (0%) 0/189 (0%)
Eph receptor A10 0/15 (0%) 93/189 (49%)
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Fig. 3. Immunohistochemical staining of breast tumor and normal breast tissue microarray by scFv antibody-expressing phages. Typical images of breast cancer and normal breast
tissue microarray stained by using scFv antibody-expressing phages to TRAIL-R2, Eph receptor A10 and Cytokeratin 8 are shown. Left panels are normal breast tissues and right

panels are breast tumors. The tissue microarrays were counterstained by hematoxylin.

particular, we attempted to establish a means of isolating specific
antibodies directly from small amounts of differentially expressed
proteins obtained via 2D-DIGE analysis. To achieve this, we focused
on a non-immune scFv phage library. Because the non-immune
naive scFv phage library has a huge repertoire of scFv on the surface
of the phages, monoclonal antibodies to every antigen could be
effectively isolated in vitro. Generally the diversity of the CDR3
domain, which is important for antigen-binding specificity, is

estimated to be approximately twenty million [23]. Thus we
reasoned that our previously constructed library, containing
2.4 » 107 scFv variants, has almost equal potential as the murine or
human immune system [22]. Initially, in order to isolate mono-
clonal antibodies against very small amounts of antigen (hundreds
of nanograms) recovered from the spots of 2D-DIGE analysis, we
attempted to optimize the panning method using either a BIAcore®
or nitrocellulose membrane. In the method using BlAcore”, the
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Table 4
Positive rate of identified proteins in Her-2 positive and Her-2 negative cases.

Table 5
Positive rate of identified proteins in clinical stage.

Protein name Positive rate of antigens in Her-2

Protein name Positive rate of antigens in clinical stage

Positive cases Negative cases Stage | Stage Il Stage 111
TRAIL-R2 4]/53 (77%) 78/136 (57%) Her-2 6/14 (43%) 17/87 (20%) 30/86 (35%)
Cytokeratin 8 41/53 (77%) 91/136 (67%) TRAIL-R2 11/14 (79%) 51/87 (59%) 55/86 (64%)
Eph receptor A10 33/53 (62%) 60/136 (44%) Cytokeratin 8* 7014 (50%) 58/87 (67%) 71/86 (83%)
TRAIL-R2 or Eph receptor A10 46/53 (87/“) 100/136 (74%) Eph receptor A10* 4/14 (29%) 42/87 (48%) 47/86 (55%)

enrichment of the desired clones was observed when immobilizing
5000 ng of KDR. By contrast, membrane-based panning led to the
successful enrichment of clones from only 0.5 ng of KDR (Fig. 1).
BlAcore-based panning has been recognized to be an effective
method because the interaction of an antigen and a scFv antibody
can be monitored in real time and the operation can be automated
[24,25]. However, our results suggest that BlAcore" is inefficient for
immobilizing very small amounts of antigen. This is because
antigen immobilization using the BlAcore procedure requires
a chemical coupling reaction with the surface of the sensor chip. In
contrast, the membrane-based panning method is suitable for the
isolation of antibodies against very small amounts of antigens. The
suitability of this procedure when handling such small amounts of
proteins presumably arises from the high efficiency of adsorption of
antigens by the nitrocellulose membrane. These results show that
monoclonal antibodies can be created from small amounts of
proteins recovered from 2D-DIGE spots.

In breast cancer patients, the antibody targeting human
epidermal growth factor receptor Il (Her-2), is an effective drug
[26,27]. However, because this receptor is over-expressed in only
~25% of breast cancer patients, anti-Her-2 antibody therapy is
ineffective in ~75% of cases. Furthemore, approximately 30% of
Her-2 over-expressed patients that received anti-Her-2 antibody
therapy became tolerant [28—30]. Thus, we applied our antibody

O n
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infection
E.coli (TG1)

Affinity panning cycb‘

(2 days / cycle) V4

1) 2D-DIGE analysis
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Man Whitney U test *P < 0.05

proteomics system to breast cancer samples for identification of the
proteins to replace Her-2 as suitable therapeutic targets. Initially, 21
differentially expressed proteins between SKBR3 and 184A1 cells
were found by 2D-DIGE analysis and 16 different proteins were
identified by MALDI-TOF/MS. Four of the identified proteins were
present in more than one spot i.e., TRAIL-R2 (spot 6, 8), Cytokeratin
18 (spot 7,11), Cytokeratin 8 (spot 16, 17) and Cytokeratin 7 (spot 10,
12, 14). These proteins presumably display different pI and MW
values due to posttranslational modification. Next, membrane-
based panning against these spots was performed, and the output/
input ratio of phage titer after the fourth round of panning
increased from approximately 20-fold—4000-fold in comparison to
that after the first round of panning. Moreover, we screened scFv
antibody-expressing phages binding to each spot protein by phage
ELISA and obtained each spot-specific scFv antibodies from all spots
after approximately two weeks. Finally, it was necessary to select
the most valuable proteins from a large number of differentially
expressed proteins in breast cancer cells. Using the isolated spot-
specific scFv antibody-expressing phages, we immunostained
a TMA with 189 cases of breast cancer tissue and 15 samples
of normal tissue. SPATA5, Beta actin, FL]J31438, PAK65 and XRN1
were not detected in either the tumor tissue or normal tissue. Thus,
these proteins may have been derived from cell lines used in the
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Fig. 4. Schematic illustration of the antibody proteomics system. Antibody proteomics system is an efficient method for screening tumor-related biomarker proteins. Because this
system involves the direct isolation of monoclonal antibodies from 2D-DIGE spots without preparation of recombinant proteins, it enables the discovery and validation of tumor-
related biomarker proteins by TMA analysis using the isolated scFv antibody-expressing phages.



168 S. Imai et al. / Biomaterials 32 (2011) 162—169

proteome analysis or the antibodies against these proteins may not
detect the antigen on formalin-fixed paraffin-embedded tissues. By
contrast, TRAIL-R2, Cytokeratin 8 and Eph receptor A10 were
specifically-expressed in over 40% of breast cancer tissues. We
confirmed the immunohistochemical staining image generated by
scFv antibody-expressing phages displayed a similar pattern to that
generated by IgG type commercial antibody (data not shown).
Interestingly, the expression rates of TRAIL-R2, Cytokeratin 8 and
Eph receptor A10 were higher than the existing breast cancer
marker, Her-2 (only about 25%). Moreover, the expression rates of
TRAIL-R2 and Eph receptor A10 (cell membrane proteins) in Her-2
negative cases were over 40% and in Her-2 positive cases over 60%.
This data indicates that TRAIL-R2 and Eph receptor A10 are prom-
ising alternative target candidates for anti-Her-2 antibody therapy
ineffective patients, at least in terms of the expression profile.
Further work is required to analyze the function of these proteins in
more detail. Furthermore, by checking antigen expression profiles
against clinical information, the expression rate of Cytokeratin 8
and Eph receptor A10 was found to have increased during
progression of the clinical symptoms. These observations indicate
that Cytokeratin 8 and Eph receptor A10 are promising diagnostic
marker candidates for assessing the aggressiveness of breast
cancer.

Recently, an anti-TRAIL-R2 antibody has been developed as an
anticancer drug [31-33]. Moreover, Cytokeratin 8 has gained
considerable attention as a cancer aggressiveness diagnostic
marker [34-36]. These results demonstrate that this technology is
able to select well-known drug-target markers (i.e., TRAIL-R2) and
diagnostic markers (i.e, Cytokeratin 8) as well as unknown
biomarker protein candidates (Eph receptor A10) from a large
variety of differentially expressed proteins in cancer cells.

Our method employs a set of techniques for efficiently identi-
fying biomarker candidates. Specifically, the method entails; 1)
searching for differentially expressed proteins in disease samples,
2) identification of the proteins, 3) high throughput isolation of
monoclonal antibodies against the proteins using a naive scFv
phage library, and 4) validation of the proteins by TMA analysis.
This methodology is referred to as an “antibody proteomics system”
(Fig. 4). We believe that the proteins identified using this approach
will contribute to the drug development process. Indeed, the
antibody proteomics system could become a platform technology
for seeking tumor-related biomarker proteins by a proteomics-
based approach.

5. Conclusions

In this study, we established the antibody proteomics system for
efficiently screening and validating tumor-related biomarker
proteins of interest by isolating specific antibodies directly from
small amounts of proteins obtained via 2D-DIGE analysis. Applying
this technique to the identification of breast tumor-related
biomarker proteins, the expressions of Eph receptor A10, TRAIL-R2
and Cytokeratin 8 in breast tumor tissues were successfully vali-
dated from a large number of candidates. These results demon-
strate that our original technology is an efficient and useful method
for screening tumor-related biomarker proteins. Moreover, Eph
receptor A10, TRAIL-R2 and Cytokeratin 8 identified in this study
are promising breast tumor biomarkers for drug development.
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Appendix

Figure with essential color discrimination. Figs. 24 in this
article have parts that are difficult to interpret in black and white.
The full color images can be found in the on-line version, at doi: 10.
1016/j.biomaterials.2010.09.030.
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