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Drugs that target tumor necrosis factor-o (TNF) are particularly important in the treatment of
severe inflammatory progression in rheumatoid arthritis, Crohn’s disease and psoriasis. Despite
the central role of the TNF/TNF receptor (TNFR) in various disease states, there is a paucity of
information concerning TNFR2 signaling. In this study, we have developed a simple and highly
sensitive cell-death based assay system for analyzing TNFR2-mediated bioactivity that can be
used to screen for TNFRZ-selective drugs. Using a lentiviral vector, a chimeric receptor was

‘ir(;;;mrds: 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 TNFR1
Fas R2"" mouse preadipocytes. Our results demonstrate that this chimeric receptor is capable of
Chimeric receptor inducing apoptosis by transmembrane- as well as soluble-TNF snmuli. Moreover, we found that
Bioassay our bioassay 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 BV. All rights reserved.
1. Introduction (TNFR2) (Wajant er al., 2003). TNF/TNFR interaction is

Tumor necrosis factor-« (TNF) is a pleiotropic cytokine
that regulates various biological processes such as host
defense, inflammation, autoimmunity, apoptosis and tumor
cell death through the TNF-receptor 1 (TNFR1) and receptor 2
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considered to be an attractive target for the treatment of
refractory diseases, including autoimmune disease and
malignant tumors (Aggarwal, 2003; Szlosarek and Balkwill,
2003). In rheumatoid arthritis, for example, biological anti-
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
inflammatory disorders have been reported to increase the
risk of infection, in accordance with animal studies (Brown et
al,, 2002; Nathan et al,, 2006).
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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
bioavailability 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 clarify 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
(hTNFR2) and the intracellular (IC) domain of mouse Fas
(mFas). Additionally, to eliminate the influence of the
endogenous TNFR1, the chimeric receptor was expressed
on TNFR177R27" 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°R27", TNFR17", 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 ug/ml; Nacalai Tesque, Kyoto, Japan). The rat/mouse T
hybridomas PC&60-hR2 cells (h\TNFR2 transfected PCGO 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, 5% 107> M 2-ME,
3 pg/ml puromycin (Wako Pure Chemical Industries, Osaka,
Japan), and 1% antibiotic cocktail. TNFR17"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 ¢cDNA 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 CTT CTT TIT CAC CTG GGT CA-37)
containing a Csp45l site. The resulting amplified fragment
was subcloned into pCR-Blunt [I-TOPO (Invitrogen Corp.,
Carlshad, 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 Csp45l site and a reverse primer
[5-GTC ATC CTT GTA GTC TGC GGC CGC TCA CTC CAGACATTG
TCCTTCATT TTC ATT TCC A-3') containing a Notl site at the 5'-
end. The mFas DNA fragment was subcloned into pCR-Blunt-
hTNFR2 between the Csp45l and Notl sites to combine the EC
and TM domains of hTNFR2 to the IC domains of mFas,
generating pCR-Blunt-hTNFR2/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
CSlI-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-37) 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
CS11-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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Fig. 1. Construction of hTNFR2/mFas chimeric receptor gene and vector, (A) The cDNA structures of NTNFR2, mFas and fusion genes (WTNFR2{mFas ) are shown. EC.
extracellular domain, TM: transmembrane domain, IC: Intracellular domain. (B Schematic representation of sell-inactivating [SIN) LV plasmid {CSI-CMV-hTNFR2/
mFas-IRES-Bsd). CMV, cytomegalovirus promoter; &: packaging signal; RRE, rev responsive element, cPPT, central polypurine tract, IRES, Encephalomyocarditis
virus internal nbosomal entry site; Bsd, Blasticidin: WPRE, woodchuck hepatitis virus postiranseriptional regulatory element. A: deleting 133 bp in the U3 region of

the 3’ long terminal repeat.

2004). In brief, 293T cells were transfected by the calcium
phosphate method with three plasmids: packaging construct
(pCAG-HIVgp), VSV-G and Rev expressing construct (pCMV-
VSV-G-R5V-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/mFus- or tmTNF-expressing cell
culture

To prepare the hTNFR2/mFas- or tmTNF-expressing cell
culture, TNFR17"R27" preadipocytes or TNFR17"R27/"
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 ug /5% 107 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 = g,
washed with PBS, centrifuged again, and then re-suspended
in 500 ul of D4% paraformaldehyde. Fluorescence was
analyzed on a FACS Vantage flow cytometer, and data were
analyzed using CellQuest software (both BD Biosciences). The
hTNFR2/mFas-positive cell cultures were used in subsequent
experiments as hTNFR2/mFas-PA cells. For preparation of
tmTNF-expressing TNFR17"R2™" macrophages (tmTNF-Mu),
IRES-driven GFP positive cells were sorted by FACSAna (BD
Biosciences).

2.5. Cytotoxicity assays

Cells were seeded on 96-well micro titer plates at a density
of 1.5x10% cellsfwell 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-My 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-§ to
formazan by cellular mitochondrial dehydrogenase,

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

5x=10* 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-1f% (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 blotfing

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). 1x 10’ hTNFR2/mFas-PA
cells were treated with or without 100 ng/ml of FLAG-TNF for
30 min at 37 “C. Cells were then harvested and lysed in 1 ml of
lysis buffer (50 mM Tris HCl, 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) for 4 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 3I=<FLAG
peptide at a concentration of 150 ng/ml Collected proteins
were resolved on 10-20% SD5-PAGE gels and transferred to
polyvinylidene fluoride membranes (Millipore Corp., Billerica,
MA) by electroblotting. Westem blot analyses were performed
with biotinylated anti-hTNFR2 antibody (R&D systems ) or anb-
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-
Jjugated 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
TNFRI7™R2™" preadipocytes

Initially, we established a cell line that could be used 1o
evaluate TNFR2-specific bioactivity by means of the chimeric
receptor (hTNFR2/mFas) strategy. The parental cell line must
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possess both Fas-sensitivity and TNF-resistance. Thus, we
selected TNFR177R27" preadipocytes as the parental cell
line and then examined the susceptibility of this cell line
against TNFR1- and Fas-induced cell death. TNFR1"R27"
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-stmuli 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 TNFR17"R27"
preadipocytes (Fig. 2B). Based on these results, we therefore
selected TNFR17/'R27" 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 techmique followed by Bsd selection. we
established transfectants that stably expressed hTNFR2/mFas
chimeric receptor in which the EC and T™M 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
TNFR17R2™" preadipocytes and untreated cells. Thus, we
succeeded in constructing hTNFR2/mFas expressing TNFR17
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 TNFR17"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,
PCBO-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
bicassay based on cell death phenotype displayed a -80-
fold higher level of sensitivity over conventional methodol-

Viability (%)
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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-Ma
(filled bars) or TNFR1 /' R2'"" M (open bars) at an elfector/target (E/T) ratio
of 5:1,1:1,02:1 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 =50 of triplicate measurements.
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Fig. 6. Recrutment of FADD to the hTNFR2/mFas chimenc receptor in
response to hTNF. hTNFR2/mFas-PA or TNFR1 ' R2' ' cells were treated (+)
with FLAG-TNF. (-] denotes untreated cells. Immunoprecipitation was
performed with anti-FLAG antibody M2-conjugated beads. After extensive
washing. immunocomplexes were eluted with 3=FLAG peptide. 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 hTNFR2/
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 on 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/
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mFas-PA system was engineered in TNFR17"R27" preadipo-
cytes, we were able to analyze hTNF-mediated hTNFR2
activity without affecting TNFR1-related apoptosis. Moreover,
not only tmTNF- but also soluble TNF-mediated hTNFR2
activity was detectable using the hTNFR2/mFas-PA cell
system.

In our system, hTNFR2-mediated cytotoxic activity on
hTNFR2/mFas-PA cells was quantitatively determined using
the WST-8 assay. Alternative methods, such as the MTT assay
or Methylene Blue assay, are also capable of detecting
cytotoxicity. Using the WST-8 assay, hTNFR2-mediated cyto-
toxic activity was readily detected 24 h after hTNF treatment
(Fig. 4A), although a stronger signal was generated with a
longer incubation time (48 h; Fig. 4B). Therefore, 48 h-
treatment might be more appropriate for evaluating the
activity of a low dose of hTNF or when analyzing an activity-
weakened mutant TNF. Furthermore, if you evaluate in the
absence of CHX, it may be desirable to alter the cell numbers
from 1.5 to 1.0x10* cells/well. Previously, a similar assay
systemn to the one described in this report was developed by
Heidenreich et al. based on murine TNFR17"R2™" cells, which
heterogenetically expressed human Fas conjugated with
hTNFR2 (termed MF-R2-Fas cells) (Krippner-Heidenreich et
al., 2002). However, there are some important differences
between the MF-R2-Fas cells and the cell line used in our
assay system (WTNFR2/mFas-PA), such as detachability.
Surprisingly, unlike MF-R2-Fas cells, hTNFR2/mFas-PA cells
can detect tmTNF-mediated activity as well as soluble TNF
activity. Currently, the reason for this difference is unclear,
although it may be caused by heterogeneity of the Fas
domain. Indeed, the genetic homology between murine Fas
and human Fas in IC domain is approximately 50%. Addition-
ally, other factors may account for the observed differences
between the two assay systems, such as expression level of
the chimeric receptor. At any event, our results suggest that
hTNFR2/mFas-PA cells will be useful in providing the basis for
a highly sensitive assay system for analyzing hTNFR2 activity
mediated by both soluble TNF and tmTNF. We are currently
attempting to generate a TNFR2-selective mutant TNF using
this assay system and a phage display system for TNF-therapy
or anti-TNF therapy (unpublished data). We chose to use
hTNFR2/mFas-PA cells in the screening process for a TNFR2-
selective mutant TNF because this cell line is sensitive against
not only purified TNF but also culture supernatants of TNF-
transfected E. coli (crude samples). Therefore, our simple and
sensitive bioassay enables high-throughput screening for
TNFR2-selective mutant TNFs. The TNFR2-selective mutant
will make it possible to perform a structure-function study of
TNF/TNFR at any stage of function.

With the success of the human genome project, the focus
of life science research has shifted to functional and structural
analyses of proteins, such as disease proteomics (Oh et al.,
2004; Gilchrist et al., 2006). Thus, there is increasing
expectation on drug discovery/development based on the
information from genomics or proteomics research, structural
biology studies, or receptor-ligand interaction analyses. In
particular, the therapeutic application of bioactive proteins,
such as cytokines and the newly identified ligand proteins, is
eagerly awaited (Gollob et al, 2003; Ansell et al, 2006).
Surprisingly, however, these ligand proteins display multiple
functions, which has severely limited their clinical application

{Margolin et al, 1994; Eskander et al, 1997). Because the
reason behind this limitation is that these ligand proteins
stimulate different signal transduction pathways via multiple
(two or more) receptors, the discovery of receptor-specific
agonistic or antagonistic drugs is keenly awaited. Our assay
system using a chimeric receptor strategy is applicable to
other cytokines and thereby provides a new avenue for
identifying receptor-specific agonists or antagonists. We fully
anticipate that our novel technology will accelerate the
development of TNFR2-related therapeutic molecules as
well as acting as a research tool for studying the biology of
TNFR2.

Acknowledgements

This study was supported in part by Grants-in-Aid for
Scientific Research (No. 18015055, 17689008) from the
Ministry of Education. Culture, Sports, Science and Technol-
ogy of Japan, in part by Health Labor Sciences Research Grant
from the Ministry of Health, Labor and Welfare of Japan, in
part by Health Sciences Research Grants for Research on
Health Scences focusing on Drug Innovation from the Japan
Health Sciences Foundation, and in part by JSPS Research
Fellowships for Young Scientists from the [apan Society for
the Promotion of Science.

References

Aggarwal, BB, 2003. Signalling pathways of the TNF superfamily: a double-
edged sword, Nat. Rev, Immunol. 3, 745

Algeciras-Schimnich. A. Shen, L, Barnhart, BC, Murmann, AE, Burkhardt,
JK. Peter, ME. 2002. Molecular ardering of the initial signaling events
of CD95. Mal. Cell Biol. 22, 207.

Ansell, S M. Gever, SM., Maurer, M ., Kurtin, PJ., Micallel, LN,, Stella, P., Erzell,
P, Novak, A). Erlichman, C. Witzig. TE., 2006, Randomized phase Il
study of interleukin-12 in combination with rituximab in previously
treated non-Hodgkin's lymphoma patients, Clin. Cancer Res, 12, 6056,

Ashkenazi, A, Dixit, V.M., 1998, Death receptors: signaling and modulation
Science 281, 1305.

Brown, S, Greene. MH.. Gershon, SK. Edwards, ET, Braun, MM, 2002
Tumor necrosis factor antagonist therapy and lymphoma development:
twenty-six cases reported to the Food and Drug Administration. Arthritis
Rheum. 46, 3151

Curtis, J.R. Patkar, N.. Xae. A Martin, C. Allison, ] . Saag. M., Shatin, D, Saag,
KG. 2007 Risk of serious bacterial infections among rheumatold
arthritis patients exposed to tumor necrosis factor alpha antagonists.
Arthritis Rheum. 56, 1125

Dempsey, PW,, Dayle, S.E, He, |.Q. Cheng G. 2003. The signaling adaptors
and pathways activated by TNF superfamily. Cytokine Growth Factor Rev
14,193,

Devin, A, Cook, A. Lin, Y.. Rodnguez, Y. Kelliher, M., Liu, Z. 2000, The distinct
roles of TRAF2 and RIP in IKK activation by TNF-R1: TRAF2 recruns IKK to
TNF-R1 while RIP mediates IKK activation. Immunity 12, 419,

Eskander, ED,, Harvey, HA. Givani. E. Lipton, A, 1997 Phase | study
combining tumar necrosis factor with interferon-alpha and interleukin-
2. Am. }. Chin, Oncol. 20, 511

Feldmann, M., Maini, RN., 2003. Lasker Clinical Medical Research Award TNF
defined as a therapeutic target for rheumatoid anhrins and other
autoimmune diseases. Nat. Med. 9, 1245,

Gilchrist. A, Au, CE., Hiding. |. Bell, AW., Femandez-Rodriguez, |.. Lesimple,
5. Nagaya, H, Roy, L, Gosline, S)., Hallett, M., Palement, |.. Keamney, RE.
Nilsson, T. Bergeron, ). 2006. Quantitative proteamics analysis of the
secretory pathway. Cell 127, 1265

Gollob, | A, Veenstra, KG.. Parker, RA. Mier, | W. McDermatt, DF.. Cancy, D,
Tutin, L., Koon, H.. Atkins, M.B,, 2003, Phase | trial of concurrent twice-
weekly recombinant human interleukin-12 plus low-dose 1L-2 in
patients with melanoma or renal cell carcinoma, | Clin. Oncol. 21, 2564

Heller, R A.. Song, K. Fan, N, Chang. DJ.. 1992 The p70 tumor necrosis factor

mediates ¢ ity. Cell 70. 47,

Jacobs, M., Toghe, D, Fremand, C., Samarnna, A., Allie. N.. Botha. T., Carlos. D.

Parida. S.K. Gnvennikov, 5. Nedospasov, 5. Monteimo, A_ Le Bert, M.




78 Y. Abe et al / Journal of Immunological Methods 335 (2008) 71-78

Quesniaux, V., Ryffel, B, 2007. Tumor necrosis factor is ontical to control
tuberculosis infection. Microbes Infect. 9, 623,

Katayama, K. Wada, K, Miyoshi, H. Ohashi. K. Tachibana M. Furula, R,
Mizuguchl, H, Hayalawa, T, Nakajima, A. Kadowaki T. Tsutsume, Y.,
Nakagawa, 5. Kamisaki, ¥, Mayumi, T, 2004. RNA imterfering approach
for clarifying the PPARgamma pathway using lentiviral vector expressing
short hairpin RNA. FEBS Lett. 560, 178.

Krippner-Heidenreich, A, Tubing, F. Bryde, 5. Willi, S !lmmm‘mnn l:
Scheurich, P. 2002 Control of recep d
formation by the kinetics of ligand /receptor rmcranm } Bml. Chem
277, 44155,

Margolin, K., Aronson, ER., Sznol, M., Atkins, MB. Gucalp, R, Fisher, R1.,
Sunderland, M. Doroshow, | H. Ernest, ML, Mier, LW., et al_ 1994, Phase
Il studies of recombinant human interleukin-4 in advanced renal cancer
and malignant melanoma. J. | her. Emphas. | 15, 147

techmigue and PEGylation
Clin. Cancer Res. 10, 8293,
S‘hahda H.. Yoshioka, Y. Ohkawa, A. Minowa, K. Mukai, Y. Abe, Y, Tamai, M.,
a T K H., Nabeshi H. Sugita, T. Imai, S, Nagano, K.
‘rm:ukaw;T Fugita, T.. Nakagawa, 5. Yamamoto, A, Ohta, T, Hayakawa,

T. Mayumi, T Vandenabeele, P. Aggarwal, BB Nakamura, T. Yamagata,

Y. Tsunoda. 5. Kamada H. Tsutsumi. Y. 2008. Creation and X-ray
structure analysis of the tumaor necrosis factor receptor-I-selective
mutant of a tumor necrosis factor-alpha antagonist. | Biol. Chem. 283,

5 its

9498,

Stanger, BZ., Leder. P, Lee, TH., Kim, E. Seed, B.. 1995. RIP: 4 novel protein
containing 4 death domain that interacts with Fas/APO-1 (CD95] in yeast
and causes cell death. Cell 81, 513

Szlosarek, PW., Balkwill, FR., 2003, Tumour necrosis lactor alpha: a potential
target for the therapy of solid tumours. Lancet Oncol. 4, 565

Micheau. O. Tschopp. |. 2003. Induction of TNF receptor |
apoptosis via two sequential signaling complexes. Cell 114, 151,

Miyoshi, H., Smith, KA, Mosier. DE, Verma, IM. Torbett, BE. 1999,
Transduction of human CD34+ cells that mediate long-term engraftment
of NOD{SCID mice by HIV vectors. Science 283, 682

Nathan, DM, Angus, PW., Gibson, PR, 2006. Hepatitis B and C virus
infections and anti-tumor necrosis factor-alpha therapy: guidelines for
clinical approach. |. Gastroenterol. Hepatol. 21, 1366,

Oh, P. L. Y. Yu ). Durr. E, Krasinska, KM, Carver, LA Testa, ]F_ Schnitzer,
J.E. 2004. Subtractive p of the endothelial surface in
lung and solid rumours for tissue-specific therapy, Nature 429, 629.

Schneeweiss, S, Setoguchi, 5., Weinblarr, ME, Kaiz, [N, Avorn, |, Sax. PE,
Levin. R., Solomon, DH. 2007, Anti-tumaor necrosis factor alpha therapy
and the risk of senous bacterial infections in elderly patients with
rheumatoid arthritis. Arthritis Rheum. 56, 1754,

Shibata, H.. Yoshioka, Y. Ikemizu. 5. Kobayashi, K. Yamamoto, Y. Muka, Y.
Okamoto, T, Tanlai. M., Kawamura, M., Abe. Y. Nakagawa, S. Hayakawa,
T, Nagata, 5. Yamagata, Y. Mayumi, T. Kamada, H. Tsutsumi, Y. 2004
Functionalization of tumor necrosis factor-alpha using phage display

Vande le. P, Declercg. W. Beyaert, R. Fiers. W. 1995. Two tumour
necrosis factor receptors: structure and function. Trends Cell Biol 5, 392

Vandenabeele, P, Declercq. W., Vercammen. D Van de Craen, M. Grooten. |
Loetscher, H, Brockhaus, M., Lesslaver, W. Fiers W, 1982 Funciional
characterization of the human tumor necrosis factor receptor p75 In a
transfected rat/mouse T cell hybridoma. |, Exp. Med. 176, 1015

Wajant. H. Plizenmaier. K. Scheurich. P. 2003. Tumor necrosis factor
signaling. Cell Death Differ. 10, 45.

Weiss, T, Grell, M., Siemienski, K. Muhlenbeck, F. Durkop, H. Plizenmaier, K.
Scheurich, P, Wajant, H., 1998, TNFRBO-dependent enhancement of
TNFR&0-induced cell death is mediated by TNFR-assoclated factor 2 and
is specific for TNFREO. |, Immunol. 161, 3136,

Xu, M., Sethi, | K. Hot ligil, GS. 1999, Tr b tumor necrosis
factor (TNF}-alpha inhibits adipocyte differentiation by selectively
activating TNF rwor 1.]. Biol. Chem, 274, 26287,

w, Y. T hioka, Y. Nishibata. T. Kobay

Y. hi. K. Okamoto,
T, Mukai, Y. Shimizu, T. Nakagawa, S, Nagata, S. Mayum, T, 2003. Site-
specific PEGylation of a lysine-deficient TNF-alpha with full bicactivity.
Nat. Biotechnaol. 21, 546,




doi; 10.1016/ jmb, 2008.05.047

J. Mol. Biol. (2008) 380, 777-782

MB

Available online at www.sciencedirect.com

"« ScienceDirect

COMMUNICATION

Organelle-Targeted Delivery of Biological
Macromolecules Using the Protein Transduction
Domain: Potential Applications for Peptide Aptamer
Delivery into the Nucleus

Tomoaki Yoshikawa' 2, Toshiki Sugita’ 2+, Yohei Mukai'*?,
Natsue Yamanada''?, Kazuya Nagano''?, Hiromi Nabeshi'*?,
Yasuo Yoshioka'?, Shinsaku Nakagawa?®, Yasuhiro Abe’,

Haruhiko Kamada'*?, Shin-ichi Tsunoda'*** and Yasuo Tsutsum

'Laboratory of Pharmaceutical

Proteomics, National Institute of

Biomedical Innovation, 7-6-8
Saito-Asagi, Ibaraki,
Osaka 567-0085, Japan

*Graduate School of
Pharmaceutical Sciences, Osaka
University, 1-6 Yamadaoka,
Suita, Osaka 565-0871, Japan

“The Center for Advanced
Medical Engineermg and
Informatics, Osaka University,
1-6 Yamadaoka, Suita, Osaka
565-0871, Japan

Recerved 5 March 2008;
received m revised form

16 May 2008;

accepted 21 May 2008
Available online

29 May 2008

Edited by |. Karn

i1 -2.3

Extensive effort is currently being expended on the innovative design and
engineering of new molecular carrier systems for the organelle-targeted
delivery of biological cargoes (e.g., peptide aptamers or biological proteins)
as tools in cell biology and for developing novel therapeutic approaches.
Although cell-permeable Tat peptides are useful carriers for delivering
biological molecules into the cell, much internalized Tat-fused cargo is
trapped within macropinosomes and thus not delivered into organelles.
Here, we devised a novel intracellular targeting technique to deliver Tat-
fused cargo into the nucleus using an endosmne—disruFti\'e peptide
(hemagglutinin-2 subunit) and a nuclear localization signal peptide. We
show for the first time that Tat-conjugated peptide aptamers can be
selectively delivered to the nucleus by using combined hemagglutinin-2
subunit and nuclear localization signal peptides. This nuclear targeting
technique resulted in marked enhancement of the cytostatic activity of a Tat-
fused p53-derived peptide aptamer against human MDM2 (mouse double
minute 2) that inhibits p53-MDM2 binding. Thus, our technique provides a
unique methodology for the development of novel therapeutic approaches
based on intracellular targeting.

i 2008 Elsevier Ltd. All rights reserved.
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Progress in molecular biological research on intract-
able diseases such as cancer is steadily increasing our
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knowledge of the mechanisms of malignant transfor-
mation occurring in tumor cells. However, the
complexity of biological interactions makes it increas-
ingly difficult to predict gene and protein functions as
we proceed from the immediate metabolic pathway to
the levels of the cell and organism. Especially at the
cellular level, a variety of tools are available to
determine protein function and to develop novel
therapeutic approaches, including antisense, peptide
modulators, proteins and the overexpression of wild-
type or dominant-negative proteins. Small peptides
might be able to complement these agents because of

2008 Elsevier Ltd All rights reserved
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their ability to recognize specific protein domains and
thus to interfere with enzymatic functions or protein-
protein interactions.! Furthermore, these peptides,
designated “peptide aptamers,” seem to be non-
genotoxic and useful for adjunct chemotherapy.
However, these approaches are often limited by an
inability to effectively deliver the agents to the
appropriate cellular location.

Because a prerequisite for their intracellular action
is their delivery into cells, various intracellular
delivery approaches, such as protein transduction
technology with protein transduction domains
(PTDs; e.g., Tat, Antp, VP22, Rev and so on), are
currently undergoing intensive scrutiny.”” How-
ever, protein transduction technology using PTDs
has some disadvantages, one of which is the
accumulation of PTDs or PTD-fused peptides in the
endocytic compartment. We and others have
reported that the main mechanism of protein
transduction is penetration into cells by macropino-
cytosis and that therefore much of the material taken
up remains entrapped in the macropinosomes."”
Another disadvantage is that there is no technique
for controlling the intracellular distribution of
peptide aptamers such that their effects are
extremely limited, For these reasons, it is important
that peptide aptamers be delivered directly into
specific cellular compartments. Because optimal
approaches for overcoming these disadvantages
have not yet been developed, high concentrations
of PTDs or PTD-fused peptides must still be
employed in order for the technology to function
effectively.

With this in mind, we focused on developing
intracellular targeting technology for peptide apta-
mers fused with Tat protein basic domain residues
47-57 (YGRKKRRQRRR) from human immunodefi-
clency virus-1 in the context of cancer therapeutics.
We recently reported that survivin-targeted peptide
aptamers (shepherdin) linked to the NH-terminal
domain of the influenza virus hemagglutinin-2
subunit (HA2), which is a pH-dependent fusogenic
peptide_inducing lysis of membranes at low pH
levels,” are efficiently released from macropino-
somes. This approach succeeded in inducing the
death of survivin-expressing malignant tumor cells.'’
Based on this previous study, here we devised a novel
intracellular targeting technology using HA2 and
nuclear localization signal (NL?)Y peptides for con-
verting peptide aptamers into efficient research tools
for cell biology and cancer therapeutics. We estab-
lished for the first time that Tat-conjugated peptide
aptamers can be selectively delivered to the nucleus
by combining HA2 and NLS peptides. Furthermore,
we evaluated the utility of our nuclear targeting
method using p53-derived peptide from the human
MDM2 (mouse double minute 2, also termed HDM?2
in humans)-binding domain (residues 17-26: desig-
nated PM10), which is a peptide inhibitor of p53-
MDM2 binding."" Recent reports suggested that
inhibiting p53-MDM2 binding could reactivate the
P33 pathway and induce growth-suppressive effects
and cell cycle arrest of tumor cells as well as normal

(2)

NLS | exHis |  VENUS | Tat |

(b)

Fig. 1. Vector construction and SDS-PAGE analysis of
NLS-VENUS-Tat. (a) Schematic of the NLS-VENUS-Tat
region of T7 promoter-driven protein expression vector. The
VENUS (variant of yellow fluorescent protein) DNA
sequence was kindly provided by Dr. A. Miyawaki
(RIKEN Brain Science Institute, Saitama, Japan). The NLS-
VENUS-Tat DNA sequence was amplified by PCR. At the 5
end, the primer ence 5-AA CTT TAA GAA GGA CAT
ATA CAT ATG CCG AAA AAG AAA CGTAAA GTTACC
ATG GCT CAC CAC CAT CAC CAC CAT GAC TAC
AAA GA AT GAC AAA GAA GCT TAC GTG
AGC AAG GGC GAG GAG CTG TT-3 introduced an Ndel
site (italics), an NLS (boldface) and a 6= His tag (underline);
at the 3’ end, the primer sequence 5~T TCC TTT CGG GCT
TTGTTA GCAGCC GAATTCTIATTA ACG GCG ACG
CTG GCG ACG TTT TTT ACG ACC GTA CTC GAG
CTTGTA CAG CTC GTC CAT GCC GAG-3' introduced an
EcoRI site (italics) and a Tat sequence (boldface). The PCR
product was digested with Ndel as well as EcoRI and
inserted into pT7 vector, under the control of the T7
promoter. (b) The plasmid was transformed into E. coli
BL21 Star (DE3) (Invitrogen, Carlsbad, CA), and cells
expressing VENUS proteins were cultured at 25 °C,
250 rpm, for 6 h. The cell paste was then solubilized in a
BugBuster Master Mix (Novagen, Darmstadt, Germany)
and centrifuged. NLS-VENUS-Tat was recovered in the
supernatant and purified by His-tag affinity purification
and gel-filtration tography. SDS-PAGE analysis was

formed under reducing conditions. Lane M, molecular
weight standard; lane W, E. coli extracts prepared after
induction of expression by IPTG; lane S, soluble fractions;
lane T, purified proteins.

cells possessing wild-type p53."'"'7 Because the
interaction of p53 and MDM2 takes place inside the
nucleus, nuclear delivery of PM10 may potentiate the
cytostatic effect of this agent. Indeed, we found that
our nuclear targeting technique employing PTD,
HA2 and NLS peptides markedly enhanced PM10-
mediated cytostatic effects against A549 (human lung
adenocarcinoma) and WI-38 (human embryonic
fibroblast, lung-derived cell line) cells. These results
indicate that our intracellular targeting techniques
can deliver the cargo into the appropriate organelle
and provide a unique research tool for cellular
biology and the development of novel therapeutic
approaches.
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Tat-fused cargo can be selectively
delivered to the nucleus by combining
HA2 and NLS peptides

We constructed a VENUS protein (vanant of yellow
fluorescent protein) fused with Tat, NLS and His tag
(NLS-VENUS-Tat) for use as an expression vector
(Fig. 1a). NLS-VENUS-Tat was indeed expressed in
Escherichia coli |BL21 Star (DE3)] after induction with
IPTG. The level of expression of the NLS-VENUS-Tat
protein was analyzed by SDS-PAGE in total cell
lysates (Fig. 1b). Protein expression was specifically
induced because we did not find substantially leaky
expression of the recombinant protein (data not
shown). Recombinant NIS-VENUS-Tat was pro-
duced almost entirely in the soluble fraction and
had an apparent molecular mass of about 32 kDa
under reducing conditions (Fig. 1b, lane 5). Purifica-
tion was carried out by lysis, and separation of the
soluble fraction was carried o it by centrifugation.
This was then loaded onto a Ni** column for initial
purification. The NLS-VENUS-Tat protein eluted
from the Ni** column was more than 90% pure (Fig.
1b, lane P). The purity, apparent molecular mass and
cellular internalization activity of the eluted NLS-
VENUS-Tat proteins were established by SDS-PAGE
and flow cytometry.

Numerous mechanistic studies have shown that Tat
peptides rapidly permeate pla-mm membranes and
translocate into the nucleus. This mechanism is
currently used to deliver proteins and nucleic acids to
cell nuclei through covalent linkages of Tat and
cargoes. However, nuclear delivery has remained
problematic and very limited, because endosome

NLS-Venus-Tat Nucleus

HA2-Tat ()

HA2-Tat (+)

escape and nuclear transport of Tat-fused cargo (Tat
cargo) represent a passive rather than an active
process. Indeed, in Hela cells treated with NL5
VENUS-Tat alone, only pumtnlu cytoplasmic fluor-
escence, and no fluorescence in the nucleus, was
observed (Fig. 2). We had previously confirmed that
Tat-fused VENUS co-localized in live cells to vesicles
with FM4-64, which is a general endosome marker
(data not shown). Furthermore, FAM (carboxyfluor-
escein) dye-fused Tat peptides also co-localized in
I \14-!1—]—],‘!0'«1“\ e endosomal vesicles (data not shown).
Thus, these results indicated that much of the NILS-
VENUS-Tat was entrapped within the endosomal
vesicles, resulting in low levels of nuclear accumula-
tion. It is therefore reasonable to propose that
Tat—cargo alone cannot reach the targeted cellular
compartment, especially the nucleus, and that the
therapeutic effects of anticancer peptide aptamers are
extremely limited for this reason. Therefore, we devised
an active nuclear targeting technique using endosome-
disruptive HA2 and SV40-derived NLS peptides
Recently, we reported that co-treatment with Tat-
cargo and the Tat-fused endosome-disruptive HA2
peptide (HA2-Tat) improved the endosome-escape
ability and the tumor-killing activity of Tat-fused
antisurvivin peptide aptamers.’ Therefore, we
hypothesized that NLS-VENUS-Tat can be delivered
into the nucleus if NLS-VENUS-Tat can be engi-
neered to escape from the endosomal vesicles into the
cytosol by co-treatment with HA2-Tat. To investigate
whether co-treatment with HA2-Tat does effectively
improve the nuclear localization of NLS-Tat—cargo,
we co-treated HeLa cells with NLS-VENUS-Tat and
HA2-Tatand analyzed the intracellular localization of
NLS-VENUS-Tat by confocal laser scanning

Merge Transmission

Fig. 2. Intracellular distribution of NLS-VENUS-Tat. HeLa cells were cultured on a Lab-Tek [T Chambered Coverglass

system (Nalge Nunc International) at 3.0 =

10* cells/well in MEM (minimum essential medium}-n supplemented with

10% fetal bovine serum and incubated for 24 h at 37 °C. Internalization of NLS-VENUS-Tat was performed as follows
Hel.a cells were co-treated with NLS-VENUS-Tat (10 uM) with or without HA2-Tat (5 pM) in Opti-MEM I (Invitrogen)

containing 100 ng/ml of Hoechst 33342 (Invitrogen). After incubation at 37 °C for

3 h, the medium was changed for a fresh

medium and assessed by confocal laser scanning microscopy (Leica Microsystems GmbH, Wetzlar, Germany) without cell

fixation. Scale bars in each photomicrograph represent 10 pm.
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Fig.3. Nuclear targeting potenti-
ates the cytostatic effect of PM10. All
peptides used in this study were
purchased from GL Biochem Ltd
(Hiroshima, Japan) with confirmed

Opmia
apPmio-Tat
B NLS-PM10-Tat

= purities >90% by HPLC and mass

spectrography. The sequences of
these peptides were GLFEAIEGFIE-
NGWEGMIDGWYGYGRKKRR-
QRRR for HA2-Tat, ETFSDLWKLL
for PM10, ETFSDLWKLLYGRKK-
RRQRRR for PM10-Tat and
PKKKRKVETFSDLWKLLYGRKK-
RRQRRR for NLS-PM10-Tat. Tat
and NLS are shown in boldface and
underlined, respectively. A549 or
WI-38 cells were seeded into 96-well
tissue culture plates (Nalge Nunc
International) at 1.0=10° cells/well
After incubation for 24 h at 37 °C, the

+ HA2-Tat

cells were treated with PM10, PM10-Tat or NLS-PM10-Tat at 6 pM (for A549 cells) or 12 pM (for WI-38 cells) in the
presence or absence of HA2-Tat (5 uM). After 6 h (for A549 cells) or 24 h (for W1-38 cells), cell viability was determined with
the use of WST-8 assay (Nakalai Tesque Inc., Kyoto, Japan) according to the manufacturer’s protocol. Data are presented as
the mean+SD of triplicate assays. Statistical treatment of the data was performed according to Student’s 1 test for two

populations (*p<0.01).

microscopy (Fig. 2). Co-treatment of Hel.a cells with
NLS-VENUS-Tat and HA2-Tat resulted in nuclear
localization of VENUS, co-localized with Hoechst
33342-stained nuclei. This finding documents that
Tat-cargo can be selectively delivered to the nucleus
by using HAZ2 and NLS peptides. Although several
groups have attempted to deliver macromolecular
drugs to specific organelles, they used PTDs con-
jugated only with an organelle-targeting signa],_ such
as NLS or mitochondria-targeting signal. ** = Our
data revealed that NLS-VENUS-Tat was entrapped
within the endosomal vesicles, with no detectable
fluorescence derived from VENUS found in the
nucleus. This indicates that organelle targeting by
signal-fused PTD-cargo alone does not allow efficient
migration into the targeted organelle in the absence of
an endosome-escape strategy. Although the influence
of the use of different cell types, fluorescent dye, cargo,
incubation time and so on could not be excluded as
contributing to targeting inability, we found that
nuclear transport efficiency could be augmented by
combining PTD, HA2 and NLS peptides. Further-
more, our results imply that macromolecules could be
delivered into other organelles, such as mitochondria,
endoplasmic reticulum and peroxisomes, using dif-
ferent organelle-targeting signal sequences. To this
end, we are currently developing novel intracellular
drug delivery systems that can target macromolecules
into different organelles in a manner analogous to our
nuclear targeting techniques,

Nuclear targeting enhances the
cytostatic activity of anti-MDM2 peptide
aptamer

Next, we tested the utility of our nuclear targeting
method using the MDM2-binding peptide aptamer,

PM10, which is a p53-derived peptide correspond-
ing to a sequence within the MDM2-binding
domain. Kanovsky et al. reported that PTD-
mediated intracellular delivery of PM10 could
reactivate p53 and induce p53-mediated apoptosis
of tumor cells with wild-type p53."" Under physio-
logical conditions, growth-suppressive and proa-
poptotic activity of p53 is inhibited by MDM2,
which binds p53 and negatively regulates its activity
and stability.'® Recent reports indicated that pre-
vention of p53-MDM2 binding activates the p53
signaling pathway and induces p53-dependent
apogmsis in cancer cells possessing wild-type

53121415 1n addition, the abrogation of p53-
MDM2 binding mediates a cytostatic effect and
cell cycle arrest in proliferating normal cells. 151317
Because PM10 seems to bind nuclear-localized
MDM2 and inhibits MDM2-inducible ubiquitination
and degradation of p53, we hypothesized that the
nuclear targeting method using HA2 and NLS
peptides would enhance its cytotoxicity. To test
this, we investigated the effects of treatment with
PM10 on cell viability using A549 (human lung
adenocarcinoma) and WI-38 (human lung-derived
embryonic fibroblast) cells, which possess wild-type
p53 (Fig. 3). In A549 and WI-38 cells treated with
PM10, Tat-fused PM10 (PM10-Tat) grew vigorously.
However, co-treatment with HA2-Tat and PM10-
Tat together markedly inhibited A549 and WI-38 cell
growth. Furthermore, A549 and WI-38 cells co-
treated with HA2-Tat and NLS-fused PM10-Tat
(NLS-PM10-Tat) showed greater growth inhibition
compared with those treated with NLS-PM10-Tat
alone. According to a report from the developers of
PM10, although transduction of PTD-fused PM10
(PM10-PTD) into cancer cells could induce tumor
cell death in vitro and in vive, a high concentration of
PM10-PTD was required to see an effect on cancer
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cells.'"® In contrast, our nuclear targeting techni-
que using PTD, HA2 and NLS peptides markedly
enhanced the nuclear localization of the cargo and
the PM10-mediated cytostatic effect at low concen-
trations of PM10. To the best of our knowledge, this
is the first report that nuclear targeting of MDM2-
binding peptide aptamers can lead to augmentation
of cytostatic activity.

In the present study, we aimed to develop a novel
cancer therapeutic approach by controlling apoptotic
pathways using peptide-based drugs. Recently, the
use of intracellular antibodies (intrabodies) directed
to a specific target antigen present in the cell has also
been suggested as 2 therapeutic lead to control the
apoptotic pathway.””** Our organelle-targeting strat-
egy does seem able to deliver intrabodies directly to
the specific organelle in which disease-related pro-
teins reside. Furthermore, we have generated anti-
bodies for various targeted anhgens using a non-
immune phage scFv library.” Thus, we are also
currently developing a novel approach to intracellular
therapy combining an organelle-targeting strategy
and antibody engineering.
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The M13 phage display system is a powerful technology for engineering proteins such as functional
mutant proteins and peptides. In this system, it is necessary that the protein is displayed on the phage
surface. Therefore, its application is often limited when a protein is poorly displayed. In this study, we
attempted to understand the relationship between a protein’s properties and its display efficiency using
the well-known plil and pVIIl type phage display system. The display of positively charged SV40 NLS
and HIV-1 Tat peptides on plll was less efficient than that of the neutrally charged RGDS peptide.
When ditferent molecular weight proteins (1.5-58 kDa) were displayed on plll and pVIIl, their display
efficiencies were directly influenced by their molecular weights. These results indicate the usefulness
in predicting a desired protein's compatibility with protein and peptide engineering using the phage

display system.

1. Introduction

Phage display systems have attracted much attention as
the best technology to create functional mutant proteins
and peptides ever since Smith et al. reported that random
peptides could be displayed on the surface of filamentous
M13 phage (Smith 1985). Many researchers have applied
this system in attempts to create human antibodies and
tissue-specific peptides (Schier etal. 1996; Maruta et al.
2003; Imai et al. 2006). Indeed, we have been successful
in creating a useful mutant TNF to be used as a drug
(Shibata etal. 2004; Yamamoto etal. 2003). Thus, the
phage display system has a wide range of applications
(Stich et al. 2003; Gourdine et al. 2005; Takashima et al.
2000).

Filamentous M13 phage has a circular single stranded
DNA and takes the form of a long tube that consists of
eleven kinds of proteins. This virus effectively proliferates
upon infection of E. coli (Sidhu 2001 Bayer and Feigen-
son 1985; Kuhn 1987). In the phage display system, a
fusion protein composed of target-molecule and coat pro-
tein is derived from a phagemid vector, and wild-type
phage composition proteins (pl-pXl) are denved from a
helper phage genome. These components can make phage
libraries that display target-molecules by assembling with-
in the peniplasm of E. coli. The most useful characteristic
of this system is that protein libraries can be displayed
casily on the phage surface by inserting gene libranes
within the phage genome. Target-molecules are obtained
rapidly by the use of an in vitro affinity panning proce-
dure that selects and amplifies specific phage clones
(Smith 1985).
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In the phage display system. target-molecules can be dis-
played on coat proteins (pllI, pVI, pVIL, pVIIL, pIX),
though generally they are displayed on plll or pVIIIL Dis-
playing 0-1 molecule per phage in the plll type phage
display system is suitable for isolating high-affinity mole-
cules (Chasteen et al. 2006; Keresztessy et al. 2006). Al-
tematively, ten molecules can be displayed on a phage
particle in the pVIII type phage display system 1o select
low-affinity molecules (Verhaent et al. 1999; Kneissel et al.
1999; Lowman 1997).

As described. the phage display system is the most useful
tool to create bioactive peptides and functional mutant
proteins. However, because the efficiency of display is in-
fluenced by the properties of the target protein (molecular
weight, electric charge. etc.), poor display often limits its
application, Despite this problem, there is little research
examining the relationship between display efficiency and
a protein’s properies. Thus, studies are warranted in order
1o apply the phage display system effectively. In this re-
pont, we prepared phages that displayed proteins of differ-
ent molecular weights and electric charges to ascertain the
relationship between display efficiency and protein proper-
ties.

2. Investigations, results and discussion

In this study we examined the relationship between pro-
tein properties (molecular weight, electric charge etc.) and
the efficiency of display with plll and pVIII coat proteins
of the filamentous M13 phage display system (Fig. 1). To
begin with, we prepared phages that displayed different
electrically charged peptides on plll (Fig. 2B) and evalu-
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Influence of the efficency of peptide-display
by the wonic charge of peptides

The efficiency of peptide-display on plll was
assessed by phage ELISA. Displayed peptides
were fused 10 FLAG-4ag - plll on the phage
parncle and captured by immobilized anu-
FLAG antibody. After washing, the number of
captured phage was assessed by anti-M13 HRP
comjugate. Two positvely changed pepudes (Tm
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Fig. 3: Comparison of the efficiency of protein-display using plll type
phage display.
The efficiency of protein-display on plll was assessed by phage
ELISA. Proweins with different molecular weights (approximately
400-58,000 Da) were displaved on phage parvcle as plll fusion
proteins. This expenment was performed using the same method o
Fig. 2 in = 3). Each daw value represents the mean + S.D. (0.
RGDS-plll phage: ©. LacZ-plll phage: o, scFv-plll phage: ©
Imporun-w-plll phage

ated the relationship between electnic charge and display
efficiency using FLAG 1agged ELISA (Fig. 2A). The dis-
play of positively charged SV40 NLS and HIV-1 Tat pep-
tides were less efficient than that of the neutrally charged
RGDS peptide. Generally, positively charged peptides are
easy to adsorb onto various surfaces (Gaillard et al. 1999),
and they repulse each other. Therefore, positively charged
peptides may interfere with phage assembly in the peri-
plasm.

Second. we examined the relationship between molecular
weight and display efficiency again using FLAG 1wgged
ELISA (Fig. 3). Because the display of positively charged
sample was less efficient (Fig. 2), we used the neutrally
charged proteins (pl 5.0-6.4) (MW 1.5-58 kDa) dis-
played on plll 10 examine the influence of molecular
weight on display. Phage displaying the low molecular

weight RGDS peptide bound to ani-FLAG antibody at a
concentration of 10°~10° CFU. The higher molecular
weight impontin-a (58 kDa) displayed on the phage sur-
face could not bind at the same concentration, needing
10°-10"" CFU. In general, the amount of phage prepared
by following the standard protocol was approximately
10'2-10" CFU (Imai 2006). To create functional mutants
using a phage library. it is desirable to use an amount of
phage in excess (more than 100-fold) of the phage library
(approximately 10°-10" CFU). When proteins display on
the phage surface efficiently, the experiment can proceed
without bias. However, our result suggests that a phage
library displaying high molecular weight proteins may be
of low quality simply because the levels of the desired
proteins are not sufficiently expressed for screening. This
introduces a selection bias for those proteins that can be
expressed at the proper level.

To examine the efficiency of plll-display in greater detail,
we quantified the number of molecules displayed on the
phage surface by electrophoresis analysis using CsCl pun-
fied phage (Fig. 4). These results (Fig. 3, 4) demonstrate
that the efficiency of RGDS peptide-display on plIl was
the best (approximately 2 molecules/phage). The display
efficiency decreased as the molecular weight of the target
protein increased. Because the titer of all phages prepared
in this experiment was determined, we suggested that the
display of different molecular weight proteins did not af-
fect the efficiency of phage-preparation (data not shown).
Additionally. the proteins used in this experiment (RGDS,
LacZ, scFv and impontin-a) were expressed efficiently in
E. coli. Therefore, we suggest that the efficiency with
which a protein is displayed on plll is directly related o
its molecular weight.

Finally, we examined the efficiency of pVIII-display by
Westemn blot and confirmed that it also decreased as the
molecular weight increased (Fig. 5). Interestingly, this re-
sult shows that scl*v (25 kDa) could be displayed on pVIII
efficiently. Because the pVIII phage display system is gen-
erally believed 1o be limited in its application precisely by
the molecular weight of displayed protein, many used it
only for display of peptide libraries (Verhaen et al. 1999;
Kneissel et al. 1999; Lowman 1997; Gaillard et al. 1999).
However, our result suggests that the pVIII system could
be applied to larger molecules. This could provide useful
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Fig 5: Companson of the efficiency of pVIIl display protein on phage
particles
The efficiency of display on pVII was assessed by anti-FLAG
wesiern blot. PEG-punfied RGDS-pVIT (lanes 1-5), LacZ-pVIll
(lanes 6-9), scPv-pVIIl (lanes 10-13) and Impoa-pVIIl phage
(lanes 14=17) were used in this expenment. Molecular weight stan-
dard was loaded in lane 1. Staming from the lefu 1.5 = 10" ofu,
5 10" cfu, 1.7 = 10" cfu and 5.5 = 10° cfu were loaded

additional information by expanding the application of
phage display systems to create varnious mutant proteins.

In this study, different kinds of sample peptides (SV40
NLS, HIV-1 Tw, RGDS) and proteins (RGDS, LacZ,
scFv, importin-at) that could be readily expressed in E
coli were used as model molecules. The display of posi-
tively charged SV40 NLS and HIV-1 Tat peptides on plil
was less efficient than that of the neutrally charged RGDS
peptide. When different molecular weight proteins (1.5-
S8 kDa) were displayed on plll and pVIII, their dis-
play efficiencies were directly related to their molecular
weights.

When comparing the efficiency of display between the
four model proteins, additional factors (i.e. refolding effi-
ciency. etc.) may account for the differences. These results
show at least that the electric charge affected the effi-
ciency of phage display and that high molecular weight
proteins could not be displayed on the phage surface suc-
cessfully. Recently, it was reported that improving the pha-
gemid vector provided better efficiency of protein refold-
ing in E. coli and enhanced protein display on the phage
surface (Guo etal. 2003). Consequently many hope that
the display efficiency of various molecules could be im-
proved using this methodology. However, while this meth-
od improves the quality of fusion protein expression, it
does not take into account the efficiency of protein assem-
bly for the construction of phage panicles. Therefore, it is
still important to be able to predict the molecules that will
be compatible for protein and peptide engineering using
phage display by understanding the properties of this sys-
tem as they were descnibed in this report.

3. Experimental

1.1 Phagemid vectors and inserts

The pYO¥-FLAG phagemid vector was modified from pCANTAB-SE (GE
Healthcare Lid ). To create this vector, the E-tag from the onginal vector
was changed to a FLAG tag (DYKDDDDK). The pY10-FLAG phagemid
vector was constructed by replacing the plll gene in pY03'-FLAG with the
pVIll gene. Genes encoding peptides (RGDS, HIV-Tat, SV40 NLS) were
synthesized by Operon Biotechnologies Inc., USA. The lacZ-a gene had
already been cloned im0 pYO3Y-FLAG and pY10-FLAG. The anu-KDR
scFv gene was isolated from an optimized non-immune phage antibody
library previously described (Imai et al, 2006). The human imporin-c gene
was amplified from a human bone marmow cDNA library (TAKARA Bio
Inc.). These inserts were digested and cloned into each phagemid vector
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3.2. Phage preparation

Phage was prepared by foll fard protocol. Brefly, phage parti-
cles were pn-;um:d from Eu!wnu!m coli (TG strain, Stratagene corpora-
tion) by co-infection with M13KOT7 helper phage (Invitrogen Corporation)
Amplified phage in culture media was roughly purified by PEG precipita-
ton. Pant of the purified phage was added w the TGl bacteria. and the
phage uer (cfu) was calculated by counting nfected TGI colomes. If ne-
cessary, additional punfication using @ CsCl gradient wis performed s
described below.

33. Phage ELISA

Immunoplates (Nalge Nunc | I were bilized with ann-
FLAG M2 antibody (Sigma-Aldnch Corporation) diluted 1o $ jug/ml in -
carbonate buffer (Sigma-Aldrich Corporation). Plutes were blocked with
2% block ace (Nukarai Tesque Inc) for 2h at 37 'C. Phage solution
(PEG-purified) i (4% block ace was senally diluied and applied w the
wells. After a | h incut al room the hinding phage was
detectied by anti-M13 HRP conjugae (GE Healtheare Ld.)

34, Purification of phage particles under CsCl gradient

Ampiified phage was punfied by PEG precy Phage pellets were
resuspended in TBS buffer. CsCl powder (IWAI chemicals company) and
additonal TBS buffer were added to the phage solution up to 31%. After
CsCl gradient ultracentnfugation at 400,000 < g at 5 °C for 20 h, the con-
centrated phage band was isolated. TBS (five volumes) was added 1o the
purified phage and centrifuged again at 400,000 <g ot § 'C for 4 h o re-
move the CsCl, The obtaned phage was resuspended in TBS and used for
expermenis.

3.5. Sypro Ruby staining

After punfying the phage under a CsCl gradient, the number of phage
particles (vp/ml) was estimated from its absorbance according 10 the stan-
dard protocol. Serially diluted phage samples were resolved by SDS —
poly acrvlamide electrophoresis (SDS-PAGE). Gels were incubated in
SYPRO® Ruby protein gel suin reagent (Pearce Biotechnology, Inc,
USA) overmight at mom temperature. After washing with wash buffer
(10% methanal and 7% acete acid) for 30 min, fluorescence was detected
using the Typhoon Vanable Image Analyzer (GE Healthcare Lid.). The
number of surface-displaved proteins was calculated from fluorescence in-
tensity using ImageQuant TL software (GE Healthcare Lid) assunung that
one phage panticle contained five plll coat proteins on its surface

3.6, Anti-FIAG western blotting

SDS-PAGE was performed wsing senally diluted phage punfied by PEG
precipitation. Phage protein in the gel was transferred 10 PVDF membrane
(GE Healthcare Ltd.) using the Hoefer TE 70 semi dry transfer unit (GE
Healt Lad.). Mesmbry were blocked i 4% block ace for | h
FLAG-tagged pVII fusion protein was detected with anti-FLAG M2 anti-
body (Sigma-Aldnch Corporation) and anv-mouse IgG HRP conjugate
(Sigma-Aldrich Corporation). After detection by ECL plus reagem (GE
Healthcare Lad), its luminescence win g i using the LAS-3000
Lumi Imager (Fujifilm Corporation),
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