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With a similar goal in mind, we previously constructed M13
bacteriophage libraries (Library I and Library II) displaying mutant
TNFs randomized at amino acid positions 29, 31, 32, 145, 146 and
147 or at positions 84-89 of TNF, and succeeded in isolating ago-
nistic- and antagonistic-mutant TNFs from these libraries [11,12].
Particularly, the TNFR1-selective antagonist mutTNF-T2 showed
almost same therapeutic effect as the anti-TNF biologics in a hep-
atitis model [13].

Currently, generation of a phage-displayed library with large
repertoire (>10%) is impeded by the limited transformation effi-
ciency of Escherichia coli (E. coli). As a result, it is difficult to con-
struct a high quality mutant library (20°=6.4 x 107) that is
randomized at more than seven different amino acid residues
and includes almost all clones. To overcome this problem, here
we have developed a novel protein engineering strategy (gene
shuffling method) for creation of functional mutant proteins. To
achieve our goal, we first constructed two types of phage libraries
displaying mutant TNFs, in each of which six amino acids residues
in the predicted receptor binding sites were replaced with other
amino acid residues, and these phage display libraries were subse-
quently subjected to several rounds of panning against TNFR1 and
TNFR2, respectively, using a surface plasmon resonance analyzer
(BlAcore). After several rounds of panning, we obtained two li-
braries, each one containing enriched number of a TNF receptor-
specific high affinity clones. Next, we utilized these enriched li-
braries to construct high quality TNF receptor-specific shuffling li-
braries using a gene shuffling method. Finally, panning of these
shuffling libraries against TNFR1 and TNFR2, respectively, have al-
lowed us to isolate TNF mutants with greater receptor-selectivity
and enhanced receptor-specific bioactivity than the previously iso-
lated TNFR1-selective mutant R1-5 and TNFR2-selective mutant
R2-3 [12].

Materials and methods

Cell culture. HEp-2 cells (a human fibroblast cell line) were pro-
vided by the Cell Resource Center for Biomedical Research (Tohoku
University, Sendai, Japan) and were maintained in RPMI 1640 med-
ium (Sigma-Aldrich Japan, Tokyo, Japan) supplemented with 10%
FBS and antibiotics cocktail (penicillin 10,000 units/ml, streptomy-
cin 10 mg/ml, and amphotericin B 25 pg/ml; Nacalai tesque, Kyoto,
Japan). hTNFR2/mFas-preadipocyte (mouse preadipocyte cell
expressing a chimeric receptor, which consist of the extracellular
and transmembrane domain of human TNFR2 and the intracellular
domain of mouse Fas) cells were established previously in our lab-
oratory [14] and were maintained in D-MEM (Wako Pure Chemical
Industries, Osaka, Japan) supplemented with blasticidin S HCI
(5 pg/ml Sigma-Aldrich Japan, Tokyo, Japan), 10% FBS, 1 mM so-
dium pyruvate, 5 x 107> M 2-mercaptoethanol, and antibiotic
cocktail.

Selection of TNF receptor-selective mutants from the mutant TNF
phage display library by panning. Human TNFR1 Fc chimera or hu-
man TNFR2 Fc chimera (R&D systems, Minneapolis, MN) was
immobilized onto a CM3 sensor chip (GE Healthcare, Bucking-
hamshire, UK) as described previously [11,12]. The phage display
library (1 x 10'" CFU/100 pul) was injected over the sensor chip at
a flow rate of 3 pl/min on BlAcore. After binding, the chip was
rinsed until the association phase was reached. Elution was car-
ried out using 4 pl of 10 mM glycine-HCL. The eluted phage pool
was neutralized with 1 M Tris=HCI (pH 6.9). Next, the phages in
the eluted pool were amplified in the E. coli TG1. The panning,
elution and amplification steps were repeated twice. Subse-
quently, single clones were isolated from the phage pool, and
the DNA sequences of phagemids purified from the single clones
were analyzed.
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Fig. 1. Construction of the Gene Shuffling Library. Schematic description of the methods used to construct the Gene Shuffling Libraries A and B from two parent mutant TNF
libraries, each one of which was created by replacing the codon of the amino acid residue at positions 29, 31, 32, 145, 146 and 147 (Library I) or at positions 84, 85, 86,87, 88
and 89 (Library II) of TNF with the randomized codon NNS (where N and S represent GJAIT/C or G/C, respectively) to obtain all twenty amino acid substitutions at each
position. NNS encodes all 20 different amino acids. Mutations were introduced by PCR using the lysine-deficient mutant TNF as the template as described in Materials and

methods.
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Construction of mutant TNF phage library (Gene Shuffling Library).
The pCANTAB phagemid vector encoding a lysine-deficient mutant
TNF which was created previously was used as a template for li-
brary construction [15]. First, two types of phage libraries, display-
ing mutant TNFs containing random substitutions of amino acid
residues at positions 29, 31, 32, 145, 146 and 147 (Library 1), and
at positions 84, 85, 86, 87, 88 and 89 (Library II), were prepared
using polymerase chain reaction (PCR) as described earlier
[11,12]. Each library was then subjected to two rounds of panning
against TNFR1 to concentrate TNFR1-specific high-affinity mutant
TNFs. Next, we purified all plasmids from each concentrated li-
braries. These two pools of purified plasmids were digested with
the restrict enzymes (PpuMlI, BstEll), DNA inserts were purified
and then ligated to a pY03’ phagemid vector to construct a ran-
domized library (Shuffling Library A) that contained mutations at
twelve different amino acid residues (see Fig. 1). We also prepared
a second randomized library (Shuffling Library B) by following the
same protocol and using TNFR2 for panning.

Competitive ELISA. Inhibition of wtTNF binding to the TNFR1 and
TNEFR2 by a TNFR1 or TNFR2-selective mutant was measured using
ELISA as described previously [16]. The wtTNF-FLAG, a FLAG tag fu-
sion protein of human TNF [16], was used as a marker protein.
Briefly, the immune assay plates (NUNC, Roskilde, Denmark) were
coated with 5 pg/ml goat anti-human IgG antibody (MP Biomedi-
cals, Aurora, OH) and incubated with 0.2 pig/ml of either the human
TNFR1 or the human TNFR2. After blocking the non-specific bind-
ing sites, a pre-made mixture containing 100 ng/ml of wtTNF-FLAG
and various concentrations of a given TNF mutant was added to the
wells. After 2 h of incubation at room temperature, the wells were
washed. Next, 0.5 pg/ml biotinylated anti-FLAG M2 antibody was
added to each well and then the plate was incubated for an addi-
tional period of 2h at room temperature. Wells were washed
and then incubated with the horseradish peroxidase-coupled
streptavidin (Zymed Lab. Inc, South San Francisco, CA) for
30 min at room temperature. The remaining bound wtTNF-FLAG
was quantified as described above.

Assay for cytotoxicity mediated via TNFR1 and TNFR2. To measure
cytotoxicity mediated via the TNFR1, HEp-2 cells (4 x 10* cells/
well) were cultured in 96-well plates (NUNC, Roskilde, Denmark)
in presence of a given TNF mutant, serially diluted human wtTNF
(Peprotech, Rocky Hill, NJ), and with 100 pg/ml cycloheximide for
18 h, and cytotoxicity was assessed by using the methylene blue
assay as described previously [17]. To measure cytotoxicity medi-
ated via the TNFR2, hTNFR2/mFas-preadipocyte cells
(1 x 10* cells/well) were cultured in the 96-well plates (NUNC)

Table 1
Substituted residues and affinities of TNF receptor-selective mutant candidates.
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in presence of a given TNF mutant and serially diluted human
WtTNF for 48 h, and then cell survival was determined by using
the methylene blue assay.

Results and discussion

In this study, to overcome the barrier of limited transformation
efficiency of E. coli in the preparation of high quality phage display
libraries, we adopted a novel protein engineering technology in
which amino acid residues at 12 different places were randomly
substituted using a gene shuffling method to enhance the useful-
ness of the phage display technique.

Fig. 1 schematically summarizes the protocol used for con-
structing a novel TNF gene shuffling library. First, we prepared
two phage libraries displaying mutant TNFs, in each of which six
different amino acid residues (residues at positions 29, 3, 32,
145, 146 and 147 for Library I; residues at positions from 84 to
89 for Library II) present in the receptor binding site of TNF, previ-
ously identified by point mutation analysis and X-ray crystallogra-
phy, were randomly substituted with other amino acid residues
[11,12]. The phage libraries expressing mutant TNFs were con-
structed by two-step PCR as described in the Materials and meth-
ods. We confirmed that the phage Libraries 1 and Il consisted of
8 x 10° and 6 x 10° independent clones, respectively (data not
shown). Next, to enrich for TNFR1 binding mutants, we subjected
each library to two rounds of panning using TNFR1 and recovered
phage clones with high affinity to TNFR1. We used a gene shuffling
method to construct the mutant TNF Shuffling Library A from these
libraries, which consist of high affinity clones to TNFR1 (see Fig. 1).
In the similar manner, we constructed the Shuffling Library B by
carrying out panning using TNFR2. Amino acid analysis of eight
randomly picked clones from each library revealed that each one
of them was a mutant containing amino acid substitutions at 12
residues (results not shown). To concentrate TNFR1-selective mu-
tant TNFs, the Shuffling Library A was subjected to two rounds of
panning against TNFR1 using the BlAcore biosensor. After the sec-
ond panning, supernatants of E. coli TG1 included phagemid were
randomly collected and performed the screening by ELISA and bio-
assay to analyze their bioactivity and affinity against TNFR1 (data
not shown). As a result, we identified six TNFR1-selective, high
affinity clones, R1-15 to R1-20 (Table 1). Similarly, we identified
three TNFR2-selective candidates (R2-14 to R2-16) from the Shuf-
fling Library B (Table 1). The fact that the amino acid residue at po-
sition 87 in all active TNF receptor-selective candidates was a Tyr
residue (Table 1), it suggests that Tyr87 is an important residues

Amino acid sequence

Relative affinity (%)*

29 31 32 84 85 86 87 88 89 145 146 147 TNFR1 TNFR2 TNFR1/TNFR2
WETNF L R R A \% S Q T A E S 100.0 100.0 1.0
R1-5° K A G - - - - - - - S T 82.0 2.0 x 1072 41 x10°
R1-15 R N Y S - R - N P - - - 115.7 6.0 x 1072 1.9 x 10°
R1-16 T Q Y T P G - S H - A H 8.6 6.0 x 1072 1.4 x 10?
R1-17 R T F S P L - R Q S S T 54.2 6.0 x 1072 9.0 x 10?
R1-18 K N F S S H - T H - - - 53.9 1.0x 107! 5.4 x 10?
R1-19 S N Y - - - - - - - \% - 138.7 8.0x 107! 1.7 x 10°
R1-20 T - Y S H T - P S S Q A 1705 3.0x 1072 5.7 x 10°
R2-3¢ - - - - - - - - - R - T <0.1 334 <0.0029
R2-14 - - - - P - - N S S A D 16 103.7 0.0154
R2-15 - - S Q A N - 1 G D <0.1 1418 <0.0007
R2-16 - - - - - - - - H S D 14 91.7 0.0152

Comparison of the amino acid residues of the wild-type and mutant TNFs; conserved residues are indicated using a dash.
2 Concentration of mutant TNF required for 50% inhibition of maximal binding of wtTNF-FLAG.
b A TNFR1-selective mutant, which was isolated previously from the existing phage library (Library I).
¢ A TNFR2-selective mutant, which was isolated obtained from the existing phage library (Library I).
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for receptor binding, which is in good agreement with the previous
report [8-10].

To determine the properties of the receptor-selective candi-
dates, we purified all the candidate TNF mutants as recombinant
proteins using a general recombinant protein technology
[11,12,15,18]. After each recombinant mutant TNF was expressed
in E coli BL21ADE3 and purified to homogeneity, we used gel
electrophoresis and gel filtration chromatography to confirm that
each of them, like the wWtTNF, displayed MW of 17 kDa and
formed a homotrimeric complex (results not shown). We next used
a competitive ELISA to examine the binding properties of the mu-
tant TNFs to the TNF receptors, and the results are summarized in
Table 1. As summarized, all TNFR1-selective candidates showed
lower affinity for TNFR2 than the wtTNF. On the other hand, affin-
ities of the clones R1-15, R1-19, and R1-20 for TNFR1 were better
than that the wtTNF. Especially, affinity of the clone R1-20 for
TNFR1 was more than 1.7-fold higher than that of the wtTNF
and was about 2-fold higher than that of the TNF mutant R1-5,
which was previously identified from the Library I [12]. Addition-
ally, selectivity of R1-20 for TNFR1 was higher than that of the
R1-5. Next, we evaluated affinity of the TNFR2-selective mutants
for TNFR2 (Table 1). Our results revealed that the clones R2-14,
R2-15 and R2-16 bound to TNFR2 more strongly than the TNF
mutant R2-3, which was previously isolated in our laboratory
[12]. Especially, the TNF mutant R2-15 bound to TNFR2 with an
affinity that was 1.4-fold higher than that of the wtTNF. R2-15
also showed superior TNFR2-selectivity than R2-3. Thus, by using
the gene shuffling libraries, we were able to isolate TNF mutants
that were highly receptor-selective. The receptor-selective TNF
mutants R1-20 and R2-15 contained amino acid substitutions at
10 and 7 places, respectively. A point mutation analysis study of
TNF suggested that the amino acid residues near position 140
are essential for TNFR1 binding [8,10,12]. In agreement with this
report, we found that the residue at position 145 in the TNFR1-
specific mutants is mostly retained or contained conservative
amino acid substitutions, whereas more than one residues at
positions 145, 146 and 147 in the TNFR2-selective mutants con-
tained non-conservative amino acid substitutions. On the other
hand, the amino acids residues near positions 30 and 80 were
mostly conserved in the TNFR2-specific mutants, but not in the
TNFR1-specifc mutants, suggesting that these amino acid residues
might play important roles in TNFR2 binding [12]. Thus, this is
the first report describing the creation of highly receptor-selective
TNF mutants, namely R1-20 and R2-15, from a randomized mu-
tant TNF library containing amino acid substitutions at 12 differ-
ent amino acid residues. These results clearly demonstrate the
usefulness of the developed method, which combines both phage
display and gene shuffling techniques.

Next, we examined the receptor-selective bioactivities of the
TNF mutants R1-20 and R2-15, each one of which showed highest
receptor-selectivity, and the results are shown in Fig. 2 and Table
2. TNFR1-mediated cytotoxicity induced by the TNF mutant R1-
20, as measured in vitro using the Hep-2 cells, was 7-fold and
2.2-fold higher than those of the mutant R1-5 and wtTNF, respec-
tively (Fig. 2A and Table 2). Next, we evaluated the TNFR2-medi-
ated activity of R1-20 using the hTNFR2/mFas-preadipocyte cells,
which were previously constructed in our laboratory [14]. As ex-
pected, R1-20 hardly exhibited bioactivity via TNFR2, and the
activity was much lower than that of the wtTNF (Fig. 2B and Table
2). On the other hand, the bioactivity of the TNFR2-selective mu-
tant R2-15 via TNFR1 was 1000-fold lower than that of the wtTNF
(Fig. 2C). The bioactivity of R2-15 via TNFR2 was, however, 2.5-
fold higher than that of the wtTNF and more than 15-fold higher
than that of the R2-3 mutant (Fig. 2D and Table 2). Remarkably,
the bioactivity of R2-15 was higher that that of the R2-3, both
of which are TNFR2-specific TNF mutants (Fig. 2D and Table 2).
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Fig. 2. Bioactivity of the receptor-selective mutants. The receptor-specific bioac-
tivity (% viability) was measured following the treatment of HEp-2 or hTNFR2/
mFas-preadipocyte cells with the wild-type or mutant TNF by using the methylene
blue staining procedure as described in Materials and methods. (A) and (C) TNFR1-
mediated bioactivity was measured using the HEp-2 cells. (B) and (D) TNFR2-
mediated bioactivity was measured using the hTNFR2/mFas-preadipocyte cells. In
(A) and (B) open circle, wtTNF; closed circle, R1-5; and open triangle, R1-20. In (C)
and (D) open circle, wtTNF; closed circle, R2-3; and open triangle, R2-15.

Table 2
Bioactivity of receptor-selective mutants.
TNFR1? TNFR2®
EC50 (ng/ml) Relative (%) EC50 (ng/ml) Relative (%)
WETNF 13 100.0 0.4 100.0
R1-5 44 29.5 >5.0 x 10° <8.0x 107
R1-20 06 216.7 >5.0 x 10° <8.0x 107
R2-3 >1.0 x 10° <0.1 3.1 13.0
R2-15 >1.0 x 10° <0.1 0.2 200.0

The bioactivity values were determined from the results shown in Fig. 2 and are
shown here as relative values (% wtTNF). Each value shown is mean £ SD (n = 3).

3 TNFR1-mediated bioactivity was determined by a cytotoxicity assay as descri-
bed in Materials and methods using the HEp-2 cells.

b TNFR2-mediated bioactivity was determined by a cytotoxicity assay as descri-
bed in Materials and methods using the hTNFR2/mFas-preadipocyte cells.

Thus, by using the combined technology described in this study,
we were able to identify TNF mutants with improved TNF recep-
tor-selectivity and enhanced bioactivity than the existing TNF
mutants.

Presently, both the underlying mechanism of signal transduc-
tion via each TNF receptor, and the relationship between the TNF
receptors and onset of TNF-related diseases remain unclear. We
anticipate that the TNF receptor-selective TNF mutants found in
this study could be used as tools to analyze the receptor-specific
signal transduction pathways. Additionally, we believe that the
technology described here would be easily applicable to many dis-
ease-related proteins of unknown function. Thus, by creating struc-
turally diverse protein libraries, we could rapidly identify
therapeutically valuable proteins, which might lead to the devel-
opment of effective and safe drugs in the near future.
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ARTICLE INFO ABSTRACT

Blocking the binding of TNF-a to TNF receptor subtype-1 (TNFR1) is an important strategy for the
treatment of rheumatoid arthritis (RA). We recently succeeded in developing a TNFR1-selective antag-
onistic TNF mutant, R1antTNF. Here, we report the anti-inflammatory effects of R1antTNF in a murine
collagen-induced arthritis model. To improve the in vivo stability of R1antTNF, we first engineered PEG
(polyethylene glycol)-modified R1antTNF (PEG-R1antTNF). In prophylactic protocols, PEG-R1antTNF
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g;ywom':" i aricie clearly improved the incidence, and the clinical score of arthritis due to its long plasma half-life.
Cyte;::e:l AL Although, the effect of PEG-R1antTNF on the incidence and production of IL1-B was less than that of the

existing TNF-blocking drug Etanercept, its effect on severity was almost as marked as Etanercept.
Interestingly, in therapeutic protocols, PEG-R1antTNF showed greater therapeutic effect than Etanercept.
These data suggest that the anti-inflammatory effects of PEG-R1antTNF depend on the stage of arthritis.
Recently, there has been much concern over the reactivation of viral infection caused by TNF blockade.
Unlike Etanercept, PEG-R1antTNF did not reactivate viral infection. Together, these results indicate that
selective inhibition of TNF/TNFR1 could be effective in treating RA and that PEG-R1antTNF could serve as
a promising anti-inflammatory drug for this purpose.

Cytokine receptors
Tumor necrosis factor

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Rheumatoid arthritis (RA) is an autoimmune inflammatory
disease affecting approximately 1% of the population world-wide,
with over 60 million people suffering from this disorder [1].
Although the fundamental cause of RA remains unclear, among
inflammatory cytokines, TNF-a. is believed to be involved in the
development and exacerbation of the pathology [2-4]. Currently,
TNF-neutralization therapies using Etanercept (Enbrel®), a soluble
Fc-TNF receptor (TNFR) 2 fusion protein, or Infliximab (Remicade®),
a TNF-specific monoclonal antibody, have proven successful as
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a strategy for treatment of RA [5-7]. Because TNF blockade not only
improves symptoms but also suppresses joint destruction [8], it
is viewed as a highly effective therapeutic approach. However,
therapeutic efficacy may be accompanied by side effects, such as
congestive heart failure [9], demyelinating disease [10], and lupus-
like syndrome [11]. Most notably, the use of TNF blockade is asso-
ciated with an increased risk of bacterial and virus infection [12,13]
and lymphoma development [14] because TNF-dependent host
defense functions are also inhibited. Therefore, to overcome these
problems, development of a new therapeutic strategy is highly
desirable.

TNF exerts its biological functions by binding to one of two
receptors, TNFR1 or TNFR2. Mori et al. reported that the inci-
dence and severity of arthritis was lower and milder in TNFR1-
knockout mice than in wild-type mice [15]. Additionally,
previous studies demonstrated that transgenic mice with
enforced expression of human TNF developed severe arthritis
[16,17]. Thus, the involvement of TNFR1 in arthritis pathogenesis
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is strongly implicated, because human TNF binds and activates
only murine TNFR1 but not TNFR2. On the other hand, TNFR2 was
shown to be crucial for the antigen-stimulated activation and
proliferation of T cells [18-20], essential for cell-mediated
immune responses to infection. Additionally, transmembrane
TNF (tmTNF), the prime activating ligand of TNFR2 [21], was
reported to be sufficient to control Mycobacterium tuberculosis
infection [22,23], indicating the importance of TNF/TNFR2 func-
tion in this bacterial infection. Based on these studies, blocking
TNF/TNFR1- but not TNF/TNFR2-interations is emerging as an
effective and safe strategy for treating inflammatory diseases,
which might overcome the risk of infections associated with the
use of the currently available TNF blockades [24]. However,
because TNFR1-selective antagonists had not yet been developed,
the efficacy of this strategy has not been verified thus far.

With this in mind, we generated the TNFR1-selective antago-
nistic TNF-mutant, R1antTNF, based on human TNF [25]. This agent
binds only to TNFR1, and inhibits multiple TNF functions mediated
through that receptor in vitro and in vivo [26]. Therefore, we
propose that R1antTNF may be a useful therapeutic agent in
chronic inflammatory diseases. However, when administered
intravenously, like wild-type TNF, R1antTNF has a very short half-
life in the plasma of mice (about 10 min). To overcome this limi-
tation, we recently developed a site-specific PEGylation process
that significantly improves the in vivo stability and therapeutic
effect of TNF without loss of bioactivity [27-29]. The application of
this technology to R1antTNF aimed to lengthen the plasma half-life
and improve the therapeutic effects of R1antTNF. In the present
study, after confirming the inhibitory effect of R1antTNF on TNF-
induced osteoclast differentiation in an RA-related in vitro assay, we
prepared such PEGylated R1antTNF, and assessed its therapeutic
effects in an established arthritis model.

2. Materials and metheods
2.1. Mice

BALB/c, DBA/1] and C57/BL6 mice were purchased from SLC Japan and main-
tained under specific pathogen-free conditions. All experimental protocols for
animal studies were in accordance with “Principles of Laboratory Animal Care"
(National Institutes of Health publication no. 85-23, revised 1985: http://grants.nih.
gov/grants/olaw/references/phspol.htm) and our institutional guidelines.

2.2. Expression and purification of R1antTNF

A plasmid encoding the R1antTNF gene under the control of the T7 promoter
was prepared and the molecule produced following procedures for the expression
and purification of recombinant proteins described previously [28]. Briefly,
R1antTNF was over-expressed in E. coli BL21(DE3), recovered from the inclusion
body, washed with 2.5% Triton X-100 and 0.5 m NaCl in TES buffer, and then solu-
bilized in 6 M guanidine-HCl, 0.1 m Tris—HCl, pH 8.0, and 2 mm EDTA. The solubilized
protein was reduced with 10 mg/ml dithioerythritol for 4 h at RT, and then refolded
by 100-fold dilution in a refolding buffer [100 mm Tris-HCI, 2 mm EDTA, 0.5 m argi-
nine, and oxidized glutathione (551 mg/L)]. After dialyzing against 20 mm Tris—HCl,
pH 74, containing 100 mm urea, the active trimeric proteins were purified by
Q-Sepharose chromatography (GE Healthcare Bioscience, Tokyo, Japan). Additional
gel filtration chromatography (Superose 12, GE Healthcare Bioscience) was per-
formed to further purify each protein. The endotoxin level in the purified R1antTNF
was determined to be <300 pg/mg.

2.3. In vitro osteoclastogenesis assay

Bone marrow cells prepared from DBA/1] mice were suspended in MEM (Sigma-
Aldrich Japan, Tokyo, Japan) containing 10% FBS and cultured at 1.5 x 10* cells/cm?in
the presence of M-CSF (50 ng/ml; PeproTech, Rocky Hill, N]). The cells were cultured
for 3 days, then harvested and seeded into 48-well plates (1.5 x 10* cells/well), and
maintained for 5 days in the presence of diluted R1antTNF, or mouse wild-type TNF
(WtTNF) (20 ng/ml; PeproTech), and M-CSF. Cells were then fixed and stained for
tartrate-resistant acid phosphate (TRAP) according to the manufacturer's protocol
(Cell Garage, Tokyo, Japan).

2.4. PEGylation of R1antTNF

R1antTNF in PBS was reacted with a 10-fold molar excess of mPEG-SPA 5000
(the succinimidyl ester of methoxy poly (ethylene glycol) propionic acid, average
molecular weight 5,000; Shearwater, Huntsville, AL) against total primary amines of
R1antTNF at 37 °C for 15 min, and then g-amino caproic acid (10-fold molar excess
against PEG) was added to stop the reaction. The reaction liquid was injected into gel
filtration chromatography columns (Superose-12), and mono-PEGylated R1antTNF
was collected. Collected samples were pooled, and run over Superose 12 columns
again. Mono PEGylated R1antTNF was then separated, pooled again, and used as
PEG-R1antTNF.

2.5. Surface plasmon resonance (SPR) assay

The binding kinetics of R1antTNF and PEG-R1antTNF were analyzed by the SPR
technique using BlAcore 3000 (BlAcore®, GE Healthcare, Buckinghamshire, UK).
Human TNFR1 (hTNFR1)-Fc chimera (R&D Systems, Minneapolis, MN) was diluted to
50 pg/ml in 10 mm sodium acetate buffer (pH 4.5). hTNFR1 was immobilized on
a CM5 sensor chip, which resulted in an increase of 3,000-3,500 resonance units
(RU). During the association phase, TNFs diluted in running buffer (HBS-EP) at 78.3,
26.1, 8.7 or 2.9 nm were individually passed over the immobilized hTNFR1 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 globally with
BIAEVALUATION 3.0 software (BlAcore®) using a 1:1 binding model.

2.6. Cytotoxicity assay

L-M cells (a mouse fibroblast cell line) were provided by Mochida Pharmaceu-
tical Co Ltd (Tokyo, Japan) and maintained in MEM supplemented with 1% FBS and
1% antibiotic cocktail (Nacalai tesque, Kyoto, Japan). For the neutralization assay,
a constant concentration of mouse wtTNF (5 ng/ml) and serial dilutions of R1antTNF
were incubated with L-M cells (1 x 10* cells/well). After incubation for 48 h, cell
survival was determined by methylene blue assays, as described previously [30].

2.7. Pharmacokinetic assay

Female BALB/c mice (n =5) were injected i.p. with 100 ug R1antTNF or PEG-
R1antTNF and blood samples drawn at different times thereafter. Serum concen-
trations of R1antTNF or PEG-R1antTNF were measured using an anti-human TNF
ELISA kit (R&D Systems, Minneapolis, MN).

2.8. Induction of arthritis

Seven-weelk-old male DBA/1] mice were immunized by intradermal injection at
the base of the tail with 100 pg of bovine type II collagen in 0.05m acetic acid
(Chondrex, Redmond, WA), emulsified in an equal volume of Freund's complete
adjuvant (Chondrex). On day 21, mice received a type Il collagen booster with an
equal volume of incomplete Freund's adjuvant (Chondrex). For studies on prophy-
laxis, 3 ug PEG-R1antTNF or 25 g Etanercept were administered i.p. twice daily or
twice weekly, respectively, for 3 weeks starting at day 23. For therapy of established
disease, administration of PBS, PEG-R1antTNF or Etanercept was started at day 28
when the average arthritis index was 0.5-1. Clinical arthritis was assessed by
inspection every day, and inflammation of the 4 paws was graded from 0 to 4 as
follows: grade 0, no swelling and focal redness; grade 1, swelling of finger joints;
grade 2, slight swelling of ankle or wrist joints; grade 3, severe inflammation of the
entire paw; and grade 4, deformity or ankylosis. Each paw was graded and the
4 scores were totaled so that the maximum possible score per mouse was 16. Blood
was collected on day 50 after challenge, and serum IL-1f concentrations were
measured by ELISA (R&D Systems).

2.9. Histology

The hind paws of each mouse were removed on day 43. One was fixed in 10%
neutral buffered formalin, and decalcified with EDTA, embedded in paraffin,
sectioned, and stained with hematoxylin-eosin. Radiographs were taken of the
other hind paw. Serial sections were scored by investigators without knowledge of
the experimental group. Destruction of ankle joint was scored as previously
described [31,32] with modification. Cell filtration, synovitis, destruction of cartilage,
and juxta-articular bone involvement were graded from 0 to 3. Each hind paw was
graded and scores for the two paws were totaled so that the maximum possible
score per mouse was 6.

2.10. Liver clearance of adenovirus

Recombinant fiber-modified adenovirus vector, containing an RGD (Arg-Gly-
Asp) peptide in the fiber knob, and encoding the luciferase gene (Ad-Luc) was kindly
provided by Dr. H. Mizuguchi (National Institute of Biomedical Innovation, Osaka,
Japan). C57BL/6 mice (6 week-old females) were intravenously injected with Ad-Luc
(5 x 10° PFU/mouse). The administration of PEG-R1antTNF and Etanercept was
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started 1 day before Ad-Luc injection, and continued in a similar manner to the CIA
model. One week after Ad-Luc injection, the mice were sacrificed and luciferase
activity was measured as previously described [33].

2.11. Statistics

Mean values + SD or SEM were compared by unpaired Student’s t-test for
parametric analysis. The mean arthritis index in each treatment group was
compared using the Mann-Whitney U test. Statistical differences in arthritis inci-
dence were determined by y*-test.

3. Results

3.1. Inhibitory effect of R1antTNF on osteoclast differentiation
in vitro

Osteoclasts play an important role in bone resorption and are
also involved in the progression of osteoporosis and arthritis. TNF is
recognized as a potent inducer of osteoclastic differentiation [34]. It
is mainly the interaction of TNF and TNFR1 which induces this
osteoclastogenesis [35]. Previously, we reported that R1antTNF
inhibited TNFR1-mediated functions, such as cytotoxicity, cytokine
production, and NF-kB activation in some cell-lines, but whether it
also inhibits TNF-induced osteoclast differentiation was not tested.
Therefore, the inhibitory activity of R1antTNF on osteoclastogenesis
was assessed on osteoclast progenitors derived from mouse bone
marrow cells, which more accurately reflects the pathology than
using cell-lines. Osteoclast progenitors derived from mouse bone
marrow cells were incubated with mouse wild-type TNF (WtTNF)
and R1antTNF, and the level of expression of tartrate-resistant acid
phosphatase (TRAP), a marker of TNF-induced differentiation of
osteoclasts, was measured. A 50-fold excess R1antTNF over wtTNF
significantly decreased the number of TRAP-positive cells (Fig. 1a)

o

a
R1antTNF (-)
o .

7

Number of TRAP positive cells

H. Shibata et al. / Biomaterials 30 (2009) 6638-6647

and a 500-fold excess almost completely inhibited osteoclast
differentiation (Fig. 1b). These results indicate that the R1antTNF is
inhibitory for osteoclast differentiation.

3.2. In vivo stability and inhibitory activity of PEG-R1antTNF

To extend the half-life of R1antTNF in plasma, we applied our
site-specific PEGylation to R1antTNE. While conventional PEGyla-
tion of TNF caused a loss of bioactivity due to random introduction
of PEG at the e-amino groups of six lysine residues in monomer TNF,
our site-specific PEGylation introduces PEG only at the NH;
terminus via lysine-deficient mutant TNF without loss of bioac-
tivity. R1antTNF was generated using a phage library based on this
lysine-deficient mutant TNF whereby R1antTNF is also lysine-
deficient [25]. Because R1antTNF also forms homotrimers like
wtTNF, PEGylated R1antTNFs containing one, two, or three PEG
molecules could theoretically be created via the three N-termini of
R1antTNF. Indeed, di-PEGylated, mono-PEGylated, and non-PEGy-
lated R1antTNF were eluted in three peaks in that order by gel
filtration chromatography (data not shown). We have previously
reported that mono-PEGylated wtTNF retained complete bioac-
tivity with superior in vivo stability compared to non-PEGylated
TNF [28]. Therefore, mono-PEGylated R1antTNF was isolated, and
assessed by SDS-PAGE analysis. Two bands, consisting of mono-
PEGylated R1antTNF monomer and non-PEGylated R1antTNF
monomer, were detected (data not shown), indicating that only one
PEG molecule was introduced to one R1antTNF trimer molecule.
This mono-PEGylated R1antTNF (PEG-R1antTNF) was used for the
following study.

We next compared the binding affinity of PEG-R1antTNF and
non-PEGylated R1antTNF for TNFR1 by SPR analysis, and the
inhibitory activity on wtTNF-induced cytotoxicity against L-M cells,
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Fig. 1. Inhibitory effect of R1antTNF on TNF-mediated osteoclastogenesis. Bone marrow cells were incubated for 3 days with M-CSF, and adherent cells were stimulated with mouse
WETNF (20 ng/ml) in the presence of M-CSF with or without R1antTNE. After 5 days, cells were stained for TRAP (a) and the number of TRAP-positive cells was scored micro-
scopically (b) (n = 3). The ratio of R1antTNF/wtTNF (+) is 50 in the photomicrograph of R1antTNF (a). "p < 0.05 versus non-treated.
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a cell-line derived from L929 cells. The binding affinity of PEG-
R1antTNF for TNFR1 was almost equivalent to that of R1antTNF
(Fig. 2a). Additionally, PEG-R1antTNF inhibited wtTNF-induced
cytotoxicity with the same efficiency as R1antTNF (Fig. 2b). To
compare their in vivo stability, PEG-R1antTNF and R1antTNF were
intraperitoneally injected into mice, and serum levels were
measured at the indicated time points. In animals administered
R1antTNF, the serum concentration was almost at the limit of
detection 24 h after i.p. injection (Fig. 3). In contrast, the retention
time of PEG-R1antTNF in the circulation was considerably longer
than R1antTNF. These results suggest that mono-PEGylation
markedly increases the in vivo stability of R1antTNF without
decreasing its affinity for TNFR1 or its inhibitory activity.

3.3. PEG-R1antTNF treatment in the CIA model

We next investigated the protective effects of R1antTNF and
PEG-R1antTNF against collagen-induced arthritis (CIA) in a mouse
model. CIA is a chronic autoimmune model of human RA that is
widely used for dissecting molecular and cellular mediators of this
disease, as well as for evaluating possible therapeutic agents. Mice
were treated with R1antTNF or PEG-R1antTNF at 3 pg or 1 pg/
mouse twice a day for 3 weeks. We designed this dose schedule
based on the retention time in the circulation and the endogenous
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Fig. 3. Plasma levels of R1antTNF or PEG-R1antTNF after ip. injection. 100 pg
R1antTNF or PEG-R1antTNF was i.p. injected into mice (n=5), and blood samples
were collected at the indicated time points. The concentration of R1antTNF or PEG-
R1antTNF in plasma was determined by ELISA. A standard curve was made for each
R1antTNFs. Data represent the mean =+ SD.

TNF levels in serum reported previously [36]. The treatment was
started 2 days after the second immunization. In the PBS-treated
group, the clinical score increased on day 26, and severe swelling of
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Fig. 2. Binding affinity and inhibitory activity of R1antTNF and PEG-R1antTNF. (a) Binding affinity of R1antTNF and PEG-R1antTNF was analyzed using the surface plasmon
resonance (SPR) technique, TNFR1 was immobilized on a sensor chip CM5, which resulted in an increase of 3,000-3,500 resonance units (RU). The amount of protein bound to the
surface was recorded in RU. Duplicate injections of 78.3, 26.1, 8.7 or 2.9 nm R1antTNF or PEG-R1antTNF were passed over the immobilized TNFR1 at a flow rate of 20 ul/min.
The sensorgrams shown were normalized by subtracting the control surface sensorgram. (b) Serially diluted R1antTNF or PEG-R1antTNF was mixed with mouse WtTNF (5 ng/ml),
and applied to L-M cells. After 48 h, the inhibitory activity on TNF-mediated cytotoxicity was assessed by the methylene blue assay (n=3). The data represent the mean + SD.
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all four limbs was observed from around day 30 (Fig. 4). In the
RlantTNF-treated groups, administration at 3 pg/mouse reduced
the severity of arthritis, but administration at 1 pg/mouse had no
effect (Fig. 4a). In contrast, in the PEG-R1antTNF-treated groups,
administration of either 1 pg or 3 ug/mouse significantly decreased
the severity of arthritis (Fig. 4b). In particular, while the severity of
arthritis in the R1antTNF (1 pg/mouse)-treated group was almost
the same as in the controls, treatment with PEG-R1antTNF at (1 pg/
mouse) significantly suppressed the elevation of the arthritis score.
In addition, treatment with PEG-R1antTNF at 1 pg/mouse delayed
disease onset more noticeably than R1antTNF, indicating that the
former has a superior inhibitory effect (Fig. 4c and d). Furthermore,
treatment with PEG-R1antTNF at 3 pg/mouse significantly
decreased the incidence of arthritis (Fig. 4d).

Next, to examine the effects of PEG-R1antTNF on pathology of
ankle joints, we graded signs, such as bone destruction and cell
infiltration, on sections (Table 1). Fig. 5 shows a typical example of
an H&E-stained section and radiograph in each treatment group.
While the joints of PEG-R1antTNF-treated mice exhibited much
less inflammatory cell infiltration but only a trend toward reduction
in synovitis, this agent did significantly prevent destruction of
cartilage and bone involvement. This partially correlated with the
inhibition of osteoclastogenesis mediated by R1antTNF in vitro.
These results indicate that (1) R1antTNF has anti-inflammatory
effects in the CIA model, and may prevent arthritis, (2) the appli-
cation of our PEGylation strategy to RlantTNF enhanced this

H. Shibata et al. / Biomaterials 30 (2009) 6638-6647

Table 1
Effect of PEG-R1antTNF on ankle joint pathology.

Treatment Cell Synovitis Destruction  Juxta-articular
filtration of cartilage bone involvement

Control (PBS) 3.71+138 3.86+1.07 2.00+1.29 2.86+1.22

PEG-R1antTNF

1pg/mouse  225+199 225+097* 038048 063111

3pg/mouse  275+089 263+074* 088099  0.88+099%

Data represent the mean+SEM. *p <0.05, *#p <0.01 verses Control (PBS) by
Mann-Whitney U test.

preventive effect probably due to improvement of in vivo stability
without loss of inhibitory activity.

3.4. Efficacy of PEG-R1antTNF compared to other agents for TNF
blockade in the CIA model

We compared the effect of PEG-R1antTNF with Etanercept, an
existing anti-TNF drug based on soluble TNFR2 fusion proteins in
a prophylactic protocol similar to the above. Etanercept was
administered at 25 pg/mouse twice a week for 3 weeks in accor-
dance with reports of animal experiments in the package insert.
PEG-R1antTNF was administered at 3 pg/mouse twice a day for
3 weeks, as described in the previous section. The plasma half-life
of Etanercept is very long (about 90 h) due to its neonatal Fc
receptor recycling, whereas the serum concentration of even PEG-
R1antTNF 12 h after injection is only about one hundredth of its
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Fig. 4. Clinical score of CIA mice treated with R1antTNF or PEG-R1antTNF. The severity (a and b) and incidence (c and d) of arthritis in CIA mice (n = 10) treated with PBS, R1antTNF
(1 or 3 pg twice a day) (a, ¢), or PEG-R1antTNF (1 or 3 pg twice a day) (b, d) for three weeks from 23 day was assessed every day using an established macroscopic scoring system.
Data of severity represent the mean + SEM. Incidence of arthritis represent the percentage of mice that developed CIA (clinical score >0.5).
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Fig. 5. Effect of PEG-R1antTNF on joint arthritis of hind paws. Macroradiographs of hind paws were taken on day 43 (a). H&E-stained sections of each CIA joint of the hind paws

were also made on day 43 (b).

Cmax. Treatment with PEG-R1antTNF significantly reduced the
severity of arthritis compared with the control group (Fig. 6a).
While Etanercept completely inhibited arthritis up to day 33, at day
37 the arthritis score in the Etanercept-treated group was little
different from the PEG-R1antTNF-treated group. Etanercept also
decreased the incidence of arthritis and serum IL-1f levels more
effectively than PEG-R1antTNF (Fig. 6b and c). Therefore, despite
the findings that the effects of PEG-R1antTNF on the incidence of
arthritis and serum IL-1B levels were less marked than those
of Etanercept, the therapeutic activity of the former on disease
severity was almost identical. No apparent toxicity was caused by
PEG-R1antTNF and Etanercept after 3 weeks of continuous
administration and the body weight of the treated mice was the
same as controls (Fig. 6d). For clinical application, it is of course
important to know whether the candidate drug exhibits thera-
peutic effects also on well-developed or extensively progressed
arthritis. Therefore, we next examined the effect of PEG-R1antTNF
on progression of established arthritis. Mice were treated with
PEG-R1antTNF or Etanercept on day 28, when the average arthritis
index was about 1.0. Treatment with PEG-R1antTNF significantly
decreased the severity of disease (Fig. 7). These results indicate that
not only prophylactic but also semi-therapeutic application of PEG-
R1antTNF is effective in the CIA model.

3.5. Effect of PEG-R1antTNF on immunity to infection

A previous study using TNFR1- or TNFR2-deficient mice had
indicated that TNF/TNFR2 interactions play an important role in
antiviral-immune responses [37]. Therefore, we hypothesized that
because it inhibits the bioactivity resulting from the interaction
between TNF and TNFR1 but not between TNF and TNFR2, PEG-
R1antTNF might not have the undesirable side effect of inhibiting
antiviral immunity. Accordingly, we compared the effects of PEG-
R1antTNF and Etanercept on antiviral immunity using a recombinant

adenovirus vector, Ad-Luc. The administration of Etanercept and
PEG-R1antTNF was started one day before Ad-Luc injection and
continued as described for the CIA experiment. In the Etanercept-
treated group, luciferase activity was significantly higher than in
the control group, suggesting that the drug delayed clearance of the
virus (Fig. 8). In contrast, luciferase activity of the PEG-R1antTNF-
treated group was equivalent to controls, indicating that this agent
was not detrimental for viral clearance. Thus, because of its TNFR1
selectivity, use of PEG-R1antTNF might avoid one of the concerns
associated with potential side effects of anti-TNF blockers.

4. Discussion

In this study, we have investigated anti-inflammatory effects of
a TNFR1-selective antagonistic mutant TNF (R1antTNF) in an
animal model of RA. We showed that PEGylation of R1antTNF
greatly improves its ability to suppress arthritis. This could be due
to enhanced retention of R1antTNF in the circulating blood.
Although the detailed pharmacokinetics of PEG-R1antTNF and
R1antTNF still need to be analyzed, prolonged retention might
increase the availability of R1antTNF to block TNF/TNFR1 inter-
actions in the general circulation or lesion area, resulting in
improved inhibitory activity. The reason for prolonged retention is
believed to be that PEG moves very flexibly and forms an exten-
sive hydrated layer on the surface of R1antTNF, causing a reduc-
tion of renal excretion due to increased apparent molecular weight
and avoidance of attack by proteases. In this study, R1antTNF was
conjugated to linear PEG5k, which is widely used for PEGylation of
proteins, as a first approach. This was because we previously
reported that when TNFs conjugated with four kinds of PEG (linear
PEG5k, 20k, branched PEG10k, and 40k) were injected into tumor-
bearing mice, the antitumor effect of PEG5k-TNF was almost
equivalent to that of PEG10k-TNF and PEG20k-TNF, but PEG40k-
TNF did not show any antitumor effects. However, for maximizing
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Fig. 6. Inhibitory effect of PEG-R1antTNF and Etanercept on CIA in mice. The severity (a) and incidence (b) of arthritis in CIA mice (n = 8) treated with PBS, PEG-R1antTNF (3 pug
twice a day), or Etanercept (25 pg three times per week instead of twice a week) for three weeks from 23 day was assessed daily using an established macroscopic scoring system.
Data represent the mean = SEM. Serum concentration of IL-1p was determined by ELISA 43 days after the first immunization (c). *p < 0.05 versus PBS group. Body weight of CIA

mice was measured 43 days after the first immunization (d).

the effectiveness of PEGylation, it is important to select the
optimal molecular weight or type of PEG, balancing favorable
effects, side effects, and dose schedule. Thus, selection of the
optimal PEG for the treatment of arthritis or other chronic
inflammatory diseases remains to be determined.

We found that prophylactically selectively blocking TNFR1
signaling by PEG-R1antTNF decreased the development and
reduced the severity of arthritis. However, once arthritis became
established in a joint, the symptoms were as severe as in the PBS
treatment group (data not shown). Similar findings had already
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Fig. 7. Effect of PEG-R1antTNF and Etanercept on established arthritis in a semi-
therapeutic protocol. The severity of arthritis in CIA mice (n = 10) treated with PBS,
PEG-R1antTNF (3 pg twice a day), or Etanercept (25 pg three times per week instead of
twice a week) for three weeks was assessed daily. p < 0.05 versus PBS group.

been noted in a previous study [15]. Thus, although in TNFR1 +/—
mice the incidence and severity of arthritis were very low and mild
respectively, once arthritis had developed, symptoms were as
severe as in wild-type mice [15]. While it is possible that the
inhibitory activity of PEG-R1antTNF is insufficient for complete
suppression of arthritis, it also remains possible that there are many
other factors in addition to TNF/TNFR1, which influence the
development of arthritis. For example, IL-1 and IL-6 are known to
be major arthritogenic cytokines in addition to TNF [3,38]. More
recently, Cathepsin-K and Cadherin-11 were also reported to be
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Fig. 8. Influence of PEG-R1antTNF and Etanercept on clearance of adenovirus from the
liver. Mice were infected with Ad-Luc, and luciferase expression in the liver was
assessed 7 days after infection. Administration of PEG-R1antTNF or Etanercept
was started 1 day before infection, and continued as described for the experiments in
CIA mice. RLU, relative light units. *p < 0.05 versus PBS group. ¥p < 0.05 versus PEG-
R1antTNF group.

involved in the autoimmune inflammation of arthritis, in a manner
unrelated to TNF-associated cytokine cascades [39,40]. Therefore,
a combination of PEG-R1antTNF with inhibitors of these molecules
might prevent arthritis more efficiently than a single agent.

In contrast to the prophylactic model, comparison of PEG-
R1antTNF and Etanercept in a semi-therapeutic protocol demon-
strated that the former was significantly effective, with the latter
showing only a tendency to reduce the arthritis index. This is
consistent with the consensus that existing TNF inhibitors do not
show great efficacy once arthritis and swelling have already
become severe in CIA model. Previous studies reported that in
established CIA model anti-TNF antibody had no significant effect
on cartilage or bone destruction, although IL-1 blockade prevented
cartilage and bone destruction [31,41]. However, it's an undispu-
table fact clinical treatment using TNF blockade in RA patients
showed suppression of joint destruction. Because mechanisms
responsible for the therapeutic effects of Etanercept on CIA are not
well-investigated, the exact reasons for this result are not clear.
According to the product package insert, the clinical dose of
Etanercept is 25 mg/body (about 400 pg/kg) twice per week, and
the effective dose in the murine CIA model is 1-150 pg/body (about
50 to 7500 pg/kg). Thus, the dose of Etanercept used in our study
seems to be within the effective range. Another possible explana-
tion for the effectiveness of PEG-R1antTNF is its potential to inhibit
only TNFR1, whereas both TNFR1 and TNFR2 are blocked by Eta-
nercept. While the role of TNFR2 in RA models is still less well
understood, Tada et al. showed that the repeated administration of
murine TNF to TNFR1-knockout mice after the onset of symptoms
did reduce arthritis, but enhanced it during the early inflammatory
phase, suggesting that TNFR2 plays a dual opposing role in CIA in
a stage-dependent manner, and illustrating an immunosuppressive
effect of TNF [42], which we wanted to exploit in our TNFR1-
directed strategy. In addition, TNFR2-deficient mice exhibited an
exacerbated TNFR1-dependent pulmonary inflammatory response,
suggesting a dominant role for endogenous TNFR2 in attenuating
leukocyte accumulation within the lung [43]. Interestingly, a recent
report indicated that the TNF/TNFR2 interaction accelerates the
expansion of CD4* and CD25" T regulatory cells, suggesting that
TNF might induce immunosuppressive effects via TNFR2 expressed
on T regulatory cells [44]. Therefore, in a semi-therapeutic protocol,
it might be possible that PEG-R1antTNF exerts a significant effect in
the murine CIA model due to its TNFR1 selectivity, contrasting with
the blocking of TNFR2 as well as TNFR1 signaling by Etanercept. Our
data thus demonstrate that the selective inhibition of TNFR1 could
be effective when in treating established arthritis.

The complete suppression of TNF, which plays a critical role in
many immune functions, can disrupt host defense systems,
resulting in infectious diseases; indeed, tuberculosis and bacterial
infection are known to be increased under TNF blockade [45]. In
addition, the risk of exacerbation or reactivation of viral hepatitis
type B by TNF blockade has also recently been flagged [13,46]. The
relative importance of TNFR2 rather than TNFR1 for host defense
against viruses has been proposed [37,47]. In the present study, we
investigated the effect of Etanercept and PEG-R1antTNF on viral
immunity, using adenovirus infection as a model. While viral
clearance was indeed compromised by the administration of Eta-
nercept, PEG-R1antTNF had little effect on this important param-
eter. This indicated that use of PEG-R1antTNF may reduce side
effects such as increased susceptibility to viral infection due to its
TNFR1 selectivity. On the other hand, tmTNF, a dominant ligand of
TNFR2, is believed to maintain resistance to tuberculosis or other
bacterial infections in the absence of soluble TNF [22,23]. Recently,
several studies have shown that selective inhibitors of soluble TNF,
which cannot block the activity of tmTNF, nonetheless protect
against arthritis without suppression of immunity to infection



6646 H. Shibata et al. / Biomaterials 30 (2009) 6638-6647

[48,49]. Because PEG-R1antTNF does not bind TNFR2, PEG-
R1antTNF cannot inhibit the interaction of tmTNF with TNFR2.
Therefore, it might be that PEG-R1antTNF would also have reduced
side effects in the context of bacterial infection as well.

5. Conclusions

Our studies reported here demonstrated that the TNFR1-selec-
tive blocking strategy is effective for the treatment of RA, using
a TNFR1-selective antagonistic mutant TNF. Furthermore, our site-
specific PEGylation technique described here can enhance the
therapeutic effect of R1antTNF. We are now planning to develop
this drug-delivery carrier approach for further improvement of in
vivo stability and to apply R1antTNF in gene therapy.
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Tumor necrosis factor-a. (TNF), which binds two types of TNF receptors (TNFR1 and TNFR2), regulates
the onset and exacerbation of autoimmune diseases such as rheumatoid arthritis and Crohn’s disease. In
particular, TNFR1-mediated signals are predominantly related to the induction of inflammatory responses.
We have previously generated a TNFR1-selective antagonistic TNF-mutant (mutTNF) and shown that mut-
TNF efficiently inhibits TNFR1-mediated bioactivity in vitro and attenuates inflammatory conditions in vivo.
In this study, we aimed to improve the TNFR1-selectivity of mutTNF. This was achieved by constructing a
phage library displaying mutTNF-based variants, in which the amino acid residues at the predicted receptor
binding sites were substituted to other amino acids. From this mutant TNF library, 20 candidate TNFR1-
selective antagonists were isolated. Like mutTNF, all 20 candidates were found to have an inhibitory effect
on TNFR1-mediated bioactivity. However, one of the mutants, N7, displayed significantly more than 40-fold
greater TNFR1-selectivty than mutTNF. Therefore, N7 could be a promising anti-autoimmune agent that

does not interfere with TNFR2-mediated signaling pathways.

1. Introduction

The severity and progression of inflammatory diseases, such as
rheumatoid arthritis, Crohn’s disease and ulcerative colitis, can
be correlated with the serum level of tumor necrosis factor-o
(TNF). Thus, TNF blockades such as anti-TNF antibodies and
soluble TNFRs, which neutralize the activity of TNF, have been
used to treat various autoimmune diseases in clinical practice.
However, TNF blockades inhibit both TNFR1 and TNFR2 sig-
naling. Thus, treatment with these drugs can lead to an increased
risk of infection (Gomez-Reino et al. 2003; Lubel et al. 2007)
and lymphoma development (Brown et al. 2002). TNF has
been reported to induce inflammatory response predominantly
through TNFR1 (Mori et al. 1996), whereas activation of the
immune response is initiated via TNFR2 (Kim et al. 2006; Kim
and Teh 2001; Grell et al. 1998). Therefore, blocking TNFR1-
signaling, but not TNFR2-signaling, is a promising strategy
for the safe and effective treatment of inflammatory diseases,
which overcomes the risk of infection associated with the use of
non-specific TNF blockades (Kollias and Kontoyiannis 2002).

In our previous studies, we used the phage display technique
(Imai et al. 2008; Nagano et al. 2009; Nomura et al. 2007)
to generate a TNFR1-selective antagonistic mutant TNF (mut-
TNF) that blocks TNFR1-mediated signals but not those of
TNFR2 (Shibata et al. 2008b). Moreover, mutTNF showed supe-
rior therapeutic effects using an inflammatory disease mouse
model (Shibata et al. 2008a). Thus, a drug for autoimmune dis-
eases that selectively targets TNFR1 is anticipated to display
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higher efficacy and safety compared to existing treatments. In
this study, we have attempted to isolate TNFR1-selective antag-
onists with higher TNFR1-selectivity than previous mutTNF by
constructing a modified phage library displaying mutTNF-based
variants.

2. Investigations, results and discussion

Here, we attempted to improve the TNFR 1-selectivity of mut-
TNF using a phage display technique. Firstly, we constructed
a phage library of TNF mutant using mutTNF as template. We
designed a randomized library of mutTNF to replace the six
amino acid residues (aa 29, 31, 32, 145-147) in the predicted
receptor binding site. As a result of the 2-step PCR, we con-
firmed that the mutTNF mutant library consisted of 4 x 107
independent recombinant clones (data not shown). To enrich
for TNFR1-selective antagonists, the phage library was sub-
jected to two rounds of panning against TNFR1 on a Biacore
biosensor chip. After the second panning, supernatants of sin-
gle clone of E. coli TG1 including phagemid were randomly
collected and subjected to screening by bioassay and ELISA to
evaluate their bioactivity and affinity against each TNF receptor,
respectively (data not shown). Consequently, twenty candidates
of TNFR1-selective mutants with antagonistic activity were
isolated (Table).

Next, we determined the detailed biological properties of each
candidate. Positive clones were engineered for expression in
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Table: Amino acid sequences and biological properties of TNFR1-selective antagonist candidates

Relative affinity (% Ka)¥

TNF Amino acid sequence Bioactivity via TNFR1
29 31 32 145 146 147 TNFRL TNFR2 TNFRIP/TNCR2 Agonistic®) activity Antagonisti® activity
mutTNF L R R A E S 100.0 100.0 1.0 - +
N1 S - w R - - 550.0 21.6 25.5 + -
N2 S - w - - - 200.0 N.D. N.D. + -
N3 S - w R D - 550.0 44.8 12.3 — +
N4 S - W - D - 183.3 19.1 9.6 + -
N5 S - w - S E 275.0 25.8 10.7 + -
N6 A D T - - — 200.0 21.6 93 + -
N7 S N D D A - 104.7 2.5 419 - +
N8 R I A D - — 169.2 26.7 6.3 - -
N9 H H - - N G 169.2 33.0 5.1 + -
N10 T N N - - - 314.3 28.6 11.0 + -
NI1 T N N S - - 2750 18.3 15.0 + -
N12 F S T - - - 440.0 58.0 7.6 + -
N13 F S T - S E 440.0 73.9 6.0 + -
N14 R w Y T N T 3143 19.2 16.4 - -
NI15 F K T N A T 275.0 24.1 11.4 + -
N16 M L T N S T 367.0 7.7 47.7 + -
N17 Y L A T H T 137.5 1.6 86.0 + -
N18 Y L A T H - 110.0 4.7 234 + -
N19 A% Q Y N N - 367.0 N.D. N.D. + -
N20 F s T P Q R 244.4 N.D. N.D + -

Conserved residues compared with mutTNF are indicated by an em dash (—) The affinity values are shown as relative values (% mutTNF). N.D.: not detected

) Affinity for immobilized TNFR1 and TNFR2 was assessed by SPR using BIAcore3000. The dissociation constant (Kg) of TNF mutants were Iculated from their g

software
b TNFR1-selectivity was defined as relative affinity [TNFE1)/ relative affinity [TNFR2] for mutTNF
©) TNFR1-mediated agonistic activity was measured, using a HEp-2 cell cytotoxicity assay. The intensity in agonistic activity was evaluated as the following. Cell viability at 10* ng/ml each mutant. 0-25% (of
non treatment); (+), 25-50%; (&), 50-100%; (—)
d) TNFR1-mediated antagonistic activity of mutant TNFs on wtTNF induced cytotoxicity in HEp-2 cells was measured. The intensity in antagonistic activity was evaluated as the following. Cell viability at
10° ng/ml each mutant in present of 5 ng/ml wtTNE. 0-25% (of non treatment); (=), 25-50%; (%), 50-100%; (+)

E. coli BL21A\DE3 and each recombinant protein was puri-
fied as described previously (Yamamoto 2003). As anticipated,
gel electrophoresis confirmed the mutant TNF proteins to have
a molecular weight of 17 kDa. Moreover, gel filtration chro-
matography established that each mutant forms a homotrimeric
complex in solution, as is the case for wild-type TNF (wtTNF)
(data not shown). To analyze the binding properties of these
TNFR1-selective TNF candidates, their dissociation constants
(Kq) for TNFR1 and TNFR2 were measured using a surface

by BIAEVALUATION 4.0

plasmon resonance (SPR) analyzer. Our previous SPR analysis
showed that although mutTNF has an almost identical affin-
ity to TNFR1 as to wtTNF, it displays more than 17,000-fold
greater selectivity for TNFR1. As shown in the Table, all the
candidates exhibited higher affinity for TNFR1 than mutTNF.
Furthermore, clones N1, N7, N16, N17 and N18 showed more
than 20-fold higher TNFR1-binding selectivity compared to
mutTNF. To examine the bioactivity of all candidates via
TNFR1, we subsequently performed a cytotoxicity assay using
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Fig.: Bioactivities and antagonistic activities of N7. (A) To determine the TNFR |-mediated bioactivities, several dilutions of wtTNF (closed triangle), mutTNF (open circle) and
N7 (closed circle) were added to L-M cells and incubated for 4 h at 37 °C. (B) Indicated dilutions of mutTNF (open circle) and N7 (closed circle) and constant of wtTNF
(5 ng/ml) were mixed and added to L-M cells and incubated for 4 h at 37 °C. TNFR 1-mediated antagonistic activity was assessed as described in the Experimental section.
(C) To determine the TNFR2-mediated bioactivities, diluted wtTNF (closed triangle), mutTNF (open circle) and N7 (closed circle) were added to
hTNFR2/mFas-preadipocyte cells and incubated for 48 h at 37 °C. After incubation, cell viability was measured using the methylene blue assay. Data represent the

mean £ S.D. and were analyzed by Student’s t-test (*p < 0,05, **p<0,01 vs mutTNF)
yze! P
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HEp-2 cells (Table). As anticipated, mutTNF was unable to acti-
vate TNFR1. Likewise clones N3 and N7 do not activate TNFR1
signaling, even when tested at high concentrations. The TNFR1-
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 TNFR1-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 TNFR1-mediated bioactivity to that of mutTNF
(Fig. B). Next, TNFR2-mediated activities of these TNFR1-
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 TNFR1-selective
antagonist with improved TNFR1-selectivity over that of mut-
TNF. This was achieved by constructing a library of mutTNF
variants using a phage display technique. While TNFRI1 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 disease. 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/mFas-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 S HCI,
10% FBS, | mM sodium pyruvate, 5 x 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 TNFRI-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. Briefly,
the phage display library (1 x 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 .l of 10 mM glycine-HCI. The eluted phage
pool was neutralized with 1M Tris-HCI (pH 6.9) and then used to infect
E. coli TG1 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 (. BlAcore® assay)

The binding kinetics of the proteins were analyzed by the surface plasmon
resonance technique by BlAcore® (GE Healthcare, Amersham, UK). Each
TNF receptor was immobilized onto a CMS 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 TNFR1 and TNFR2 at a flow rate of 20 pl/min. Kinetic parameters
for each candidate were calculated from the respective sensorgram using
BIAevaluation 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 p.g/ml cycloheximide for 18 h
at4 x 10* cells/well or for48h at 1 x 104 cells/well. Cytotoxicity was then
assessed using the methylene blue assay as described previously (Mukai etal.
2009; Shibata et al. 2004). For the TNFR 1-mediated antagonistic assay, cells
were cultured in the presence of 5 ng/ml human wtTNF and a serial dilution
of the mutTNF. For the TNFR2-mediated cytotoxic assay, hTNFR2/mFas-
preadipocyte cells were cultured in 96-well 4plates in the presence of TNF
mutants and serially diluted wtTNF (1 x 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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Recent progress in pharmaceutical technology based on genomic and
proteomnic research has provided many drug candidates, including not only
chemicals but peptides, antibodies and nucleic acids. These candidates do
not show pharmaceutical activity without their absorption into systemic
flow and movement from the systemic flow into the target tissue. Epithelial
and endothelial cell sheets play a pivotal role in the barrier between internal
and external body and tissues. Tight junctions (TJs) between adjacent epithelial
cells limit the movement of molecules through the intercellular space in
epithelial and endothelial cell sheets. Thus, a promising strategy for drug
delivery is the modulation of TJ components to allow molecules to pass
through the TJ-based cellular barriers. In this revigﬁy, we discuss recent
progress in the development of T) modulators an tﬁe.:ﬁbssibi]i‘_tyféf absorption

enhancers and drug-delivery systems based on " om or@énts.

Keywords: absorption enhancer, claudin, drug dehvery, occludin; paracellular ft;ﬁte, tight junction
Expers Opin. Drug Delin (2009) 6(5):509-515 L

1. Introduction

dudmgchemlca]s, pepudes, proteins, nucleic acids and their
siently identified by a combination of high-throughput

ased d.rug discovery. However, two steps are required for
ication of thiese:drug candidates: movement of the molecules into the

body and issue throiigh epithelial and endothelial cell sheets, These cell sheets

regulate’thé movement-of solutes between tissues within the body as well as between
the outside and inside of the body.

Routes for passing of drug through the epithelial and endothelial cell sheets are
classified into transcellular and paracellular routes (Figure 1). In the transcellular
route, drugs are delivered by simple diffusion into the cell membranes and active
transport via a receptor or transporter on the cell membrane [1,2]. Various trans-
porters involved in the influx and efflux of peptides, organic anions and cations have
been identified, and transcellular delivery systems using the transporters have
been widely investigated [2-6). Transporter-mediated drug delivery is tissue-specific
and has low toxicity; however, the drugs must be modified for interaction wich
the transporter without loss of pharmaceutical activity. Thus, the transcellular route
is not suitable for high-throughput production of drug candidates. The other
route for drug delivery is the paracellular route. Tight junctions (TJs) seal the
paracellular route and prevent the free movement of molecules in the paracellular
space; therefore, a strategy for the paracellular delivery of drugs is the opening of
Ts 78 Compared with the transcellular route, the paracellular route has the
advantages that drug modification is not needed and that one merhod can be
applied for various drugs. Drug delivery systems through the paracellular route have
been investigated as absorption enhancers since the 1980s. However, only sodium
caprate is currently used as an absorption enhancer in pharmaceutical therapy.

10.1517/17425240902902315 © 2009 Informa UK Ltd ISSN 1742-5247 509
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Figure 1. Schematic illustration of transport routes in
epithelia.

It had been unclear how T]Js regulated movement of solutes
and what TJs were. In 1993, Furuse and colleagues determined
that occludin, a protein with four transmembrane domains,
is a component of TJs and that TJs consist of protein [9].
In 1998, Furuse and co-workers also identified another TJ
protein, claudin-1 and -2 [10). Claudins, a multigene family
of at least 24 members, are key molecules of the TJ barrier f11.
Schematic biochemical machinery of TJs is shown in Figure 1,
and modulation of the TJ components to allow drugs to
pass through the paracellular route has been investigated as
a novel strategy for drug delivery since the first report of TJ
component-based drug delivery using an occludin peptide
corresponding to part of the extracellular loop [121.

In this review, we examine recent topics in TJ-based drug
delivery systems that use both approaches — TJ component/T]
modulator and TJ barrier — and discuss the future direction
of such systems.

2. TJ components and TJ modulators

In the first section, we reviewed recent progress in TJ modulators
over the past 2 years with respect to T] components and

modulators of TJ barrier.

2.1 Claudin

Claudin is a four-transmembrane TJ protein with a molecular
mass of around 23 kDa, and comprises a family of at least
24 members [10]. Expression of each claudin member varies
among cell types and tissues [13,14]. Claudins are thought to
polymerize and form TJ strands in a homomeric and het-
eromeric manner, and the combination and mixing ratios
of different claudin species determine the barrier properties
of TJs, depending on the tissues [11]. For instance, deletion of
claudin-1 causes dysfunction of the epidermal barrier [15],
and deletion of claudin-5 causes dysfunction of the blood—
brain barrier (16]. These findings indicate that a specific
claudin modularor would be useful for tissue-specific drug
delivery through the paracellular route. The C-terminal
receptor binding region of Clostridium perfringens entero-
toxin (C-CPE) is the only known modulator of claudin-4 [171.
Cells treated with C-CPE have decreased intracellular levels

- of claudin-4 as well as disrupted TJ barriers in epithelial

cell sheets (171. We previously found that the jejunal absorp-
tion-enhancing effect of C-CPE was 400-fold more potent
than that of sodium caprate, the only clinically used absorp-
tion enhancer [18]. The development of other claudin
modulators by using C-CPE as a prototype is a promising
strategy. Deletion assays and site-directed mutagenesis assays
indicate that the C-terminal 16 amino acids of C-CPE are
involved in its modulation of claudin-4 and that Tyr resi-
dues at positions 306, 310 and 312 are critical for C-CPE
activities (19,20]. Van Itallie and colleagues revealed that the
structure of C-CPE is a nine-strand B sandwich and that
the C-terminal 16-amino acid fragment is located in the
loop region between the B8 and B9 strands, indicating thar
the claudin4 binding site is on a large surface loop between
strands 38 and B9 or on 2 domain containing these strands [21).
These findings indicate that peptides containing the loop
structure formed by the B8 and B9 strands are likely to be
novel claudin modulators. Considering the antigenicity of
the claudin-4 modulator, smaller peptides are useful. Recently,
the 12-mer peptide binders of claudin-4 were successfully
identified using a random 12-mer peptide phage-display
library [22). The common claudin-binding motif <XX(Y/W)
X3 or Y(YX)(L/IDXX> was also detected. The 12-mer
peptide was bound to claudin with nanomolar affinity, but
it did not modulate the claudin barrier. A 27-mer amino
acid peptide corresponding to the extracellular loop region
of claudin-1 modulated epithelial barrier through its inter-
action with claudin-3 (23]. Distinct species of claudins can
interact within and between tight junctions [24]. Thus, a
short peptide corresponding to the extracellular loop region
of the heterotypically interacting claudin is also a candidate
of claudin modulator.

2.2 Occludin

Occludin, a 65-kDa protein containing four transmembrane
domains, was the first T]-associated integral protein to be
identified [9]. The initial strategy for T] component-based
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