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Figure 1. mTNF-K90R induced serum IgG responses against influenza virus HA in mice. BALB/c mice
were immunized intranasally with HA together with 1 ug CTB or 5 ug mTNF-K90R. One week after the
last immunization, the levels of HA-specific IgG in serum at a 1:500 dilution was assessed by ELISA at
a 1:8 dilution. Data represents the mean of absorbance 450 nm (reference wavelength, 655 nm). Data

are presented as means + SEM (n = 4-6; * P < 0.05 versus value for HA alone treated group by
ANOVA).
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Figure 2. mTNF-K90R induced nasal IgA against influenza virus HA in mice. BALB/c mice were
immunized intranasally with HA together with 1 ug CTB or 5 pg mTNF-K90R. One week after the last
immunization, the levels of HA-specific IgA in nasal at a 1:8 dilution were assessed by ELISAata 1:8
dilution. Data represents the mean of absorbance 450 nm (reference wavelength, 655 nm). N.D; not

detected. Data are presented as means £ SEM (n = 4-6; * P < 0.05 versus value for HA alone treated
group by ANOVA).
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Figure 3. mTNF-K90R induced saliva IgA against influenza virus HA in mice. BALB/c mice were
immunized intranasally with HA together with 1 pg CTB or 5 ng mTNF-KS0R. One week after the last
immunization, the levels of HA-specific IgA in saliva at a 1:8 dilution were assessed by ELISAata 1:8
dilution. Data represents the mean of absorbance 450 nm (reference wavelength, 655 nm). N.D; not
detected. Data are presented as means + SEM (n = 4-6; * P < 0.05 versus value for HA alone treated
group by ANOVA).
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Figure 4. Transduction efficiency of CPP-Advs with various modification ratios into (a) B16BL6, (b)
CT26, and (c) A549 cells. Cells (1 x 10*) were transduced with 1 x 10* vp/cell of Tat-Adv, Pro-Ady, or
R8-Adv encoding the luciferase gene. After 24 h of cultivation, luciferase expression was measured.
Each bar represents the mean + S.D. (n = 4). Each CPP-Adv was used at molar ratios of 1:25 (Adv
lysine residue: CPP-NHS).
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Figure 5. The cellular uptake of Tat-Adv and R8-Adv depends on macropinocytosis. A549 celis (1 x
10* cells) were transduced with 1 x 10 vp/cell for each vector in the absence or presence of 2.5 mM
amiloride. After 24 h of cultivation, luciferase expression was measured. Each bar represents the
mean + S.D. (n = 5; ** P < 0.01 versus value for the absence of amiloride by Student's t-test)
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Figure 6. The cellular uptake of Tat-Adv and R8- Adv depends on heparan sulfate proteoglycans. A549
cells (1 x 10" cells) were transduced with 1 x 10* vp/cell of each vector in the absence or presence of
6.25, 25, or 100 pg/ml of heparin sodium. After 24 h of cultivation, luciferase expression was
measured. Each bar represents the mean + S.D. (n = 5, ** P < 0.01 versus value for absence of
heparin sodium by ANOVA)
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Figure 7. Cellular uptake of Tat-Adv and R8-Adv depends on chondroitin sulfate. A549 cells (1 x 10
were transduced with 1 x 10" vp/cell of each vector in the absence or presence of 90 pg/mi of (a)
chondroitin sulfate-A, (b) chondroitin sulfate-B, or (c) chondroitin sulfate-C. After 2 h incubation, the
cells were washed twice by PBS, and the virus solution was replaced with fresh medium. After 24 h
cultivation, luciferase expression was measured. Each point represents the mean £+ S.D. (n=5;* P <
0.05 versus value for the absence of chondroitin sulfate by Student's -test)
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Tumor necrosis factor-a (TNF-a) is critically involved in a wide variety of inflammatory pathologies, such
as hepatitis, via the TNF receptor-1 (TNFR1 ). To develop TNFR 1 -targeted anti-inflammatory drugs, we have
already succeeded in creating a TNFR1-selective antagonistic mutant TNF-a (R1antTNF) and shown that
R1antTNF efficiently inhibits TNF-2/TNFR1-mediated biological activity in vitro. In this study, we exam-
ined the therapeutic effect of R1anfTNF in acute hepatitis using two independent experimental models,
induced by carbon tetrachloride (CCly) or concanavalin A (ConA). In a CCly-induced model, treatment with

::;";’:ﬁtm“ filioria R1antTNF significantly inhibited elevation in the serum level of ALT {alanine aminotransferase), a marker

Liver txilire for liver d In a ConA-induced T-cell diated hepatitis model, R1antTNF also inhibited the produc-

Inftammation tion of serum immune activated markers such as IL-2 and IL-6. These R1antTNF-mediated therapeutic

Therapy effects were as good as or better than those obtained using conventional anti-TNF-x antibody therapy.
Our results suggest that R1antTNF may be a clinically useful TNF-at antagonist in hepatiris,

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction including autoimmune diseases [4]. Recent studies suggest that

Acute and chronic liver failure represents a worldwide health
problem in humans for which there is no effective pharmacological
treatment, For example, fulminant liver failure (FLF) is a devastat-
ing liver disease that is associated with significant mortality (40~
80%) worldwide [1-3]. The incidence of FLF has increased in the
last decade accounting for >2000 deaths annually in the United
States alone [2]. Various etiologies result in acute and chronic liver
failure. Immune-mediated mechanisms play a central role in
autoimmune and viral hepatitis and thus determine disease
progression.

Molecules belonging to the Tumor necrosis factor (TNF) super-
family, especially TNF-x, play an integral role in the regulation of
innate and adaptive immunity, as well as contributing to inflam-
matory responses 4,5]. Overproduction of TNF- has been impli-
cated in the pathogenesis of various inflammatory conditions
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TNF-a may also play a crucial role in the progression of liver failure
[6-8]. Elevated levels of TNF-a occur in various acute and chronic
liver diseases, including viral and alcoholic hepatitis. FLF. and
exposure to hepatotoxins [9,10]. Thus, TNF-x appears to be in-
volved in mediating hepatic cell death in experimental models of
hepatitis. Furthermore, the inhibition of TNF-2 by means of anti-
body (Ab) or soluble decoy receptors has proven to have a clinical
benefit [11,12]. However, these therapies can cause serious side ef-
fects, such as bacterial and virus infection, lymphoma develop-
ment, and lupus inflammatory disease, because they also inhibit
the TNF-x-dependent host defense function of the patients
[13,14). TNF-2 binds to two receptor-subtypes, p55 TNF receptor
(TNFR1) and p75 TNF receptor (TNFR2), to exert its biological activ-
ities [15]. The two receptors have distinct biological functions with
different distribution patterns; TNFR1 is constitutively expressed
in most tissues, whereas expression of TNFR2 is highly regulated
and is typically found in cells of the immune system [16]. It is gen-
erally believed that most of the TNF-u activities, including inflam-
matory responses in hepatitis, are triggered by TNFR1, whereas
TNFR2 plays a pivotal role in regulating the immune response
[15,17,18]. Unfortunately, the therapies with Ab or soluble decoy
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receptors affect the TNFR2-mediated activities of TNF-at, which are
essential for immune function. Therefore, these therapies also have
the potential to cause serious side effects, such as an increased risk
of reactivating infectious disease or lymphoma. It is hoped that
these problems can be overcome by the use of TNFR1-specific
agents that selectively inhibit TNF-x-bioactivity through TNFR1
without interfering with TNFR2.

We have developed a novel technology to produce TNF-a mu-
teins which bind to independent TNFRS using a unique phage-dis-
play method [19-21]. Recently we succeeded in producing a novel
TNFR1-selective antagonistic mutant TNF-a (R1antTNF) using
phage-display [21]. We showed that R1antTNF displays exclusive
TNFR1 selective binding, which leads to effective and selective
inhibitory effects of TNFR1-mediated biological activity both in vitro
and in vivo without affecting TNFR2-mediated bioactivity [21].

In this study, we examined the therapeutic effect of R1antTNF
In acute hepatitis using two independent experimental models, in-
duced by carbon tetrachloride (CCly) or concanavalin A (ConA).
R1antTNF showed anti-inflammatory effect on both acute hepatitis
models. Especially. in CCly-induced acute hepatitis, R1antTNF
showed superior therapeutic effect compared to the common
anti-TNF-a Ab. These results indicate that R1antTNF can be a clin-
ically useful TNF-a antagonist for the treatment of inflammatory
diseases such as hepatitis.

2. Materials and methods
2.1. Cytokines and antibodies

Recombinant human wild-type TNF-u (wtTNF-a) and R1antTNF
were purified as previously described [21). Briefly, recombinant
TNF-a s produced in Escherichio coli BL21{DE3) were recovered
from inclusion bodies, washed in Triton X-100 and then solubilized
in 6 M guanidine-HCl, 0.1 M Tris-HCI, pH 8.0 and 2 mM EDTA. Sol-
ubilized protein at 10 mg/ml was reduced with 10 mg/ml dithio-
erythritol for 4 h at room temperature and refolded by 100-fold
dilution in a refolding buffer; 100 mM Tris-HCl, 2 mM EDTA,
0.5 M arginine and oxidized glutathione (551 mg/l). After dialysis
against 20 mM Tris-HCl pH 7.4, containing 100 mM urea, active
trimeric proteins were purified by Q-Sepharose (GE Healthcare
Binscience, Tokyo, Japan) and MonoQ chromartography (GE Health-
care Bioscience). Additionally, size-exclusion chromatography
(Superose 12; GE Healthcare Bioscience) was performed. The endo-
toxin level of the purified TNF-us were determined to be <300 pg/
mg. Anti-mouse TNF-a Ab (MP6-XT3) was purchased from BD Bio-
sciences Pharmingen (Franklin Lakes, NJ).

2.2. Cell culture

HEp-2 cells (a human laryngeal squamous cell carcinoma cell
line) were provided by Cell Resource Center for Biomedical Re-
search (Tohoku University, Sendai, Japan) and were maintained
in RPMI 1640 (Sigma-Aldrich Japan, Tokyo, Japan) supplemented
with 10% FBS and antibiatics. PCGO-hTNFR1(+) cells (a mouse-rat
fusion hybridoma consisting of human TNFR1-expressing PC60
cells) were generously provided by Dr. Vandenabeele (University
of Gent, Belgium) [22], and maintained in RPMI 1640 supple-
mented with 10% FBS, 1 mM sodium pyruvate, 5 = 10> M 2-ME,
3 mg/ml puromycin (Wako Pure Chemical Industries, Osaka, Japan)
and 1% antibiotic cocktail.

2.3, Cytotoxicity assay

For the inhibition assay, human HEp-2 cells were cultured in
the 96-well plates (4 = 107 cells/well) in the presence of a constant

concentration of the human wtTNF-« (20 ng/ml) and a senal dilu-
tion of the R1antTNF with 100 pg/ml cycloheximide. After incuba-
tion for 18 h, cell survival was determined using the methylene
blue assay as described previously [21].

2.4. PC60-hTNFR1(+) assay

PCB0-hTNFR1(+) were cultured at 5 = 10" cells/well with IL-1f
(2 ng/ml). To evaluate the inhibitory activity, serially diluted
R1antTNF and human wiTNF-xt (200 ng/ml) were added. After
24 h incubation, the amount of rat GM-CSF produced was quanti-
fied by ELISA according to the manufacturer's protocol (R&D Sys-
tems, Minneapolis. MN).

2.5, Mice

BALB/c mice (6-week-old females) were purchased from CLEA
Japan (Tokyo, Japan). All experimental protocols for animal studies
were in accordance with “Principles of Laboratory Animal Care” (Na-
tional Institutes of Health publication no. 85-23, revised 1985) and
our institutional guidelines.

2.6. Hepatitis model

In the CCls-induced hepatitis model, mice were injected intra-
peritoneally with CCl; at a dose of 0.1 ml/kg in corn oil (10 ml/
kg). Control mice received only corn oil. In this model, serum
TNF-« levels reached maximum levels 12 h after treatment with
CCly, R1antTNF and anti-mouse TNF-2 Ab were administered intra-
venously to each group at 12 h after CCly administration. Blood
samples were taken at 48 h after CCly administration under light
ether anesthesia. In the ConA-induced hepatitis model, mice were
injected intravenously with ConA (0.4 mg/mouse). Anti-mouse
TNF-at Ab or R1antTNF was injected intravenously at 1h after
administration of ConA. Blood samples were taken at 4 h after
ConA administration under light ether anesthesia.

2.7. Measurement of serum ALT and cytokine concentrations

Serum ALT concentration was measured using a colorimetric
test (Wako Pure Chemical Industries). Serum IL-2 and IL-6 were
determined by sandwich ELISA kits (DuoSet ELISA Development
Systems; R&D systems). Serum samples were accordingly diluted
with 1% B5A in PBS and then applied to a capture antibody-coated
immunoplate. All procedures were according to the manufacturer’'s
protocol. The ELISA detection limit was 10 pg/ml.

2.8. Staristical analysis

Dara are expressed as mean values + SEM and were analyzed by
the one-way ANOVA with Dunnett's post test was performed
("p < 0.05 vs. control).

3. Results

3.1. Antagonistic effect of R1antTNF on wtTNF-x induced cytotoxicity
and cytokine production

To confirm the potency of R1antTNF as an antagonist to the hu-
man TNFR1-specific bioactivity of wtTNF-», we examined the
inhibitory effect of R1antTNF on wtTNF-« induced cytotoxicity in
HEp-2 cells, The cytotoxic activity of wtTNF-a was inhibited by
R1antTNF in a dose-dependent manner. In particular, cell viability
increased from 10% to 80% after treatment with RlantTNF at
3 % 10% ng/ml (Fig. 1A). R1antTNF alone showed almost no biolog-
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Fig. 3. Therapeutic effect of R1antTNF against ConA-induced hepatitis model. BALB|
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Anti-mouse TNF-x Ab or R1antTNF was injected | h after ConA injection. Blood
samples were collected at 4 h after ConA injection. The serum IL-2 (A) and IL-6 (B)
concentration was measured by ELISA (n=6) Data represent the means & SEM

ver and serum ALT levels were decreased in TNFR1 knockout mice.
In agreement with this, R1antTNF treatment clearly inhibited the
elevation of ALT levels. However, remarkably when we used anti-
TNF-a Ab as a reference for the efficacy of R1antTNF, we observed
that administration of anti-TNF-a Ab increased ALT levels and even
exacerbated liver failure, suggesting a paradoxical tissue protective
effect of TNF-a. Similar observations were reported in a previous
study, which reported that TNF-a induces the early-immediate
inflammatory response through TNFR1 [27]. Additionally. it was
reported that TNF-u plays an important role in the recovery from
CCly-induced hepatitis through TNFR2 |28]. Thus, treatment with
anti-TNF-at Ab may lead to adverse effects due to the lack of recep-
tor-subtype specificity. These results indicate that R1antTNF may
be more useful than anti-TNF-2t Ab in treating TNFR1-dependent
inflammatory diseases.

T-cell-mediated immune responses play a central role in hepa-
tocellular injury induced by autoimmune hepatitis, viral infection,
alcohol consumption, and hepatotoxins [29,30]. For example, CD4"
T-cells are the predominant population of T-cells infiltrating into
the liver in human autoimmune liver disease [31]. Therefore, we
examined the therapeutic effect of R1antTNF on ConA-induced
hepatitis model. R1antTNF inhibited the elevation of IL-2 and IL-
6, which is mainly secreted from activated T-cells and Kupffer cells
respectively. The therapeutic effect of R1antTNF on ConA-induced
hepatitis model is almost the same as that of anti-TNF-a Ab.
Numerous reports have shown that treatment with LPS or TNF-x

in conjunction with o-galactosamine results in acute liver apopto-
sis and liver failure predominantly through TNFRI1, resulting in
activation of caspases and subsequent hepatocyte apoptosis
[32.33). However, studies by Kollias et al,, and by Grell et al. have
suggested that cell-associated TNF-a signaling through TNFR2 con-
tributes to the development of rheumatoid arthritis and hepato-
cyte apoptosis [34-36). Furthermore, investigators have argued
that the liver injury from ConA treatment is not solely due to se-
creted TNF-x acting through TNFR1, but is also cell-associated
TNF-a signaling through TNFR2 [35]. Thus, although the details
of TNFR2-mediated signaling on hepatotoxicity are still unclear,
it has been thought that the involvement of TNFR2 is different
among hepatic models, Indeed. in our experiments, the treatment
with anti-TNF-x Ab, which prevents TNF-x binding on both TNFR1
and TNFR2, exacerbated CCls-induced hepatitis model, but did not
ConA-induced hepatitis model. Therefore, the fact that R1antTNF
showed a substantial therapeutic effect in several hepatitis models
is significant, and indicates the possibility that R1antTNF might be
effective therapeutic agent for hepatitis caused by various factors.

One of the most common ways of enhancing the plasma half-
lives of proteins Is to conjugate them with polyethylene glycol
(PEG) [37.38], Because random introduction of PEG at the e-amino
groups of lysine residues usually lowers the bioactivity of proteins,
application of PEGylation is generally limited to a small part of the
protein. To overcome these problems of PEGylation, we recently
developed a novel strategy for site-specific PEGylation via lysine-
deficient mutant TNF-x, in which all of the lysine residues were re-
placed with other amino acids [19,20]. The lysine-deficient mutant
TNF-2 was site-specifically mono-PEGylated at its NHz terminus
with PEG without loss of bioactivity. This site-specific mono-PEGy-
lated mutant TNF-x showed increased in vivo therapeutic potency
compared with the unmodified WiTNF- and randomly mono-
PEGylated wtTNF-at. R1antTNF was generated using a phage hibrary
based on this lysine-deficient mutant TNF-2 and all of the lysine
residues of R1antTNF were replaced with other amino acids [21].
We are currently attempting to construct mono-PEGylated R1ant-
TNFE. We anticipate that PEGylated R1antTNF will further enhance
the anti-inflammatory activity for use in autoimmune disease
models.

In conclusion, we have shown that R1antTNF is a useful TNF-x
antagonist for treatment of hepatitis. Our results indicate that the
therapeutic effect of R1antTNF can be equal or superior to that of
anti-TNF-a Ab in treating TNFR1-dependent inflammatory
diseases.
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duction of rat GM-CSF by PC60-hTNFR1(+) cells (Fig. 1B). The rat
GM-CSF production mediated by wiTNF-a was not detected from
PCB0 cells, the parent cells of PC60-hTNFR1(+) cells. These results
suggested that R1antTNF elicits an antagonistic effect against
wiTNF-o through TNFR1.

3.2. Therapeutic effect of R1antTNF on hepatitis models

Firstly, we examined the therapeutic effect of R1antTNF in a
CCls-induced hepatitis mouse model. CCl, is an industrial toxicant
that is known to cause hepatic necrosis as well as free radical gen-
eration in kidney, heart, lung. testis, brain, and blood [23). These
reactive oxygen species can destroy cellular membranes, cellular
proteins, and nucleic acids. The CCly-induced model has been
extensively used as an experimental model of liver disease, such
as hepatic cirrhosis and drug-induced hepatopathy. Injection of
CCly-induced an accelerated serum ALT level, a well-characterized
marker of liver damage. Treatment with R1antTNF, even at 30 pg/
mouse, strongly inhibited elevation in the serum level of ALT (Fig.
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2). The serum level of ALT after treatment with R1antTNF at 30 pg/
mouse was lower than that observed after treatment with
anti-TNF-a Ab at 20 pug/mouse. Interestingly, treatment with the
anti-TNF Ab at 100 pg/mouse actually raised the serum ALT levels
compared to control mice, and seemed to even aggravate the hepa-
tic disorder. These results indicate that R1antTNF may be more
useful than anti-TNF-« Ab in treating CCls-induced hepatitis,

ConA-induced hepatitis in mice is a well-characterized model of
T-cell-mediated liver disease and has been extensively used as a
prototype mimicking human T-cell-mediated liver disease [24]. It
is associated with elevated serum ALT, IL-2 and IL-6, and hepatic
lesions are characterized by a massive granulocyte and T-cell infil-
tration, followed by hepatocyte necrosis and apoptosis. Thus, to
examine the inhibitory effect of RlantTNF on Con A-induced
activation of immune cells, we determined the elevation of serum
IL-2 and IL-6. Initially, we examined the serum level of the T-cell-
derived cytokine IL-2. R1antTNF dose-dependently reduced the
level of serum IL-2 compared to control mice (Fig. 3A). The IL-2
level of mice treated with R1antTNF at 90 pg/mouse was the same
as that of mice treated with anti-TNF-2 Ab at 100 pg/mouse. Treat-
ment with R1antTNF at 270 pg/mouse resulted in an even greater
reduction in the serum level of IL-2. Next, to determine the inhib-
itory effect of R1antTNF on macrophage activation, we examined
the serum IL-6 level, which is predominantly produced by Kupffer
cells [25,26). As with IL-2, R1antTNF dose-dependently reduced the
serum level of IL-6 compared to control mice (Fig. 3B). The thera-
peutic effect thought to result from that R1antTNF inhibited
ConA-induced activation of T-cells and macrophages as effectively
as anti-TNF-a Ab.

4. Discussion

Previously we generated R1amtTNF, a novel TNFR1-selective
antagonistic mutant of TNF-a. The antagonistic effect of R1antTNF
was demonstrated in vivo using a p-(+)-galactosamine (GalN)/TNF-
x-dependent acute inflammatory liver injury model [21]. In this
study. to clarify the therapeutic potency of R1antTNF more pre-
cisely, we examined the therapeutic effect of R1antTNF in two hep-
atitis models and compared the therapeutic efficacy to that of anti-
TNF-2t Ab.
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inflammatory cell influx, induction of adherent molecules in the li-
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ARTICLE INFO ABSTRACT

Article history: Drugs that target tumor necrosis factor-a (TNF) are particularly important in the treatment of

Received 25 December 2007 severe inflammatory progression in rheumatoid arthritis, Crohn's disease and psoriasis. Despite

:ecelvcd " ":"’"‘d form 28 February 2008 the central role of the TNF/TNF receptor (TNFR) in various disease states, there is a paucity of
KcEpted 28 Fehiuary 2006 information concerning TNFR2 signaling. In this study, we have developed a simple and highly

Availabl li 6 March 2008 = x 2 2 g
Walabic: online <8 Mare sensitive cell-death based assay system for analyzing TNFR2-mediated bioactivity that can be

g used to screen for TNFR2-selective drugs. Using a lentiviral vector, a chimeric receptor was
!:gwﬂm engineered from the extracellular and transmembrane domain of human TNFR2 and the
TNFR2 intracellular domain of mouse Fas and the recombinant protein was then expressed in TNFR17~
Fis R2™" mouse preadipocytes. Our results demonstrate that this chimeric receptor is capable of
Chimeric receptor inducing apoptosis by transmembrane- as well as soluble-TNF stimuli. Moreover, we found that
Hioassay our binassay based on cell death phenotype had an approximately 80-fold higher sensitivity

over existing bioassays. We believe our assay system will be an invaluable research tool for
studying TNFR2 and for screening TNFR2-targeted drugs.
© 2008 Elsevier B.V. All nghts reserved.

1. Introduction (TNFR2) (Wajant et al, 2003). TNF/TNFR interaction is
considered to be an attractive target for the treatment of

Tumor necrosis factor-a (TNF) is a pleiotropic cytokine refractory diseases, including autoimmune disease and
that regulates various biological processes such as host malignant tumors (Aggarwal, 2003; Szlosarek and Balkwill,
defense, inflammation, autoimmunity, apoptosis and tumor 2003). In rheumatoid arthritis, for example, biological anti-
cell death through the TNF-receptor 1 (TNFR1) and receptor 2 TNF agents, such as Infliximab and Adalimumab, rapidly

reduce signs and symptoms of joint inflammation (Feldmann
- - " . - | and Maini, 2003). However, anti-TNF drugs used to treat
orfsiponding author.: Labtraony, Of “Plrancsuical iProrsmics, inflammatory disorders have been reported to increase the

Mational Institute of Biomedical Innovation, 7-6-8 Saito-Asagi, Ibaraki, S 3 . 5 7 L :
Osaka 567-0085, Japan. Tel.: +61 72 641 98112327 fax: +81 72 641 9817, risk of infection, in accordance with animal studies (Brown et

E-mail address: tsunoda@nibio.go.jp (S. Tsunoda) al., 2002; Nathan et al., 2006).

0022-1759(8 - see front matter © 2008 Elsevier BV, All rights reserved.
doi: 10,1016/ jim 2008.02.019
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A thorough understanding of the biology of the TNF/TNFR
system is a prerequisite to the safe and effective development
of anti-TNF therapeutics. In particular, several factors and
mechanisms hypothesized to be involved in the side effects
elicited by anti-TNF drugs need to be tested (Curtis et al,
2007; Jacobs et al., 2007: Schneeweiss et al. 2007). These
include the differential power of the drugs to neutralize TNF
bicavailability and the differential inhibition of TNF signaling
events. Despite extensive studies on the molecular biology of
TNF/TNFR1 signaling (Micheau and Tschopp, 2003) the
functions of TNFR2 are poorly understood. There is an
increasing need for a comprehensive understanding of TNF/
TNFR2 biology, particularly in terms of the development of
TNFR-selective drugs.

In this context, we have used a novel phage-display based
screening system (Yamamoto et al, 2003 Shibata et al., 2004,
2008) to develop structural mutants of TNF to help clanify the
biology of TNF/TNFR2 interactions. These TNF variants, which
exert TNFR2-mediated agonistic or antagonistic activity,
might be extremely valuable for elucidating structure-activity
relationships berween TNF and TNFR2. So far, in order to
evaluate the bioactivity of TNF through TNFR2, many
researchers have used the TNFR2 over-expressing cell lines
(Heller et al., 1992; Weiss et al., 1998), such as rat/mouse T
hybridomas transfected with human TNFR2 (PC60-hR2)
(Vandenabeele et al., 1992). The PC60-hR2 assay is based on
granulocyte macrophage colony-stimulating factor (GM-CSF)
secretion mediated by TNF/TNFR2 stimuli. The GM-CSF
secretion level is quantified by proliferation of GM-CSF-
dependent cell lines or by ELISA. However, this two-step assay
system is complicated and the screening process is highly
laborious. Thus, there are increasing demands for the
development of a simple, highly sensitive screening system
that is TNFR2-selective.

In the present study, we developed a simple but highly
sensitive cell death-based assay system for evaluating
TNFR2-mediated activity. We constructed a lentiviral vector
expressing a chimeric receptor derived from the extracellular
(EC) and transmembrane (TM) domain of human TNFR2
(WTNFR2) and the intracellular (IC) domain of mouse Fas
(mFas). Additionally, to eliminate the influence of the
endogenous TNFR1, the chimeric receptor was expressed
on TNFR1/'R27" preadipocytes (Xu et al.. 1999). We found
that hTNFR2/mFas-expressing preadipocyte (hTNFR2/mFas-
PA) showed about 80-times higher sensitivity after treat-
ment with soluble-TNF and over the conventional method.
Furthermore, hTNFR2/mFas-PA could detect not only trans-
membrane TNF- (tmTNF) but also soluble TNF-activity. The
technology described herein will be highly useful both as an
assay system for various TNF variants via TNFR2 and also as
a cell-based drug discovery system for TNFR2 agonists/
antagonists.

2. Materials and methods
2.1. Cell culture

TNFR17"R2", TNFR1'", and wild-type (wt) preadipo-
cytes established from day 16-17 mouse embryos were

generously provided by Dr. Hotamisligil (Harvard School of
Public Health, Boston MA). Preadipocytes, 293T cells and

HeLaP4 cells were cultured in Dulbecco's modified Eagle's
medium (DMEM:; Sigma-Aldrich, Inc., Tokyo, Japan) with 10%
bovine fetal serum (FBS) and 1% antibiotic cocktail (penicillin
10,000 u/ml, streptomycin 10 mg/ml, and amphotericin B
25 pg/ml; Nacalai Tesque, Kyoto, Japan). The rat/mouse T
hybridomas PC60-hR2 cells (NTNFR2 transfected PC60 cells)
were generously provided by Dr. Vandenabeele (University
of Gent, Belgium) and cultured in RPMI 1640 (Sigma-Aldrich,
Inc.) with 10% FBS, 1 mM sodium pyrubate, 5x10"* M 2-ME,
3 pg/ml puromycin (Wako Pure Chemical Industries, Osaka,
Japan), and 1% antibiotic cockerail. TNFR1"R27" mouse
macrophages were generously provided by Dr. Aggarwal
(University of Texas MD Anderson Cancer Center, Houston,
TX), and cultured in RPMI 1640 with 10% FBS and 1%
antibiotic cocktail.

2.2, Construction of self-inactivating (SIN) lentiviral vector

Vectors were constructed using standard cloning proce-
dures. A DNA fragment encoding the EC and T™ parts of
hTNFR2 was amplified by polymerase chain reaction (PCR)
from human peripheral blood lymphocyte ¢DNA with the
following primer pairs: forward primer (5'-GAT TAC GCC AAG
CTT GTC GAC CAC CAT GGC GCC CGT CGC CGT CTG GGC CGC
GCT GGC CGT CGG ACT GGA G-3') containing a Sall site at the
5-end and a reverse primer (5'-CAC CTT GGC TTC TCT CTG
CTT TCG AAG GGG CIT CIT TTT CAC CTG GGT CA-3')
containing a Cspd5l site. The resulting amplified fragment
was subcloned into pCR-Blunt [I-TOPO (Invitrogen Corp.,
Carlsbad, CA) to generate pCR-Blunt-hTNFR2, A fragment
encoding the IC domain of mFas was amplified by PCR from
mouse spleen cDNA with the following primer pair: forward
primer (5'-AAT TCC ACT TGT ATT TAT ACT TCG AAA GTA CCG
GAA AAG A-3') containing a Csp45] site and a reverse primer
(5'-GTC ATC CTT GTAGTC TGC GGC CGC TCA CTC CAG ACATTG
TCCTTC ATTTTC ATT TCC A-3') containing a Notl site at the 5-
end. The mFas DNA fragment was subcloned into pCR-Blunt-
hTNFR2 between the Csp45! and Notl sites to combine the EC
and TM domains of hTNFR2 to the IC domains of mfFas,
generating pCR-Blunt-hTNFRZ/mFas (Fig. 1A). Then the
hTNFR2/mFas DNA fragment was cloned between the Xhol
and Notl sites of SIN lentiviral vector construct, which
contains the blasticidin (Bsd) resistance gene, generating
CSII-CMV-hTNFR2/mFas-IRES2-Bsd (Fig. 1B). For construct
tmTNF, a DNA fragment encoding non-cleavable human
tmTNF h{tmTNFA1-12), generated by deleting amino acids
1-12 in the N-terminal part of hTNF, was amplified by PCR
from hTNF cDNA with following primer pair: forward primer
(5'-AGT GAT CGG CCC CCA GAG GGA AGC TTA GAT CTC TCT
CTA ATC AGC CCT CTG GCC CAG GCA GTA GCC CAT GTT GTA
GCA AAC CCT CAA G-3') and reverse primer (5'-GGT TGG ATG
TTC GTC CTC CGC GGC CGC CTA ACT AGT TCA CAG GGC AAT
GAT CCC AAA GTA GAC CTG-3') and cloned into the pY03'
vector. Then tmTNFA1-12 DNA fragment was cloned between
the Sall and Xhol sites of the SIN vector construct, generating
CSH-EF-tmTNF-IRES-GFP.

2.3, Preparation of lentiviral vectors

The method used to prepare the lentiviral vector has been
described previously (Miyoshi et al., 1999; Katayama et al,
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2004). In brief, 293T cells were transfected by the calcium
phosphate method with three plasmids: packaging construct
(pCAG-HIVgp), V5V-G and Rev expressing construct {pCMV-
VSV-G-RSV-Rev) and SIN vector construct (CSII-CMV-TNFR2/
Fas-IRES2-Bsd or CSI-EF-tmTNF-IRES-GFP). Two days after
transfection, the conditioned medium was collected and the
virus was concentrated by ultracentrifugation at 50,000 = g
for 2 h at 20 "C. The pelleted virus was resuspended in
Hanks' balanced salt solution (GIBCO BRL, Paisley, UK).
Vector titers were determined by measuring the infectivity
of HeLaP4 cells with serial dilutions of vector stocks using
flow cytometric analysis (FCM) for hTNFR2/mFas- or GFP-
positive cells.

2.4. Preparation of hTNFR2/mFas- or tmTNF-expressing cell
culture

To prepare the hTNFR2/mFas- or tmTNF-expressing cell
culture, TNFR17"R2°" preadipocytes or TNFR1 /'R2°"
macrophages were infected with each lentiviral vector at a
multiplicity of infection (MOI) of 100. Stable hTNFR2/mFas-
transfectants were selected for growth in culture medium
containing 8 pg/ml Bsd (Invitrogen Corp.) for 1 week.
Expression of hTNFR2/mFas chimeric receptor on Bsd-
resistant cells was detected by staining with biotinylated
anti-hTNFR2 antibody (BD Biosciences, Franklin Lakes, NJ) at
0.5 pg /5% 10" cells for 30 min at 4 °C. Subsequently, the cells
were washed and stained with streptavidin-PE conjugate (BD
Biosciences). The cell suspension was centrifuged at 800 x g,
washed with PBS, centrifuged again, and then re-suspended
in 500 ul of 0.4% paraformaldehyde. Fluorescence was
analyzed on a FACS Vantage flow cytometer, and data were
analyzed using CellQuest software (both BD Biosciences). The
hTNFR2/mFas-paositive cell cultures were used in subsequent
experiments as hTNFR2/mFas-PA cells, For preparation of
tmTNF-expressing TNFR1"R27" macrophages (tmTNF-Mg),
IRES-driven GFP positive cells were sorted by FACSAria (BD
Biosciences).

y A: 133 bp in the U3 region of

2.5. Cytotoxicity assays

Cells were seeded on 96-well micro titer plates at a density
of 1.5=10" cells/well in culture medium. Serial dilutions of
mouse or human TNF(mTNF or hTNF; Peprotech, Rocky Hill, NJ).
anti-mFas antibody (clone Jo2; BD Biosciences), or paraformal-
dehyde-fixed tmTNF-M¢ were prepared with DMEM contain-
ing 1 pg/ml cycloheximide, and added to each well. After 48 h
incubation, the cell viability was measured by WST-8 assay kit
(Nacalai Tesque) according to the manufacturer’s instructions.
The assay is based on cleavage of the tetrazolium salt WST-8 to
formazan by cellular mitochondrial dehydrogenase.

2.6. Induction of GM-CSF secretion on PC60-hR2

5x10* of PC60-hR2 cells were seeded on a 96 well plate
and then exposed to a serial dilution of hTNF in the presence
of IL-15 (2 ng/ml). After 24 h incubation, hTNFR2-mediated
GM-CSF secretion on PC60-hR2 cells was quantified by ELISA
kit according to the manufacturer's protocol (R&D Systems,
Minneapolis, MN).

2.7. Immunoprecipitation and western blotting

For immunoprecipitation we used FLAG-TNF (a FLAG-tag
fusion protein of hTNF), which was generated in E coli and
purified in our laboratory. The protocol for the expression and
purification of recombinant proteins has been described
previously (Yamamoto et al., 2003). 1x10” hTNFR2/mFas-PA
cells were treated with or without 100 ng/ml of FLAG-TNF far
30 min at 37 "C. Cells were then harvested and lysed in 1 ml of
lysis buffer (50 mM Tris HCI, pH 7.4, 150 mM NaCl, 1% Triton X-
100, 1 mM EDTA and protease inhibitor cocktail; Sigma-
Aldrich Inc.) and gently rocked at 4 °C for 30 min. Cell debris
was removed by centrifugation at 10,000 =g for 30 min. The
resulting supernatant was immunoprecipitated with anti-
FLAG-M2 affinity beads (Sigma, St.Louis, MO) for4 h at 4 *°C.
Immune complexes bound to the beads were washed three
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times with 500 ul of lysis buffer and eluted with 3*<FLAG
peptide ar a concentration of 150 ng/ml. Collected proteins
were resolved on 10-20% SDS-PAGE gels and transferred to
polyvinylidene fluoride membranes (Millipore Corp., Billerica,
MA) by electroblotting, Western blot analyses were performed
with biotinylated anti-hTNFR2 antibody ( R&D systems) or anti-
FADD (Fas-associated death domain protein) antibody (H-181;
Santa Cruz Biotechnology Inc., Santa Cruz, CA). Bound primary
antibodies were visualized with horseradish peroxidase-con-
jugated streptavidin or goat-anti-rabbit-1gG (Jackson Immu-
noresearch Lab., West Grove, PA) respectively. and ECL plus
western blotting detection reagents (GE Healthcare, Buckin-
ghamshire, UK). A LAS 3000 image analyzer (Fujifilm, Tokyo,
Japan) was used for the observation of chemiluminescence,

3. Results

3.1. Fas- but not TNFR-mediates induction of cell-death in
INFR17R27" preadipocytes

Initially, we established a cell line that could be used to
evaluate TNFR2-specific bioactivity by means of the chimeric
receptor (WTNFR2/mFas) strategy. The parental cell line must
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Fig. 2. Fas, but not TNFR2, induced cell death in preadipocytes. WT, TNFR1
R2 " and TNFR1™" cells were treated with serial dilutions of (A) mTNF or (B)
anti-mFas Ab. Cell viability was determined using the WST-8 Assay. Each data
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possess both Fas-sensitivity and TNF-resistance. Thus, we
selected TNFR17"R27" preadipocytes as the parental cell
line and then examined the susceptibility of this cell line
against TNFR1- and Fas-induced cell death, TNFR1 /'R2"/
preadipocytes were resistant to TNF-induced cell death,
while WT preadipocytes, which co-express both TNFR1 and
TNFR2, were killed by mTNF-treatment in a dose-dependent
manner (Fig. 2A). TNFR1™"" preadipocytes were also resistant

to TNF-induced cell death, Thus, TNF-mediated cell death is
presumably due to TNFR1-stimuli in accordance with
previous reports (Vandenabeele et al., 1995; Ashkenazi and
Dixit, 1998; Devin et al, 2000), Anti-Fas antibody treatment
induced cell death for both WT, R17" and TNFR1"R27"
preadipocytes (Fig. 2B). Based on these results, we therefore
selected TNFR17"R2"" preadipocytes for constructing an
hTNFR2/mFas-expressing cell line.
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3.2. hTNFR2-expression analysis of LV-hTNFR2/mFas-Bsd
infected Bsd-resistant cells

Using the LV technique followed by Bsd selection, we
established transfectants that stably expressed hTNFR2/mFas
chimeric receptor in which the EC and TM portion of hTNFR2
(amino acids 1-292) was fused to the IC region of mFas
(amino acids 187-328) (Figs. 1A and B). FCM analysis revealed
that almost 95% of Bsd-resistant cells expressed the EC
domain of hTNFR2 (Fig. 3A). To determine whether hTNFR2/
mFas retained binding activity against hTNF, we next
performed immunoprecipitation and western blot analysis
(Fig. 3B). These analyses showed that FLAG-TNFs were
immunoprecipitated and eluted with hTNFR2/mFas from LV-
transfected and Bsd-resistant cells, but not from parental
TNFR177"R27" preadipocytes and untreated cells. Thus, we
succeeded in constructing hTNFR2/mFas expressing TNFR1
R27"" preadipocytes that retained the ability to bind hTNF.

3.3. Induction of apoptosis on hTNFR2/mFas-PA

To examine whether the death signal could be trans-
duced by stimulating the chimeric receptors, we evaluated
the cell viability of soluble hTNF-treated hTNFR2/mFas-PA.
As anticipated, addition of hTNF to hTNFR2/mFas-PA
induced a strong cytotoxic effect 24 and 48 h later, whereas
no cell death was detected using parental TNFR1/R27"
preadipocytes (Figs, 4A and B). After 48 h, more than 90% of
hTNFR2/mFas-PA cells were killed by hTNF at a concentra-
tion of 4 ng/ml, resulting in a median effective concentra-
tion (EC50) of 250 pg/ml. The images in Figs. 4C and D show
that hTNFR2/mFas-PA cells underwent clear morphological
changes, indicating apoptosis by hTNF stimuli. Additionally,
PC6O-hR2 cells were tested for hTNFR2-mediated GM-CSF
secretion (Fig. 4E). The concentration required to induce
50% of maximal secretion of GM-CSF obtained with hTNF
(EC50) was approximately 20 ng/ml. Importantly, our
bioassay based on cell death phenotype displayed a -BD-
fold higher level of sensitivity over conventional methodol-
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Fig. 5. hTNFR2{mFas-PA cells could be induced cell death by tmTNF, hTNFR2{
mFas-PA cells were co-incubated with paraformaldehyde-fixed tmTNF-Mdb
(filled bars) or TNFR1 " R2° M& (open bars) at an effector/target (E[T) ratio
of 5:1, 1:1, 0.2:1 and 0.4:1 in the presence of cycloheximide (1 pg/ml). After
48 h, cell viability was measured by WST-8 Assay, Each data point represents
the mean £SD of triplicate measurements.
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Fig. 6. Recruitment of FADD tw the hTNFR2/mFas chimeric receptor in
response to hTNF, hTNFR2/mFas-PA or TNFR1 ' R2' cells were treated (+)
with FLAG-TNF: (=) 1 cells. | precipitation was
performed with anti-FLAG antibody M2-conjugated beads. After extensive
washing, immunocomplexes were eluted with 3=FLAG pepuide. The eluted
proteins were resolved on 10-20% SDS-PAGE gels and the presence of
hTNFR2/mFas in the complex was detected by western blot using anti-FADD
Antibody,

ogies. Moreover, tmTNF (Fig. 5) and anti-TNFR2 agonistic
antibody (data not shown) induced hTNFR2/mFas-PA cell
death.

3.4. Recruitment of FADD to the hTNFR2/mFas chimeric receptor

Recent studies indicate that some TNFR family members,
including Fas, self-associate as trimers prior to ligand binding.
Activation of the pre-associated receptors is triggered by
ligand-induced rearrangement of the assembled trimers
(Algeciras-Schimnich et al.. 2002). We speculated that the
first reaction after ligand-induced oligomerization of h\TNFR2/
mFas might be the recruitment of FADD, leading to caspase-8
activation, To investigate the composition of the ligand-
hTNFR2/mFas signaling complex, we treated hTNFR2/mFas-
PA cells with FLAG-tagged hTNF and affinity purified the
receptor complex using anti-FLAG antibody-conjugated
beads, followed by western blot analysis with antibody
against FADD. As expected, FADD was immunoprecipitated
with hTNFR2/mFas an hTNF-treated hTNFR2/mFas-PA (Fig. 6).
In similar experiments, we could not detect TRADD, which is
recruited to TNFR1 in a ligand-dependent process (data not
shown). It has been reported that, in contrast to TNFR1, Fas
does not interact with TRADD but directly recruits FADD,
leading to efficient cell death (Stanger et al., 1995; Dempsey et
al., 2003). Because hTNFR2/mFas interacts with FADD, our
hTNFR2/mFas-PA cell-based assay system will be useful for
evaluating hTNF activity specifically via hTNFR2.

4. Discussion

Here, we developed a hTNFR2/mFas-PA cell-based assay
system in order to investigate hTNF activity through hTNFR2.
The assay is simple to perform and can detect hTNF-mediated
hTNFR2 activity with high sensitivity. Because the hTNFR2/



