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Exposure to nano-sized particles is increasing because they are used in a wide variety of industrial prod-
ucts, cosmetics, and pharmaceuticals. Some animal studies indicate that such nanomaterials may have
some toxicity, but their synergistic actions on the adverse effects of drugs are not well understood. In this
study, we investigated whether 70-nm silica particles (nSP70), which are widely used in cosmetics and
drug delivery, affect the toxicity of a drug for inflammatory bowel disease (5-aminosalicylic acid), an antibi-
otic drug (tetracycline), an antidepressant drug (trazodone), and an antipyretic drug (acetaminophen) in
mice. Co-administration of nSP70 with trazodone did not increase a biochemical marker of liver injury. In
contrast, co-administration increased the hepatotoxicity of the other drugs. Co-administration of nSP70 and
tetracycline was lethal. These findings indicate that evaluation of synergistic adverse effects is important

for the application of nano-sized materials.

1. Introduction

Nano-sized particles, which have a diameter of less than 100 nm,
are widely used in medicine, food, and machinery. With their
smaller size, the physical and chemical properties of their con-
stituents change, so that they may be toxic, for example to the
lungs or liver, even though macro-particles of the same materials
are not (Byrne and Baugh 2008; Nishimori et al. 2009b). Some
nano-sized particles show long-term accumulation or a wide dis-
tribution in the body (Byrne and Baugh 2008; Nishimori et al.
2009b; Xie et al. 2009; Yang et al. 2008).

Recent reports indicate that some nano-sized particles can gen-
erate reactive oxygen species (ROS) on their surfaces, leading
to cellular injury (Jin et al., 2008; Sharma et al. 2007; Ye et al.
2010). There are also many drugs that cause adverse effects
through the generation of ROS (Ali et al. 2002; Kovacic 2005,
Xu et al. 2008). Thus, nano-sized particles might enhance the
side-effects of some pharmaceutical drugs. Indeed, we have
shown that 70-nm silica particles (nSP70) cause liver injury
but that macro-sized silica particles with a diameter of 300
and 1000 nm do not (Nishimori et al. 2009b). Also, when co-
administered to mice, nSP70 but not the macro-sized silica par-
ticles enhance the toxicity of cisplatin and paraquat (Nishimori
et al. 2009a). Surprisingly, co-administration of cisplatin and
nSP70 was lethal, suggesting that each chemical may have dif-
ferent synergistic effects in the presence of nano-sized materials.
In the current study, to clarify the influence of nano-sized mate-
rials on the adverse effects of chemicals, we assessed the toxicity
in mice of 5-aminosalicylic acid (an agent for treating inflamma-
tory bowel disease), tetracycline (a broad-spectrum antibiotic),
trazodone (an antidepressant), and acetaminophen (a common
antipyretic analogue) in the presence or absence of nSP70.
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2. Investigations and results

Several reports indicate that 5-aminosalicylic acid, whichis used
to treatinflammatory bowel disease, causes liver injury and inter-
stitial nephritis (Deltenre et al. 1999; Margetts et al. 2001).
Administration of 5-aminosalicylic acid caused an increase
in ALT, AST and BUN levels (Fig. 1). Also, nSP70 dose-
dependently elevated ALT and AST levels. Co-treatment with
5-aminosalicylic acid and nSP70 resulted in higher levels of
ALT and AST than nSP70 alone. In contrast, changes in BUN
levels in response to 5-aminosalicylic acid were not affected by
nSP70.

Next, we investigated effect of nSP70 on tetracycline, a broad-
spectrum antibiotic. As shown in Fig. 2A and 2B, administration
of tetracycline did not elevate biochemical markers for liver
injury. In contrast, co-administration with nSP70 resulted in the
synergistic induction of liver injury. However, nSP70 alone did
not cause kidney injury. Importantly, co-administration of 30
and 50 mg/kg nSP70 with tetracycline resulted in the death of 1
of 4 and 2 of 4 mice, respectively.

Finally, we investigated effect of nSP70 on toxicity of the antide-
pressant trazodone and the antipyretic analgesic acetaminophen.
We found that nSP70 did not have a synergistic effect on the
toxicity of trazodone (Fig. 3). In contrast, co-administration
of acetaminophen with nSP70 caused synergistic liver injury
(Fig. 4).

3. Discussion

In this study, we showed that nSP70 synergistically enhance
the toxicity of S5-aminosalicylic acid, tetracycline, and
acetaminophen but not trazodone. To avoid direct interac-
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Fig. 1: Effect of nSP70 on 5-aminosalicylic acid (5-ASA)-induced toxicity Mice were injected intraperitoneally with 5-ASA at 0 (open column) or 500 mg/kg (gray column) and
intravenously with nSP70 at the indicated doses. After 24 h, the serum was collected. Shown are the levels of ALT (A), AST (B), and BUN (C). Data are means & SEM

(n=4)

tions between nSP70 and chemicals in their administration
and absorption, nSP70 and chemicals were administered intra-
venously and intraperitoneally, respectively. Administration of
nSP70 alone has been shown to cause liver injury but not kid-
ney injury (Nishimori et al. 2009b). Also, in this study, nSP70
did not enhance kidney injury induced by 5-aminosalicylic acid
or tetracycline, two drugs known to be nephrotoxic (Grisham
etal. 1992; Kunin 1971). The renal toxicity of cisplatin, another
nephrotoxic chemical, was unaffected by nSP70 (Nishimori
et al. 2009a). Like S5-aminosalicylic acid, tetracycline, and
acetaminophen (Chun et al. 2009; Herzog and Leuschner 1995;
Kunin 1971), nSP70 is hepatotoxic (Nishimori et al. 2009b),
and we showed here that its co-administration synergistically
enhanced liver injury. These findings indicate that nSP70 may
enhance the toxicity of certain chemicals. Therefore, it will be
important to assess the tissue-specific risk of nano-sized mate-
rials.

The nSP70 particles had a lethal effect when combined with
tetracycline. The 50% lethal dose of tetracycline is 318 mg/kg
by intraperitoneal injection in mice. A previous report showed
that 100 mg/kg nSP70 s lethal in 100% of mice (Nishimori et al.
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2009b). A single injection of tetracycline (100 mg/kg) or nSP70
(30 or 50 mg/kg) alone was not lethal in this study but a combi-
nation of the two was. Co-administration of cisplatin and nSP70
showed a similar synergistic lethal effect. This could be due
to an interaction between nSP70 and serum albumin. Tetracy-
cline in the bloodstream can bind to albumin (Popov etal. 1972;
Powis 1974). Likewise, serum albumin adsorbs onto nano-sized
silica particles (Dutta et al. 2007). When injected intravenously,
100-nm anionized albumin-modified liposomes are taken up by
hepatic endothelial cells and Kupffer cells (Kamps et al. 1997),
which normally clear chemically modified albumin (Jansen et al.
1991). Thus, tetracycline-bound serum albumin may adsorb
onto nSP70, causing it to be taken up by the hepatic endothelial
cells and Kupffer cells in the liver where it may accumulate and
cause lethal liver damage.

Indirect interactions between chemicals and nano-sized parti-
cles mediated by serum albumin may be useful for estimating
the toxicity of nano-sized materials. In this study, co-treatment
of mice with nSP70 (50 mg/kg) and tetracycline decreased
BUN levels compared to tetracycline alone or nSP70 (30
mg/kg) and tetracycline. A similar decrease in BUN levels
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Fig. 2: Effect of nSP70 on tetracycline (Tet)-induced toxicity Mice were injected intraperitoneally with Tet at O (open column) or 100 mg/kg (gray column) and intravenously
with nSP70 at the indicated doses. After 24 h, the serum was collected. Shown are the levels of ALT (A), AST (B), and BUN (C). One of 4 mice died when co-treated with
nSP70 (30 mg/kg) and Tet (100 mg/kg), and 2 of 4 mice died when co-treated with nSP70 (50 mg/kg) and Tet (100 mg/kg). Data are means or means 3 SEM (n=2-4)

was also reported in mice co-treated with nSP70 and cis-
platin (Nishimori et al. 2009a). However, the mechanism by
which these decrease the BUN level remains to be deter-
mined.

In conclusion, we found that nSP70 cause synergistic toxicity
when combined with some clinically used drugs, although the
synergistic effects differ between chemicals. One combination
was lethal, and the others resulted in tissue injury. These studies
suggest that evaluation of possible synergistic adverse effects
with pharmaceutical drugs may be important for assessing the
safety of nano-sized particles.

4. Experimental

4.1. Materials

The nSP70 nanoparticles were obtained from Micromod Partikeltechnologie
GmnH (Rostock, Germany). The mean diameter of the particles, as analyzed
by a Zetasizer (Sysmex Co., Kobe, Japan), was 55.7 nm, and the particles
were spherical and nonporous. The particles were stored at 25 mg/ml as an
aqueous suspension. The suspensions were thoroughly dispersed by soni-
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cation before use and diluted in water. An equal volume of solution was
injected for each treatment. Acetaminophen, tetracycline, and trazodone
were dissolved in saline solution, and 5-aminosalicylic acid was suspended
in 1% sodium salt of carboxy methyl cellulose. All reagents were of research
grade.

4.2. Animals

Eight-week-old BALB/c male mice were purchased from Shimizu Labora-
tory Supplies Co., Ltd. (Kyoto, Japan). Mice were maintained in controlled
environment (23 &+ 1.5°C; 12-h light/12-h dark cycle) with free access to
standard rodent chow and water. The mice were given 1 week to adapt
before experiments. All of the experimental protocols complied with the eth-
ical guidelines of the Graduate School of Pharmaceutical Sciences, Osaka
University.

4.3. Biochemical analysis

Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST),
and blood urea nitrogen (BUN) were measured using commercially avail-
able kits according to the manufacturer’s protocols (WAKO Pure Chemical,
Osaka, Japan).
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Fig. 3: Effect of nSP70 on trazodone (Tra)-induced toxicity Mice were injected intraperitoneally with Tra at O (open column) or 100 mg/kg (gray column) and intravenously with
nSP70 at 30 or 50 mg/kg. After 24 h, the serum was collected. Shown are the levels of ALT (A), AST (B), and BUN (C). Data are means = SEM (n=4)
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Fig. 4: Effect of nSP70 on acetaminophen (AA)-induced toxicity Mice were injected intraperitoneally with AA at 0 (open column) or 500 mg/kg (gray column) and intravenously
with nSP70 (30 mg/kg). After 24 h, the serum was collected. Shown are the levels of ALT (A) and AST (B). Data are means + SEM (n=4)
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Modifying the antigen-immunization schedule improves the variety of monoclonal
antibodies obtained from immune-phage antibody libraries against HIV-1 Nef and Vif

Mai Yoshikawa,"" Yohei Mukai,"" Shin-ichi Tsunoda,? Yasuo Tsutsumi,' Yasuo Yoshioka,'"
Naoki Okada,! and Shinsaku Nakagawa'"*

Department of Biotechnology and Therapeutics, Graduate School of Pharmaceutical Sciences, Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-0871,
Japan,! Laboratory of Biopharmaceutical Research, National Institute of Biomedical Innovation (NiBio), Osaka 567-0085, Japan,? and The Center for
Advanced Medical Engineering and Informatics, Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-0871, japan>

Received 2 August 2010; accepted 25 December 2010
Available online 28 January 2011

Immune phage antibody libraries are an attractive technology for isolating antigen-specific monoclonal antibodies (mAbs).
Here we show that the immunization schedule affects the immune phage antibody library properties. We subcutaneously (s.c.)
administered HIV-1 Nef and Vif antigens with different schedules (25 pgx 2 s.c. and 10 pg x 3 s.c.). The variety of isolated mAbs in
25 pgx 2 s.c. groups (Nef: 11 clones, Vif: 9 clones) was superior to that in the 10 pgx 3 s.c. groups (Nef: 2 clones, Vif: 1 clone). This
finding suggests that it is important to optimize the immunization schedule for isolating a wide variety of mAbs.

© 2011, The Society for Biotechnology, Japan. All rights reserved.
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Phage antibody libraries are an extremely attractive technology
that enables rapid isolation of monoclonal antibodies (mAbs) toward
the development of therapeutic agents and basic research tools (1).
Immune phage antibody library, constructed from cDNA derived from
B-cells in the spleen of immunized animals, in particular, allows for an
isolation of the desired mAbs with high antigen affinity and specificity
(2). This library contains the antibody repertories reconstructed from
B-cells of immunized animals. Therefore, the diversity of the antigen
specific B-cell repertory is important to obtain a large variety of the
desired mAbs. In general, after immunization, activated B-cells
individually produce antigen-specific mAbs. Excess immunization,
however, enhances the survival of specific B-cells that express mAbs
with high affinities to antigens, resulting in a limited antigen-specific
B-cell repertory in immunized animals (3). To obtain a large variety of
mADbs, optimizing the strength of the immunization is promising to
retain the diversity of antigen specific B-cells in vivo.

A large variety of antigen-specific mAbs is preferable for
developing therapeutic agents as well as for many applications in
basic research (4,5). In particular, certain types of mAbs, such as
neutralizing mAbs, signaling mAbs, and intracellular mAbs (intra-
body), are useful, but difficult to obtain because of their rarity. These
specialized mAbs must be screened from various candidate mAbs (6).
Therefore, a method to identify a large variety of mAbs is highly
desirable to accelerate the discovery of specialized mAbs.

* Corresponding author. Tel.: +81 6 6879 8175; fax: +81 6 6879 8179.
E-mail addresses: yohe@phs.osaka-u.acjp (Y. Mukai), nakagawa@phs.osaka-u.ac.jp
(S. Nakagawa).
T The first two authors contributed equally to this work.

HIV-1 encoded Nef and Vif proteins have an important role in HIV-1
viral replication and infectivity (7). Computer-based drug design against
HIV enzymes has been successfully achieved, but is not adequate for
complete therapy because of some drug resistance. HIV-1 Nef and Vif are
also considered attractive targets for anti-HIV therapy. Computer-based
drug design for Nef and Vif is also difficult, however, because these
targets do not have a clear active domain for the design of specific drug-
like enzymes. Therefore, it is thought that intrabody-based therapy will
be a promising approach for therapy against these proteins (7,8). A large
variety of mAbs will be necessary, however, to isolate the intrabody that
can inhibit the viral activity of HIV.

Here we analyzed a variety of single-chain antibody variable domain
fragments(scFvs)obtainedfromdifferentimmunizationschedulesinthe
scFv phagedisplay using Nefand Vifantigens. We immunized mice with
Nef or Vif using different protocols and assessed the amplification
efficiency of their genes of variable domains (V genes). We then
constructed anti-Nefand anti-Vif scFv phagelibraries and estimated the
variety of scFvs obtained from these phage libraries. The findings of the
present study provide critical information to enable isolation of a wide
varietyofmAbsfromimmunephageantibodylibraries. Thesefindingswill
alsocontributetothediscoveryofspecializedmAbsusefulforbothfuture
therapiesand advancedbasicresearch.

MATERIALS AND METHODS

Immunization with Nef and Vif recombinant protein  On day 0, 6-week-old
female BALB/c mice were subcutaneously (s.c.) injected with 25 pg or 10 pg of antigens as
100-pl emulsions with a Titer Max Gold adjuvant (Sigma-Aldrich Corp., St. Louis, MO, USA).
For these immunizations, we used purified recombinant HIV-1 Nef and HIV-1 Vif proteins

1389-1723/$ - see front matter © 2011, The Society for Biotechnology, Japan. All rights reserved.
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(Immunediagnostics, Inc., Woburn, MA) as antigens. On day 14, the immunizations were
repeated in the same manner. The group administered with 10 pg received an additional
immunization on day 28. Serum samples were collected on days 14, 21, and 35, and IgG
titers were measured using Nef- or Vif-immobilized capture ELISA.

Calculation of antibody titer in collected serum  Nef or Vif recombinant
protein (Immunodiagnostics, Inc.) was immobilized on immunoassay plates (Nalge
Nunc International, Rochester, NY, USA) at 4°C for 8 h. The plates were blocked with 4%
Block Ace (Dainippon Sumitomo Pharma Co., Ltd, Osaka, Japan) at 37°C for 2 h. Serum
samples were diluted with 0.4% Block Ace, and then reacted with immobilized antigens
for 1 h at rcom temperature. Anti-mouse IgG horseradish peroxidase (HRP) conjugate
(Sigma-Aldrich Corp.) was reacted for 1 h at room temperature, and then HRP activity
was assessed by a 3,3,5,5'-tetramethylbenzidine (TMB) substrate (Thermo Fisher
Scientific Inc., Rockford, IL, USA). The reaction was stopped by 1 N H,S04, and then
absorbance was measured at 450 nm and 655 nm as a reference. Antibody titers were
calculated as Log, titer. Log, titer indicates a maximum serum dilution value (2") that
can induce the antigen-specific binding potency.

Construction of the phage antibody library  Immunized mice were killed on
day 21 (25 ugx 2 s.c. groups) or on day 35 (10 ugx3 s.c. groups). Spleen and bone
marrow cells were collected separately from immunized mice. The phage antibody
library was constructed as described previously (9) with a slight modification. Briefly,
variable regions of immunoglobulin light-chain (VL) and heavy-chain (VH) genes were
amplified by polymerase chain reaction (PCR) using an original primer set (9). VL and
VH ¢DNAs were linked by PCR to synthesize the scFv gene library. The ¢cDNAs were
amplified by the following primers: Y15-2 (5-GTTCCTTTCTATGCGGCCCAGCCGGC-
CATGGCC-3’) and Y16-2 (5’-ATCCGGATACGGCACCGGCGCACCTGCGGCCGC-3') by
cycling 35 times at 96°C for 60 s, 65°C for 60 s, and 68°C for 60 s. The amplified scFv
gene library was digested by Nco I and Not [, and then cloned into pCANTABSE. The
products were transformed into E. coli TG1 strain, and these TG1 cells were used in the
phage preparation. The library size was estimated from the number of colonies formed
in this transformation. Preparation of the phage library was described previously (9).

Affinity panning  Anti-FLAG M2 antibody (Sigma-Aldrich Corp.) and Nef and
Vif recombinant protein (Immunodiagnostics, Inc.) were immobilized on immunoassay
plates (Nalge Nunc International) at 4°C for 8 h. The plates were blocked by 10% skim
milk (Becton Dickinson and Company, Franklin Lakes, NJ, USA) containing 25% glycerol
at 37°C for 2 h. Each phage library was reacted with an immobilized anti-FLAG M2
antibody for 1 h at 4°C. After washing with 0.05% Tween 20 (Sigma-Aldrich Corp.), the
FLAG-positive phages were rescued using 20 mM glycine-HCl buffer (pH =2.0), and
then neutralized in a 1 M Tris-HCl buffer (pH=8.0). The eluent was reacted with
immobilized Nef or Vif protein for 1 h at 4°C. The antigen-binding phages were rescued
by 0.1 N HCl, and then neutralized in a 1 M Tris-HCI buffer (pH =8.0). The obtained
phages were amplified by infecting to the exponential growth of TG1. This panning step
was repeated five times, The phage titer was measured by counting the number of
colonies on Petrifilm™ E, coli count plates (3M Company, Two Harbors, MN, USA).

Phage ELISA  One hundred fifty TG1 colonies were picked up from the plates
after each panning. They were grown in 96-well plates at 37°C, and then monoclonal
phages were produced from each TG1 by the infection of M13KO7 helper phages. The
amplified phages were then blocked with 2% Block Ace (Dainippon Sumitomo Pharma
Co.) at 4°C for 1 h and then added to an immunoassay plate coated with the antigens.
Plates were then incubated for 1 h, with agitation at 250 rpm, and washed three times
with phosphate buffered saline/0.1% Tween 20, and finally incubated with HRP-
conjugated anti-M13 monoclonal antibody (Amersham Bioscience). HRP activity was
assessed by the TMB substrate (MOSS, Inc.). The reaction was stopped by 1 N H,S04,
and then the absorbance was measured at 450 nm and 655 nm as a reference.

RESULTS

Amplification of the VL and VH gene libraries Mice were
immunized with HIV-1 Nef or Vif antigens at 10 pg or 25 pg each. Antibody
induction was observed after the 2nd immunization (Table 1,day 21). The
mice receiving 25 pg were killed on day 21 (25 pgx 2 s.c. group). Because
the antibody titers of mice receiving 10 ug were not sufficient, we

TABLE 1. Antibody titers induced in Nef or Vif-immunized mice.

Antigen Dose Log, titer (2%)
Day 14 Day 21 Day 35
Nef 10 g <6 9 13
25 g <6 12 NT.
Vif 10 g <6 10 13
25 g <6 12 NT.

Nef or Vif recombinant antigen (10 pg or 25 pg) was injected into 5 mice on day 0. On
day 14, the same dose of antigen was injected into the same mice. For the 10-pg
immunization groups, an additional immunization was performed on day 28. Antigen
titers from the collected serum on days 14, 21, and 35 were measured by ELISA. Log,
titer indicates maximurmn serum dilution value (2") that can induce the antigen specific
binding potency. N.T,, not tested.

J. Biosci. BIOENG.,

performed a 3rd immunization in mice administered with 10 pg. After the
3rd immunization, sufficient antibody titers were observed in the groups
receiving 10 pg (Table 1, day 35) and then the mice were killed on day 35
(10 pgx 3 s.c. group).

The VL and VH genes were amplified from ¢cDNA derived from
the spleens and bone marrow cells of immunized mice using a primer
mix including thousands of independent primers (9). In both
immunizations of Nef and Vif, the amplifications of V genes were
more efficient in the 25 pgx2 s.c. groups than in the 10 pgx3 s.c.
groups (Fig. 1). The yields of V genes in the 25 pgx 2 s.c. groups were
approximately 10 times higher than those in the 10 pgx 3 s.c. groups.
In each group, VH and VL genes were linked by PCR, and then the
obtained scFv genes were ligated in the pCANTABSE vector.

Quality checks of immune scFv phage libraries These plasmid
libraries were transformed into TG1, and the diversity of library was
estimated from the number of colonies formed in the transformation.
Each library contained a 200 to 700 million scFv repertory. DNA
sequence analysis of 20 clones picked randomly from each library
indicated that each library comprised independent clones with
different sequences (data not shown). We produced phage antibody
libraries from these TG1s, and then evaluated the affinity of each phage
library against each antigen by phage ELISA. The results suggested that
both phage libraries from mice immunized with Nef had almost the
same affinity against the immobilized Nef (Fig. 2A). Similar results were
obtained in the anti-Vif phage libraries (Fig. 2B). The results suggested
that the whole affinity of each phage library did not depend on the
immunization schedule. These results are also consistent with the
results of the antibody values in the serums shown in Table 1.

Selection and identification of the antigen-specific scFvs  An-
ti-Nef or anti-Vif scFv displaying phages were concentrated by
repeating the affinity panning against Nef or Vif, respectively. The
output/input ratios were increased similarly in all groups during 5
panning steps (Figs. 3A, B). The output/input ratio indicates the
concentration of the phages displaying anti-Nef or anti-Vif scFvs. The
results showed that the efficiency in concentrating the desired phages
also did not depend on their immunization schedules.

To identify antigen-specific scFvs, 150 colonies were randomly
picked up after the 3rd, 4th, and 5th panning. The affinities of
monoclonal phages against Nef or Vif were then assessed by phage
ELISA. Many scFvs showed antigen-specific affinity in all groups. We
picked up clones with the antigen-specific affinity, and then confirmed
their sequences to analyze the variety of the obtained scFvs. From the
25 pugx 2 s.c. groups, we could identify different scFvs (11 scFvs for Nef
and 9 scFvs for Vif) (Table 2). On the other hand, from the 10 pgx 3 s.c.
groups, the variety of the obtained scFvs was extremely limited (2 scFvs
for Nef and 1 scFv for Vif) (Table 2). We also confirmed that scFvs from

A Nef B vit
10ugx3 25ugx2 10ugx3 25pgx2
1 2 3 4 5 6 1 2 83 4 5 6

VL

VH

B-actin

FIG. 1. Amplification of VL and VH gene repertories from Nef or Vif-immunized mice.
VL and VH gene repertories were amplified from cDNAs that were synthesized from
spleen and bone marrow-derived mRNAs from Nef or Vif-immunized mice. VL and VH
genes were obtained by PCR from 1 pl of (A) Nef or (B) Vif-immunized mice cDNA using
1ul (Lanes 1 and 4); 2yl (Lanes 2 and 5); or 4l (Lanes 3 and 6) of our original mix
primers. B-Actin gene was amplified with the same protocol as a positive control.
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FIG. 2. The binding potency of Nef or Vif immunized phage libraries. The binding
potency of the Nef (A) or Vif (B) immunized phage library was evaluated by phage
ELISA against immobilized Nef or Vif recombinant antigen, respectively. Phage libraries
constructed from mice immunized with 10 pg antigen x3 (grey column) or 25 pg
antigen x2 (black column) were used in this experiment. 5x 10'® -5x 10'? colony
forming unit (cfu) phage solutions were added to the immobilized antigens and
detected by horseradish peroxidase-linked anti-M13 antibody.

the 10 pgx 3 s.c. groups were included in the 25 pgx 2 s.c. groups. The
obtained scFvs were all identified after the 3rd panning, and the variety
of scFvs was decreased during the 4th and 5th panning (Table 2). These
results suggested that phage libraries in the 25 pgx 2 s.c. groups had a
greater diversity of scFvs than those in the 10 ugx 3 s.c. groups.

DISCUSSION

These findings of the present study indicated that the diversity of
antigen specific antibodies displayed on a phage library greatly depended
on the immunization protocol. In the immunization, antibody values in
the serums of 10 g x 3 s.c. and 25 pgx 2 s.c. groups were similar, but the
efficiencies of the amplification in the 25 pigx 2 s.c. groups were greater
than those in the 10 pugx 3 s.c. groups. In this step, we used a mixture of
primers to amplify almost all antibody repertoires (9). Therefore, these
results indicated that the diversity of antibody-producing B-cells in the
10 pgx 3 s.c. groups was extremely limited. Indeed, after the selections,
we obtained only 2 anti-Nef scFvs and 1 anti-Vif scFv in the 10 pgx 3 s.c.
groups despite obtaining 11 anti-Nef scFvs and 9 anti-Vif scFvs in the
25 pgx2 s.c. groups. A previous report showed that increased immuni-
zation frequency and timespan enhance the survival of B-cells that
express the antibody with high affinity, resulting in a small antibody
repertory in immunized animals (3). Our result showed that this
machinery is also important for the construction of an immune phage
antibody library, and the induction of a high antibody titer in a short

A Nef B vif
1074 104
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® 10° 10®
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£ 10° 106
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g 107 107
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1 2 3 4 5 1 2 3 4 5

panning round

FIG. 3. Concentration of anti-Nef or Vif mAb displaying phages by affinity panning. Anti-
Nef or Vif scFv-displaying phages were concentrated by affinity panning against
immobilized Nef or Vif recombinant antigens, respectively. The output/input ratio
(output phage titer/input phage titer) of the (A) Nef- or (B) Vif-immunized library was
calculated and plotted. Grey circles indicate the output/input ratio of the 10 ugx 3 s.c.
groups, and black triangles indicate that of the 25 ugx 2 s.c. groups.
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TABLE 2. The diversity of isolated scFvs from each phage antibody library.

Antigen Nef Vif

Dose 10 ug 25 g 10 g 25 g

Clones 3rd 2 11 1 9
4th 1 3 1 3
5th 1 1 1 1
Unique 2 11 1 9

One hundred fifty clones were randomly picked from 3rd, 4th, and 5th panning output
repertories. The binding potencies of these clones were assessed by phage ELISA. The
variety of isolated clones was assessed by sequencing positive clones in phage ELISA
after each panning round. “Unique” indicates the variety of unique clones obtained
from through 3rd to 5th panning.

period will be helpful to obtain the large variety of antibodies from an
immune phage antibody library.

Nef and Vif, the model targets in this study, are attractive targets for
anti-HIV therapy in HIV-infected T-cells (7). Antibodies that can work in
the cell are known as intrabodies, which have recently received a lot of
attention (10). To target these intracellular molecules, it is necessary to
isolate antibodies that fold and function properly in a reduced
intracellular environment (11). Because these antibodies are rare,
however, it is important to screen from high variety of antibodies that
recognize the same target. From this point of view, anti-Nef and anti-Vif
scFvs identified in this report will be useful as intrabody candidates.

In conclusion, the immunization protocol affects the variety of
antibodies identified from phage antibody libraries. We expect that
our findings will allow for the isolation of a large variety of antibodies
that will be helpful for screening any desired antibodies and
contribute to the progress of biotechnology for the development of
antibody-based medicine and other basic protein research.
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ARTICLE INFO ABSTRACT

Tumor necrosis factor-o (TNF) is one of the attractive targets for the development of anti-inflammatory
and anti-tumor drugs, because it is an important mediator in the pathogenesis of several inflammatory
diseases and tumor progression. Thus, there is an increasing need to understand the TNF receptor (TNFR1
and TNFR2) biology for the development of TNFR-selective drugs. Nonetheless, the role of TNFRs,
especially that of TNFR2, remains poorly understood. Here, using a unique competitive panning, we
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’éey“l/('?rde optimized our phage display-based screening technique for isolating receptor-selective TNF mutants, and
I\z,;?ecl;ll‘;r biology identified several TNFR2-specific TNF mutants with high TNFR2 affinity and full bioactivity via TNFR2.
Protein Among these mutants, the R2-7 clone revealed very high TNFR2-selectivity (1.8 x 10° fold higher than
Affinity that for the wild-type TNF), which is so far highest among the reported TNFR2-selective TNF mutants.

Because of its high TNFR2-selectivity and full bioactivity, the TNF mutant R2-7 would not only help in
elucidating the functional role of TNFR2 but would also help in understanding the structure-function
relationship of TNF/TNFR2. [n summary, our one-step competitive panning system is a simple, useful
and effective technology for isolating receptor-selective mutant proteins.

Bioactivity

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Tumor necrosis factor-o. (TNF) is a major inflammatory cytokine
that plays a central role in host defense and inflammation via two
receptor subtypes, TNF receptor (TNFR)1 and TNFR2 [1,2]. Elevated
serum levels of TNF correlates with the severity and progression of
the inflammatory diseases such as rheumatoid arthritis (RA),
inflammatory bowel disease, septic shock, multiple sclerosis and
hepatitis [3—5]. Currently, TNF-neutralization therapies have
proven successful for the treatment of RA [4,6,7]. However, these
therapies can cause serious side effects, such as tuberculosis,
because TNF-dependent host defense functions are also inhibited
[8,9]. Therefore, understanding the function of TNF/TNFRs is
important for optimal therapy of various TNF-related autoimmune

* Corresponding author. Laboratory of Biopharmaceutical Research, National
Institute of Biomedical Innovation, 7-6-8 Saito-Asagi, Ibaraki, Osaka 567-0085,
Japan. Tel.: +81 72 641 9814; fax: +81 72 6419817.

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

0142-9612/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2011.04.018

diseases. TNFR1 is constitutively expressed in most tissues and
seems to be the key mediator of TNF signaling [10,11]. In contrast,
the expression of TNFR2 is more restricted and is found mainly on
certain T-cell subpopulations [12], endothelial cells, cardiac myo-
cytes [13] and neuronal tissue [14,15]. Recent studies suggested that
TNFR2 signaling is associated with T-cell survival [16], car-
dioprotection [17,18], remyelination [19], and survival of some
neuron subtypes [20,21]. Although the two TNFRs have been shown
to have distinct functions in some cells [22], the physiological
significance of the presence of both receptors is not fully under-
stood. Especially TNFR2-induced signaling remains elusive and
need further investigation.

In order to understand the mechanism of TNFRs, we have
investigated the relationship between the biological activities
and structural properties of a large number of TNF mutants by
phage-display technique [23,24]. However, screening efficiency of
isolating TNFR2-selective TNF mutants using this technique is
extremely low, and it is difficult to prepare large repertoire of
TNFR2-selective TNF mutants for the structure-activity relation-
ship study. In our previous study, we screened 500 phage clones



Y. Abe et al. / Biomaterials 32 (2011) 5498—5504 5499

I T T O O OO O O O A B R A |

- Phage library displaying TNF variants Immobilized TNFR2 on CM3

amplification 1 1 wash
Step 4 & o
infection =)
E.coli (TG-1) TNFR2-selective phage clones

colony pick up
—p  Screening for the binding capacity

against TNFRs by ELISA

96 well plate

Fig. 1. Screening scheme for isolating TNFR2-selective TNF mutants using competitive panning. To concentrate TNFR2-selective mutant TNFs, phage libraries were pre-incubated
with TNFR1 Fc chimera (TNFR1-Fc), and subsequent biopanning against the TNFR2 was carried out in the presence of TNFR1-Fc using the BlAcore biosensor. After several rounds of
panning, phage clones were isolated and screened by ELISA.

for isolating TNFR2-selective mutants using the conventional competitive panning technique, phage libraries were pre-
panning method [23]. Out of the 500 clones, only 2 clones showed incubated with TNFR1 Fc chimera (TNFR1-Fc), and subsequent
selectivity for TNFR2 binding that was 10-times higher than the biopanning against the TNFR2 was carried out in the presence of
wild-type TNF (wWtTNF). Furthermore, bioactivities of these two TNFR1-Fc using the BlAcore biosensor. Since TNFR1-binding
TNFR2 selective TNF mutants were lower than that of wtTNF clones could not bind to TNFR2 due to steric hindrance, TNF
(<30%). To improve the screening efficacy, we optimized our mutants binding only to TNFR2 were selectively enriched with
phage display-based cytokine mutagenesis technology [25] with high efficiency. Using this optimized competitive panning tech-
an unique competitive panning technique for identifying TNFR2- nique, we have identified TNFR2-selective TNF mutants with full
specific TNF mutants with higher affinity and bioactivity. In this bioactivity via TNFR2.

0.1 pmol TNFR1-Fc 1 pmol TNFR1-Fc 10 pmol TNFR1-Fc
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Fig. 2. Optimization of competitive panning using BlAcore biosensor. 0.1 pmol, 1 pmol or 10 pmo! of human TNFR1-Fc was mixed with 1 x 10'® CFU phages displaying wtTNF for 2 h

at 4 °C, and the mixture was passed over the TNFR2-immobilized CM3 sensor chip and real-time biomolecular interaction analyses were performed with BlAcore biosensor. Anti-
CD25 single chain Fv-displaying phage was used as a negative control.
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Fig. 3. Determination of relative affinities of mutant TNFs for TNFR1 or TNFR2 by capture ELISA. E. coli supernatant containing a TNF mutant (gray bar) from each panning
conditions, in which phages were premixed with (A) none, (B) 0.1 pmol, (C) 1 pmol and (D) 10 pmol of TNFR1-Fc, were applied to the TNFR1-Fc or TNFR2-Fc immobilized plate and
detected with biotinylated polyclonal anti-TNF antibody. wtTNF was used as a positive control (hatched bar). Affinities of TNFR2-selective clones (black bar) for TNFR2 was more

than 70% of that of the wtTNF, and that for TNFR1 was less than 30% of that of the wtTNF.

2. Materials and methods
21 Cells

HEp-2 cells, a human fibroblast cell line, were provided by Cell Resource Center
for Biomedical Research (Tohoku University, Sendai, Japan) and were maintained in
RPMI 1640 (Sigma—Aldrich Japan, Tokyo, Japan) supplemented with 10% bovine fetal
serum (FBS) 1 mm sodium pyruvate, 50 mm 2-mercaptoethanol, and antibiotics.
hTNFR2/mPFas-PA cells are preadipocytes derived from TNFR17"R27" mice expressing
a chimeric receptor, the extracellular and transmembrane domain of human TNFR2,
and intracellular domain of mouse Fas; these cells were cultured in RPMI 1640
supplemented with 10% FBS, 5 ug/ml Blasticidin S HCI (Invitrogen, Carlsbad, CA), and
antibiotics [26].

2.2. Library construction

Protocol for the construction of phage-display library displaying structural
mutants of human TNF has been described previously [23]. In brief, multiple-

mutations were introduced into the wtTNF gene by PCR to randomly replace the
codons of 6 amino acid residues at positions 29, 31, 32, 145, 146 and 147, respec-
tively, of the TNF protein. The PCR product was digested with the restriction
enzymes Hind Il and Not I, and ligated into the Hind 1II/Not I digested pY03’
phagemid vector for displaying the TNF mutants on the phage surface as g3p-
fusion proteins.

2.3. Optimization of competitive panning using BlAcore biosensor

Human TNFR2-Fc (R&D systems, Minneapolis, MN) was diluted to 50 pg/ml
in 10 mm sodium acetate buffer (pH 4.5) and immobilized onto a CM3 sensor
chip using an amine coupling kit (GE Healthcare, UK), which resulted in an
increase of 5000—6000 resonance units (RU). 0.1 pmol, 1 pmol or 10 pmol of
human TNFR1-Fc (R&D systems) was mixed with 100 pl of wtTNF-displaying
phage (1 x 10" CFU/ml) for 2 h at 4 °C, and the mixture was passed over the
TNFR2-immobilized CM3 sensor chip at a flow rate of 3 pl/min. The binding
kinetics of the mixtures to TNFR2-Fc were analyzed by BlAcore 2000 (GE
Healthcare).
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Table 1

Amino acid sequences of wtTNF and TNFR2-selective TNF mutants.
Clone Residue position

29 31 32 145 146 147

WwtTNF L R R A E S
R2—-6 L R R H E D
R2-7 v R R D D D
R2-8 L R R N D D
R2-9 L R R T S D
R2-10 L R R Q D D
R2-11 L R R T D D
R2-12 L R R D G D
R2-13 L R R D E D

2.4. Selection of phage displaying TNFR2-selective TNF mutants by competitive
panning

1 x 10'° CFU phages displaying TNF mutants were pre-incubated for 2 h at 4 °C,
with serially diluted TNFR1-Fc. The mixtures were injected at 3 pl/min over the
sensor chip. After injection, the sensor chip was washed using the rinse command
for 3 min. Elution was carried out using 20 pl of 10 mm glycine-HCI (pH 2.0) and the
eluted phage was neutralized with 1 M Tris—HCl (pH 6.9). The recovered phages
were amplified by infection of E. coli strain TG1 (Stratagene, La Jolla, CA), which
allow read-through of the amber stop codon located between the TNF and g3p
sequences of pY03’ phagemid vector. These steps were repeated twice. After final
round of panning, the phage mixture was used to infect E. coli and plated on LB agar/
ampicillin plates. Single clones of transfected TG1 were randomly picked from the
plate and each colony was grown in 2-YT medium with ampicillin (100 pg/ml) and
glucose (2% wiv) at 37 °C until the ODggg of the culture medium reached 0.4. Each
culture was centrifuged, the supernatants were removed, and fresh 2-YT media with
ampicillin (100 pg/ml) was added to each E. coli pellet. After incubation for 6 h at
37 °C supernatants were collected and used to determine affinity for TNFRs by
capture ELISA as described previously [24]. After the procedure, the phagemid
vectors were sequenced using a Big Dye Terminator v3.1 kit and ABI PRISM 3100
(Applied Biosystems Ltd., Pleasanton, CA).

2.5, Expression and purification of TNF mutants

Preparation of purified recombinant protein was described previously [25]. In
brief, TNF mutants recombined into pYas1 vector, under the control of T7 promoter,
were produced in E. coli (BL21ADE3). Mutant TNFs recovered from inclusion body,
which were washed in Triton X-100 and solubilized in 6 M guanidine-HCl, 0.1 m
Tris—HC], pH 8.0, and 2 mum EDTA. Solubilized protein was adjusted to 10 mg/m! and
was reduced with 10 mg/ml dithioerythritol for 4 h at RT and refolded by 100-fold
dilution in a refolding buffer (100 mm Tris—HCl, 2 mm EDTA, 1 M arginine, and
oxidized glutathione (551 mg/L)). After dialysis with 20 mwm Tris—HC, pH 7.4, con-
taining 100 mm urea, active trimeric proteins were purified by Q-Sepharose (GE
Healthcare)chromatography and size-exclusion chromatography (Superose 12; GE
Healthcare).

2.6. Analysis of binding kinetics using surface plasmon resonance (SPR)

The binding kinetics of the wtTNF and TNF mutants were analyzed by the SPR
technique (BIAcore 2000; GE Healthcare). TNFR1-Fc or TNFR2-Fc were separately

immobilized on to CM5 sensor chip, resulting in an increase of 3000—-3500 RU.
During the association phase, wtTNF or TNF mutants diluted in running buffer (HBS-
EP) at 156.8, 52.3, 174, 5.8 or 1.9 nm were passed over the immobilized TNFR2 for
2 min at a flow rate of 20 pl/min. During the dissociation phase, HBS-EP was run over
the sensor chip for 1 min at a flow rate of 20 pl/min. The SPR measurements for
TNFR1 were performed using much higher concentrations of TNF mutants (392.1,
130.7, 43.6, 14.5 or 4.8 nm). The data were analyzed globally with BlAevaluation 3.1
software (GE Healthcare) to apply a 1:1 Langmuir binding model. The obtained
sensorgrams were fitted globally over the range of injected concentrations and
simultaneously over the association and dissociation phages.

2.7. In vitro assessment of bioactivity via TNFR1 or TNFR2 with TNF mutants

HEp-2 cells were seeded at 4 x 10* cells/well in 96-well plates and incubated for
18 h with serially diluted wtTNF (Peprotech, Rocky Hill, NJ) or TNF mutants in the
presence of 50 mg/ml cycloheximide. After incubation, cell survival was determined
by methylene blue assay as described previously [25]. In the case of analyzing TNFR2-
mediated biological activity, hnTNFR2/mFas-PA were seeded on 96-well micro titer
plates with a density of 1.5 x 10* cells/well in culture medium. Serial dilutions of
wtTNF (Peprotech) and TNF mutants were prepared with 1 pg/ml cycloheximide and
added to each well. After 48 h-incubation at 37 °C, the cell viabilities were analyzed
using a WST-8 assay kit (Nacalai Tesque) according to the manufacturer’s instructions.

3. Results
3.1. Optimization of one-step competitive panning protocol

To improve identifying TNFR2-selective TNF mutants with
better bioactivity, we have introduced a step to remove the TNFR1-
binding phages from the library by competitive panning using
TNFR1-Fc. We postulated that TNFR1-binding clones could be
eliminated when panning for the TNFR2-binding clones is per-
formed in the presence of TNFR1 protein (see Fig. 1). Although an
immunoplate or immunotube is commonly used for the panning
[27—29], these techniques cannot make real-time observation of
the interaction between phage library and receptor, and are difficult
to automate and control the precise settings. Therefore, we first
utilized the BlAcore biosensor and optimized the concentration of
TNFR1-Fc required for eliminating the TNFR1-binding clones.
Serially diluted human TNFR1-Fc was mixed with 1 x 10'° CFU
phages displaying wtTNF, and the binding avidity of the phage-
displayed wtTNF for TNFR2 was assessed using a BlAcore
biosensor. As shown in Fig. 2, TNFR1-Fc inhibited the binding of
phage-displayed wtTNF to TNFR2 in a dose-dependent manner.
10 pmol of TNFR1-Fc virtually abolished the binding of wtTNF not
only to TNFR2 (last panel in Fig. 2) but also the binding of wtTNF to
TNFR1 (data not shown). These results clearly suggest that 10 pmol
of TNFR1-Fc would be sufficient for competitively subtract
unwanted TNFR1-binding phage clones from a phage library dis-
playing structural TNF mutants.

Table 2
Biding kinetics of TNFs to TNFR1 and TNFR2.
TNFR1 TNFR2
Kon® (108 M-1s71) Kot (1074 571) Kp® (10719 M) Relatived (%) Kon? (108 M™1s71) Koit® (1074 s71) Kp (1071 M) Relative? (%)
WETNF 0.45 1.3 29 100.0 2.0 12,1 6.1 100.0
R2-6 0.79 54.5 68.8 42 3.2 7.8 24 251.4
R2-7 0.44 116.0 262.0 1.1 2.1 7.4 36 169.7
R2-8 1.22 50.3 41.1 7.1 3.1 6.6 2.1 291.0
R2-9 1.19 50.1 423 6.9 38 12.6 33 185.2
R2-10 0.67 43.9 63.7 46 22 53 24 2535
R2-11 0.81 87.5 108. 2.7 23 5.4 23 264.5
R2—12 1.36 98.8 726 4.0 4.1 10.6 26 235.0
R2~13 097 104.0 107.0 27 29 82 29 2122

Kinetic parameters for each TNF were calculated from the respective sensorgram by BlAevaluation 3.1software, and taking into consideration that the TNF binds as a trimer.

2 kon is the association kinetic constant.

b k. is the dissociation kinetic constant.

¢ Kp is the equilibrium dissociation constant (Kp = kost/kon)-

d Relative values were calculated from the Kp (WtTNF)/Kp (TNF mutants) x 100.



5502 Y. Abe et al. / Biomaterials 32 (2011) 54985504

>
—_—
N
o

100 |

0]
(=]
i

S
(=)
T

Viability (% of control)
[o)]
(@]
1

N
o
1

0 i 1 1
108 101 101 108 10
wt or mutant TNF conc.(ng/ml)

a

120

100
80 |
60 I

40
20 |

Viability (% of control) €

0
10% 102 10" 10 10" 102
wt or mutant TNF conc.(ng/ml)

IS
o
I

B 120

S 100

£ - WITNF
8 80} -O-R2-10
5 & R2-11
< 60} O R2-12
< - R2-13
:__E-)

S

>

N
o
1

0 1 1 1
103 10 10 108 105
wt or mutant TNF conc.(ng/ml)

D 120
S 100}
= - wiTNF
8 sof -0~ R2-10
5 —-A- R2-11
< 60 ng-m
> awf R2-13
£
g 20f

1 L 1 1

0
10 102 107" 109 10" 102
wt or mutant TNF conc.(ng/ml)

Fig. 4. In vitro bioactivity assay of TNF mutants via TNFR1 or TNFR2. The bioactivity of mutant TNFs via TNFR1 or TNFR2 were measured by cytotoxicity assay against HEp-2 cells (A
and B) or hTNFR2/mFas-PA (C and D), respectively. Each point represents the mean =+ S.D. of triplicate measurements.

3.2. Selection of TNFR2-selective TNF mutants by one-step
competitive panning

To concentrate TNFR2-selective mutant TNFs, the TNF struc-
tural mutant displaying phage library was subjected to two
rounds of conventional panning or competitive panning against
TNFR2 using the BlAcore biosensor. After the second round of
panning, Escherichia coli (TG1) supernatants of 54 randomly
picked clones from each panning procedure were further
screened by capture ELISA to analyze their binding specificities
for each TNFR (Fig. 3). Consequently, we obtained numerous
clones with high-affinity for TNFR2 under all panning conditions.
Binding avidities of these clones for TNFR1 tended to decrease
depending on the concentration of TNFR1-Fc used for premixing.

However, binding avidity of a TNFR2-selective clone, which binds
only to TNFR2 (Fig. 3, black bar), tended to increase depending on
the concentration of TNFR1-Fc used for premixing. Almost all
clones obtained from the conventional and competitive panning
with 0.1 pmol of TNFR1-Fc (Fig. 3A and B, respectively) bound to
TNFR1, and the panning efficiency for isolating the TNFR2-
selective TNF mutants was <2%. In contrast, clones obtained
from the subtracted panning with 1 or 10 pmol of TNFR1-Fc
(Fig. 3C and D, respectively) contained many TNFR2-selective
TNF mutants (>20%). From these panned clones, we eventually
identified eight candidate agonists that selectively and strongly
bound to the TNFR2. Amino acid sequences of these eight
candidate TNFR2-selective TNF mutants are shown in Table 1.
TNFR2-slective mutants were mutated near residue 145 and

Table 3
In vitro bioactivities of TNF mutants via TNFR1 or TNFR2.
TNFR12 TNFR2P TNFR2/TNFR1®
EC50° (ng/ml) Relative Activity? (%) EC50° (ng/ml) Relative activity? (%)
WETNF 0.6 100 0.56 100 1.0
R2-6 8.1 x 10° 73 x 1073 039 144 2.0 x 10*
R2-7 >1.0 x 10° <6.0 x 1074 051 110 1.8 x 10°
R2-8 4.6 x 103 1.2 x 1072 0.67 84 7.0 x 10°
R2-9 2.1 x 10° 2.8 x 1072 0.21 267 95 x 10°
R2-10 1.1 x 10* 54 x 1073 0.72 78 1.4 x 104
R2—11 6.7 x 104 89 x 1074 0.95 59 6.6 x 10*
R2-12 2.6 x 10% 22 x 1073 0.23 243 1.1 x 10°
R2-13 >1.0 x 10° <6.0 x 1074 063 89 1.5 x 10°

2 Bioactivities of the wtTNF and TNF mutants via TNFR1 were measured by determining the TNF-induced cytotoxicity in HEp-2 cells.

b Bioactivities of the wtTNF and TNF mutants via TNFR2 were measured by determining the TNF-induced cytotoxicity in hTNFR2/mFas-PA.
¢ Experimental data were analyzed by a logistic regression model to calculate the mean effective concentration (EC50).
d
e

Relative activities were calculated from the EC50 (wtTNF)/EC50 (TNF mutants).

Selectivity for TNFR2 was calculated from the ratio of the relative activity (via TNFR2)/relative activity (via TNFR1).
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conserved near residue 30. These findings indicate that the amino
acid residues near position 30 are an essential for TNFR2 binding.

3.3. Binding kinetics of TNFR2-selective TNF mutants

To investigate the properties of eight TNFR2-selective TNF mutants
in detail, we prepared recombinant protein using the previously
described methods [30,31]. TNF mutants expressed as an inclusion
body in E. coli (BL21A\DE3) were denatured and refolded. Then, active
TNF mutants were purified by ion—exchange and gel—filtration chro-
matography. TNF mutant purity was greater than 90% in sodium
dodecy! sulfate—polyacrylamide gel electrophoresis, and all mutants
were confirmed to form homotrimers in the same manner as the wtTNF
by gel-filtration analysis (data not shown). To analyze the binding
properties of these TNFR2-selective TNF mutants, we determined their
binding dissociation constants (kinetic on- and off-rates) for TNFR1 and
TNFR2, respectively, in detail using the surface plasmon resonance
technique (Table 2). Our analysis showed that all eight mutant TNFs
bound to the TNFR2 with high affinity; in contrast, they bound to the
TNFR1 with greatly reduced affinity (typically between 1 and 7% of the
witTNF affinity). The dissociation constants (Kp) of these mutants for
TNFR2 were between 2.1-3.6 x 10~'° v, and their relative affinities for
TNFR2 were between 169 and 291% of that of the wtTNE Thus, using the
competitive panning technique we successfully obtained a large
repertoire of TNFR2-selective TNF mutants with different binding
parameters (on- and off-rates and dissociation constants).

3.4. Bioactivities of TNFR2-selective TNF mutants

To examine the bioactivity of these TNF mutants via TNFR1, we
subsequently performed a cytotoxicity assay using HEp-2 cells
(Fig. 4A and B). All TNF mutants (R2-6 ~ R2-13) showed almost no
cytotoxicity, and the bioactivity was much lower than that of the
wtTNFE. Next, we evaluated the TNFR2-mediated activity of TNF
mutants using the hTNFR2/mFas-PA, which were previously con-
structed in our laboratory [26]. The TNFR2-mediated bioactivities of
these 8 mutant TNF proteins were at least same or higher than that
of the wtTNF (Fig. 4C and D). As a negative control, we determined
TNF cytotoxicity in parental TNFR17R27 preadipocytes and
observed no wtTNF- or mutant TNF-mediated cell death (data not
shown). Results of the cytotoxicity assay are summarized in Table 3.
R2-7, the most highly TNFR2-selective mutant, exhibited 1.8 x 10°
fold higher TNFR2-selectivity than that for the wild-type TNF.

4. Discussion

Recently, it was revealed that the two TNFRs worked together by
crosstalk signaling, which suggested that the TNF-mediated signaling
in the presence of both TNF receptors actually correlates with their
physiological functions [32—34]. To understand the mechanism as
well as to analyze the structure—function relationship of the TNFRs,
several attempts were made in the past to create TNFR-specific
mutant TNFs by conventional site-directed mutagenesis methods
(such as Kunkel's method) [35—37]. However, these attempts were
not very successful in yielding a desired TNF mutant having high
receptor specificity and full bioactivity. For example, the TNFR2-
binding affinity of the double mutant D143N-A145R was about
5--10 fold less than the wtTNF [38]. To overcome these problems, we
applied phage-display technique and optimized panning method
using the BlAcore biosensor (Fig. 1). Using an adequate amount of
selective competitive inhibitor (>1 pmol TNFR1-Fc), this one-step
competitive panning is ten times more efficient for screening
TNFR2-selective TNF mutants, suggesting the competitive panning
technology described here is a simple and effective screening method
for fine-tuning TNF receptor-selectivity (Fig. 3). As a result of

screening, we obtained successfully obtained TNFR2-selective TNF
mutants with full bioactivity via TNFR2 (Table 3). Because of its high
TNFR2-selectivity and full bioactivity, the TNF mutant R2-7 would
help in elucidating the functional role of TNFR2.

One advantage of our phage-display-based technique is that it can
be used to obtain the sequence information of many mutants [39,40].
It was previously shown by site-specific mutagenesis technique that
mutations at positions 29, 31 and 32 (L29S, R31E and R32W)
remarkably reduced the TNFs affinity for binding to TNFR2
[35,37,38]. For most of the TNFR2-selective TNF mutants, amino acids
at positions 29, 31 and 32 were indeed identical (except for the R2-7
mutant which contained a conserved L to V substitution at position
29) to those of the wtTNF (Table 1), which is consistent with the
previously reported idea that these three amino acids play critical
roles in maintaining the binding between the TNF and TNFR2. The
amino acid sequence at positions 145, 146 and 147 of the TNFR2-
selective TNF mutants were, however, very different from those of
the wtTNF. For example, the amino acid residue at position 145 of the
TNF mutants R2-7, R2-12 and R2-13 contained an Asp residue in place
of the Ala residue, and all of them showed high TNFR2 selectivity.
Structural analysis and mutagenesis studies suggested that the loop
containing the residues 145—147 is involved in the receptor binding
[41—43]. Since Asp is a comparatively large residue, we speculated
that this substitution could lead to a steric hindrance disrupting the
interaction between the TNFR1 and TNFR2-selective mutants, which
may be why they are less TNFR1-selective. However, why this
replacement would increase the selectivity for TNFR2 is unclear at
this moment. Currently, we are working on determining the structure
of the TNF/TNFR2 complex by X-ray crystallography [44] so that
structure—activity relationship studies could be initiated in the near
future. Additionally, this structural information, in combination with
bioinformatics technology, will be useful for designing TNFR-
selective inhibitors (peptide mimics and chemical compounds).

5. Conclusions

In this study, we optimized our phage display-based screening
using a unique competitive panning technique, which is ten times
more efficient for screening TNFR2-selective TNF mutants compared
to the conventional panning method. As a result of screening, we
have succeeded in isolating several TNFR2-specific TNF mutants
with high TNFR2 affinity and full bioactivity via TNFR2. Further
analysis of the relationship between the structure and bioactivity of
the TNF mutants would offer highly valuable and useful information
regarding the TNF/TNFR biology. In conclusion, our fine-tuned
competitive panning system is a simple and effective technology
for isolating receptor-selective mutant proteins.
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The cytokine lymphotoxin-o (LTo) is a promising anticancer agent; however, its instability currently lim-
its its therapeutic potential. Modification of proteins with polyethylene glycol (PEGylation) can improve
their in vivo stability, but PEGylation occurs randomly at lysine residues and the N-terminus. Therefore,
PEGylated proteins are generally heterogeneous and have lower bioactivity than their non-PEGylated
counterparts. Previously, we created phage libraries expressing mutant LTas in which the lysine residues
of wild-type LTo (wtLTo) were substituted for other amino acids. Here, we attempted to create a lysine-
deficient mutant LTo with about the same bioactivity as wtLTa by using these libraries and site-specific
PEGylation of the N-terminus. We isolated a lysine-deficient mutant LTo, LT-KO, with almost identical
bioactivity to that of wtLTa against mouse LM cells. The bioactivity of wtLTo decreased to 10% following
random PEGylation, whereas that of LT-KO decreased to 50% following site-specific PEGylation; PEGylat-
ed LT-KO retained five times the bioactivity of randomly PEGylated wtLTo. These results suggest that site-
specific PEGylated LT-KO may be useful in cancer therapy.
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1. Introduction

The cytokine lymphotoxin-a (LTat) is well known for its tumor
cell-specific cytotoxicity [1-3]. It also has roles in various immune
responses, such as inducing chemokine production from the blood
vessel endothelium or stimulating the activation of adhesion mole-
cules [4-6]. Thus, LTa has potential applications in cancer therapy.
More recently, studies in LTot knockout mice have revealed that LTa
is a master cytokine of lymph histogenesis, suggesting that the
underlying mechanism of this cytokine’s anti-tumor activity may
be novel [7,8]. Schrama et al. showed that systemic administration
of LTa to a tumor-bearing mouse leads to the construction of ecto-
pic lymphoid tissue within the tumor and to the strong induction of
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tumor immunity in that lymphoid tissue [9,10]. Further detailed
studies are necessary, but the concept that LT builds ectopic lym-
phoid tissue in a tumor and effectively induces tumor immunity is a
promising breakthrough for cancer immune-therapy. To exert its
various biological functions, LTa binds to three receptor subtypes:
tumor necrosis factor receptor 1 (TNFR1), TNFR2, and herpes virus
entry mediator (HVEM). TNFR1 induces an anti-tumor effect and
Peyer’s patch development, whereas TNFR2 is essential for immune
responses to bacteria and viruses [11]. HVEM has some immune-
modulating activity, but details are scarce [12]. LTa has long been
considered a promising anti-cancer agent, and LTa mutants are un-
der clinical study in some countries [9,13,14]. However, the clinical
use of LTa has been limited because of its very low stability and
pleiotropic action in vivo.

One way to enhance the stability of proteins is to conjugate
them to polyethylene glycol (PEG) [15,16]. PEGylation of proteins
increases their molecular size, enhances steric hindrance, and im-
proves plasma half-life. The prolonged circulating lifetime in the
blood induces the enhanced permeability and retention (EPR) ef-
fect, which is derived from the leaky nature of tumor blood vessels
and results in increased delivery of conjugates to tumor tissue [17].
In fact, our group previously showed that optimal PEGylation of



