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To deliver the magnetic carriers to the specific
target tumors other than liver, surface functionaliza-
tion by polyethyeleneglycol (PEG) (the so-called
PEGylation) is necessary to give the stealthy character
to the nanoparticles. Polyethyeleneglycol is used with
a number of nanoparticles as it improves colloidal
stability and prevents uptake by the reticuloendothe-
lial system (Wang and Thanou 2006). PEG is usually
added onto the surface of nanoparticles to create the
steric stabilization effect where the PEG molecules
form a protective hydrophilic layer on the surface of
nanoparticles that prevents aggregation and nonspe-
cific adsorption of blood components. As a conven-
tional method, Kohler successfully synthesized
PEGylated SPIO using PEG silane which is covalently
bound to iron-oxide surface (Kohler et al. 2004).
However, the toluene used as a reaction solvent is not
preferable from the viewpoint of biocompatibility.
Other conventional methods such as co-precipitation
method or crosslinking method are considered to be
unstable when compared with chemical bonding
process. Facile, stable, and biocompatible PEGylation
process is expected. Another point to be considered for
in vivo applications is the hydrodynamic particle size
in the blood stream. To avoid the body’s reticuloen-
dothelial system (RES), mainly the kupffer cells in the
liver and expect the effective expression of EPR
effect, hydrodynamic size of the iron-oxide nanopar-
ticles should be controlled within the range of
10-100 nm (Davis et al. 2008).

We have already reported that Au/Feridex com-
posite nanoparticle synthesized by radiochemical
process modified with PEG via Au—S bonding showed
lower uptake by the liver and higher accumulation in
the tumor than Feridex alone (Kojima et al. 2010).
However, the hydrodynamic size of the PEG/Au/
Feridex was ca. 150 nm, which should be decreased
for the construction of effective delivery system. In
this article, we report on the design of composite
nanoparticle consisting of Au and SPIO for more
effective delivery system. The hydrodynamic sizes
were controlled by changing the stabilizing polymer
and SPIOs used as starting materials. The Au nano-
particles on SPIOs have surface functionality of Au—S
bonding, which enables easy and facile surface
modification (Kinoshita et al. 2005; Kojima et al.
2010). The surface of the composite nanoparticle was
PEGylated by simply mixing with thiol-modified
polyethylene glycol via Au-S bonding.

@ Springer

Experimental procedure
Chemicals

Two kinds of SPIOs, Resovist® and Moday ION™
(BioPhysics Assay Laboratory, Inc.) commercialized
as MR contrast agents are used for magnetic carriers.
Resovist® mainly composed of y-Fe,O5 nanoparticles
coated with carboxydextran and developed as a liver-
specific MR contrast agent. Molday-ION is mainly
composed of Fe;O4 nanoparticles and developed as
Blood pool agent. Both the Resovist® and Molday-
ION™ have strong effects on the shortening of T,
relaxation times. Hydrodynamic particle size ranges of
raw Resovist and Molday-ION in water systems are
45-60 and 30 nm, respectively. These SPIOs are too
small to apply conventional magnetic separation
technique even with NEOMAX®, the strongest per-
manent magnet.

Millipore Direct-Q system was used to obtain pure
water in all systems. Chemicals such as HAuCl, and
2-propanol were purchased from Wako Pure Chemical
Industries Ltd. Polymers of polyvinyl alchol (PVA,
MW = 22 kDa), polyvinyl pyrrolidone (PVP, MW =
40 kDa), and (PMMA, MW = 100 kDa) were pur-
chased from Wako Pure Chemical Industries Ltd. and
used for controlling the Au particle size. In addition,
thiol-modified polyethylene glycol (PEG-SH, MW =
5 kDa) was purchased from NOF Corp. and used for
the PEGylation of Au/SPIO composite surface.

Synthesis of Au/SPIO composite nanoparticles

The Au/SPIO composite nanoparticles were synthe-
sized by radiochemical procedure (Seino et al. 2008).
In this process, the composite nanoparticles were
synthesized in aqueous solution system without
harmful surfactants, organic solvents, heat treatments,
and drying process. Consequently, the composite
nanoparticle is expected to show good dispersibility
and biocompatibility. The SPIO of 5 mg were dis-
persed in 50 mL of aqueous solution containing
HAuCly, 2-propanol and polymer. Concentrations of
HAuCl, and 2-propanol were 0.5 and 125 mM.
Polymer concentration was controlled to 10 g/L for
PVA and 1 g/L for others. The dispersion was
irradiated with high-energy electron beam (4.8 MeV,
Japan Electron Beam Irradiation Service, Ltd.) at dose
rate of 3 kGy/s for 2 s.
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Purification of Au/SPIO composite nanoparticles

After the irradiation, Au/SPIOs were purified by high-
speed ultracentrifugation process or dialysis process.
The ultracentrifugation was used to spin down compos-
ite nanoparticles with relative centrifugal force of
1.0-1.4 x 10°xg for 2 h. The samples were re-sus-
pended in pure water using bath sonicator. With dialysis
process, the sample dispersion was sealed in dialysis
membrane (Spectra/Por®, MWCO = 100 kDa, Spec-
trum Laboratories, Inc.) and kept in pure water for 48 h
at room temperature.

PEGylation of the Au/SPIO composite
nanoparticles

Aqueous suspension of the Au/SPIO composite nano-
particles was mixed with PEG-SH solution. In this
experiment, excess amounts of PEG-SH were applied
to modify all the Au surfaces via Au-S bonding
(20 pmol PEG-SH/mg-Au). The mixture was incu-
bated at room temperature for 1 h and then purified by
centrifugation (1.0 x 105xg, 30 min.). Amounts of
the PEG-SH combined with Au/SPIO composites
were determined by ICP-AES and thermogravimetric
analysis (TGAS0, Shimadzu Corp.).

Material characterization

Morphology of the samples was investigated using a
transmission electron microscope (TEM; HITACHI,
H-8100, 200 kV). Hydrodynamic particle sizes of the
Au/SPIO composites were characterized using Zeta-
sizer Nano (Malvern Instruments Ltd). Atomic ratio of
gold to iron analyzed by ICP-AES using ICPS7500
(Shimadzu Corp.). To confirm the Au-S bonding
ability of the Au/SPIO composites, amounts of amino
acids adsorbed onto the nanoparticles were measured
with amino acid analyzer, L-8500A (Hitachi High-
Tech. Corp.). The composite nanoparticles were
mixed with 17 kinds of alpha-amino acids in 0.02 N
HCI aqueous solutions. The solution was mixed for
2 h at room temperature, and then separated by a
centrifugation. The detailed procedure for the mea-
surement is reported elsewhere (Kinoshita et al. 2005).

Durability of the Au/SPIO composites in blood
serum system was evaluated also by estimating the
amount of nanoparticles dispersed in the solution by

UV-Vis absorption spectroscopy. UV—Vis absorption
spectra were measured by a spectrometer, Cary 50
(Varian Inc.). The detailed process is already reported
elsewhere (Seino et al. 2009). UV-Vis absorption
spectra of the Au/SPIO showed surface plasmon
resonance due to nanosized Au nanoparticles around
a wavelength of 540 nm, which decreased with the
sedimentation of Au/SPIO. The concentration of Au/
SPIO in blood serum at the elapsed time ¢ is estimated
by the absorption reduction rate as follows:

Au/SPIO concentration ()
= AbSs40mm (7)/AbSss0nm (0).

Results and discussion

Morphology and dispersibility of the Au/SPIO
composite nanoparticles

After the electron beam irradiation, the color of the
suspensions changed from brown/black (color of SPI-
Os) to reddish color, indicating the formation of Au
nanoparticles. Surface plasmon resonances due to
nanosized Au particles were observed by UV-Vis
absorption spectroscopy (data not shown.). Figure 1
shows the typical TEM images of the typical Au/SPIO
composite nanoparticles. It was observed that Au
nanoparticles (seen as darker contrast) are supported
on the iron-oxide nanoparticles (seen as weaker
contrast) to form Au/SPIO composite nanoparticles.
Primary particle sizes of Resovist and Molday-ION are
about 10 nm. Geometric average sizes and geometric
standard deviations of Au nanoparticles determined by
measuring the Au size from several TEM micrographs
are summarizedin Table 1. Sizes of Au grains were well
controlled by the coexisting polymers. It was indicated
that polymers of PVP and PMMA are also applicable to
radiochemical synthesis as surface stabilizer. Average
diameters of the Resovist and Molday-ION were about
5 nm. It was noticed that the Au/SPIO composites do
not exist as monodispersed nanoparticles, but as small
aggregates. The sizes of the aggreagtes of Au/Moday
ION seem smaller than that of Au/Resovist.
Hydrodynamic particle sizes of the Au/SPIO com-
posites before and after the centrifugal purification are
tabulated in Table 1. Hydrodynamic particle sizes of
Au/Resovist decreased from 200-280 to 140-170 nm
by purification process. Removal of excess polymer
was effective for the decrement of hydrodynamic
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Fig. 1 TEM images of the
Au/SPIO composite
nanoparticles.

a Au/Resovist/PVA,

b Au/Resovist/PVP,

¢ Au/ResovisttPMMA,

d Au/Molday-ION/PVA,

e Au/Molday-ION/PVP,

f Au/Molday-ION/PMMA

(©)

SO

particle size. Hydrodynamic sizes of Au/Molday-
IONs were relatively smaller than Au/Resovists. It is
assumed that smaller hydrodynamic particle size of
raw Molday-ION (30 nm) than raw Resovist
(45-60 nm) resulted in smaller Au/SPIO size.
Hydrodynamic sizes of Au/Molday-ION compos-
ites synthesized with PVA increased from 50 to 71 nm
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(b) Au/Resovist/PVP

by centrifugal process, which implies the formation of
larger aggregates by centrifugal force. Figure 2 shows
the hydrodynamic particle size histograms of Au/
Molday-ION composite nanoparticles before and after
the purification by centrifugal process or dialysis
process. The light-scattering intensity-weighted fre-
quency is plotted against the hydrodynamic particle
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gr?:llfyéroﬁ;ng ?;tii;d;zs;zisf Mag. carrier Polymer Au nanoparticle Hydrodynamic size in water
Au/SPIO composite Ave. size SD Before After
nanoparticles (nm) purification (nm) purification (nm)
Resovost PVA (10 g/L) 3.6 1.3 282 137
PVP (1 g/L) 4.1 1.2 199 171
PMMA (1 gL) 33 14 236 177
Molday-ION  PVA (10 g/L) 34 1.3 50 71
PVP (1 g/L) 29 1.3 122 No data
PMMA (1 gL) 33 1.3 88 No data

sizes. The histograms slightly shift to larger sizes by
both purification processes. It should be noticed here
that agglomerates larger than 1 um were formed by
the centrifugal process, while dialysis membrane
separation process not. It was indicated that dialysis
membrane separation process is effective to avoid
aggregation during purification system.

Surface activity of Au/SPIO composite
nanoparticles

Surface activity of Au grains in Au/SPIO composites
were examined by adsorption of sulfur-containing
amino acids. Figure 3 shows the adsorbed amounts of
each amino acid to the Au/Resovist composite

Before Purification
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Fig. 2 Hydrodynamic particle size distributions of Au/Molday-
ION composite nanoparticles

nanoparticles synthesized with PVA, PVP, or PMMA.
The adsorbed amounts are normalized to 1 mg of y-
Fe,0; contained in composites. It should be noticed
that remarkably high amounts of cystine and methi-
onine including sulfur were absorbed among them all
in all composites. Table 2 shows the sum total of
adsorbed sulfur-containing amino acids and non-
sulfur amino acids onto composite nanoparticles.
The values obtained with cystine are doubled, as it is
a dimer of the cysteine and have two sulfur atoms to
bind Au surface. It was clearly shown that the Au
nanoparticles in composites have strong affinity to the
sulfur-containing amino acids. These results are
almost consistent with the previous reports, in which
composite nanoparticles are synthesized by using
magnetic particle sizes of 20-100 nm (Kinoshita et al.
2005). The last column shows the specificity of each
composites, assuming that adsorption of sulfur-con-
taining amino acids are specific via Au—S bonding and
adsorption of non-sulfur amino acids are nonspecific.
The composite obtained with PVA showed highest
value among tested samples. The difference in spec-
ificity is assumed to be caused by several factors, such
as morphology of the composites (size, Au/Fe ratio,
dispersibility, etc.) and conditions of remaining poly-
mers on composites (amount, surface coverage, effect
of ionizing radiation, etc.).

PEGylation of the Au/SPIO composites were
demonstrated by using Au/Molday-ION composite
nanoparticles synthesized by using PVA. Hydrody-
namic particle size of PEGylated Au/Molday-ION in
water system was 67 nm, slightly 56 nm. It was
assumed that the PEG chains adsorbed onto compos-
ites via Au-S bonding slightly enlarged the hydro
dynamic particle sizes. Figure 4 shows the thermo-
gravimetric analysis data of Au/SPIO composite
nanoparticles before and after the PEGylation by
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Table 2 Sum total of adsorbed amino acids onto Au/Resovist
composite nanoparticles

Sample ID Sum total of adsorbed Specificity

amino acids

(nmol/Fe,05 1 mg)

Sulfur No

containing sulfur
Au/Resovist/PVA 333 82 4.1
Au/Resovist/PVP 230 63 3.7
Au/Resovist/PMMA 291 96 3.0

PEG-SH. Before the PEGylation, the weight is
decremented to 87.5 %, which indicated the existence
of surface residual PVA. After the surface modifica-
tion by PEG-SH, the weight is decremented to 76.1 %,
which indicated that the PEG was strongly adsorbed
onto Au nanoparticles via Au-S bonding. The amount
of PEG-SH adsorbed onto Au/Molday-ION was
89 nmol/mg, which was almost consistent with the
result that determined by ICP measurement (measure-
ment of sulfur content together with Fe and Au). From
these results, number of the PEG-SH chains modified
on one Au particle is estimated as ca. 15.

Surface activities of the Au NPs on SPIOs against
sulfur-containing amino acids and PEG-SH are dis-
cussed by comparing the surface coverage of these
molecules on the surface area of the gold grains. Surface
coverage of sulfur-containing amino acids onto Au/
Resovist/PVA was 398 pmol/cm*-Au and of PEG-SH
was 66 pmol/cm*-Au (Au/Molday-ION/PVA). These
values are relatively higher than the values obtained with
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Fig. 4 Thermogravimetric analysis data of Au/SPIO composite
nanoparticles before and after the PEGylation

hybridized 15-mer oligonucleotides and Au/Iron-oxide
composites, 2.0-2.5 pmo]/cm2 (Kinoshita et al. 2007). It
isreasonable to consider that smaller molecules of amino
acids (121.16 Da with cysteine and 149.21 Da with
methionine) have higher Au-S activity than larger
molecules such as PEG-SH (5 kDa) and hybridized
oligonucleotides modified with FITC (10.6 kDa). Lower
affinity against oligonucleotide might be attributed to the
effect of steric hindrance of hybridized oligonucleotide
and/or of electrostatic repulsion. To summarize, it was
indicated that the surfaces of Au nanoparticles have high
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Au-S binding affinity and can be used for the surface
modification of Au/SPIO composites.

Stability of the Au/SPIO composite nanoparticles
in blood serum

Stabilities of the Au/SPIO composite nanoparticles in
blood systems were estimated by the following in vitro
experiments. The Au/SPIO composites purified by
centrifugal process (Au/Resovist) or dialysis process
(Au/Molday-ION) were re-dispersed in beef blood
serum. Table 3 shows the hydrodynamic particle sizes
of Au/SPIO composites in blood serum and in water. It
was indicated that the Au/SPIO composites showed
good dispersibility even in blood serum. Hydrody-
namic sizes of Au/Molday-ION composites were
significantly smaller than that obtained with Au/
Resovist composites, which attributed to the smaller
hydrodynamic size of raw Molday-ION. It should be
noticed here that hydrodynamic particle size of
PEGylated Au/Molday composite was 65 nm even
in blood serum.

In Fig. 5, Au/SPIO concentrations in blood serum
system are plotted against the elapsed time. It was
indicated that more than 90 % of Au/SPIO composites
were still dispersed even in the blood serum at the
elapsed time of 50 min. It was also confirmed that
hydrodynamic particle sizes of Au/SPIOs were almost
same before and after the durability test. The Au/
Molday-ION composites showed higher stability
compared with Au/Resovist composites, which prob-
ably due to the smaller hydrodynamic particle size.
Especially, PEGylated Au/Molday-ION composites
showed the best result, that more than 99 % of the
nanoparticles kept suspended. As the blood circulat-
ing time is just a few minutes, the PEGylated Au/
Molday-ION is expected to be delivered to whole

Table3 Hydrodynamic sizes of Au/SPIO composite nanopar-
ticles in water or blood serum

Sample ID Hydrodynamic size (nm)

In water In blood serum
Au/Resovist (PVA) 137 90
Au/Resovist (PVP 171 142
Au/Resovist/PMMA 177 205
Au/Molday-ION/PVA 56 55
PEGylated/Au/Molday-ION 67 65
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Fig. 5§ Stability of the Au/SPIO composites in blood serum

body without causing a thrombus in blood capillaries.
We have also confirmed that Au nanoparticles and
polymers on SPIOs do not affect the T2 relaxation
efficiency (Kojima et al. 2010 and unpublished
results). These results indicate that the present com-
posite nanoparticles can be good candidates for the
in vivo applications.

Conclusion

The Au/SPIO composite nanoparticles were success-
fully synthesized by radiochemical process by keeping
the dispersibility of raw SPIOs. As a stabilizing
polymer, the use of PVA seems to be the most highly
suited for smaller hydrodynamic particle size of Au/
SPIO composite nanoparticles. The Au nanoparticle
on SPIO kept the specific binding affinity via Au-S
bonding, which enabled facile and stable surface
functionalization by PEG-SH. The PEGylated Au/
SPIO showed excellent dispersibility in blood serum
with hydrodynamic particle size was 65 nm. The
PEGylated Au/SPIO is expected to avoid RES uptake
and express EPR effect, which are promising features
for applications in future in vivo studies.
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The cytokine lymphotoxin-o. (LTo) is a promising candidate for use in cancer therapy. However, the
instability of LTot in vivo and the insufficient levels of tumor necrosis factor receptor 1 (TNFR1)-mediated
bioactivity of LTo limit its therapeutic potential. Here, we created LTa mutants with increased TNFR1-
mediated bioactivity by using a phage display technique. We constructed a phage library displaying
lysine-deficient structural variants of LTo with randomized amino acid residues. After affinity panning,
we screened three clones of lysine-deficient LTo mutant, and identified a LTo. mutant with TNFR1-med-

iz\]:/igds: iated bioactivity that was 32 times that of the wild-type LTo (WtLTa). When compared with wtLTa, the
Apoptosis selected clone showed augmented affinity to TNFR1 due to slow dissociation rather than rapid associa-
Bioactivity tion. In contrast, the mutant showed only 4 times the TNFR2-mediated activity of wtLTa. In addition,
Cytokine the LTo mutant strongly and rapidly activated caspases that induce TNFR1-mediated cell death, whereas

Cytotoxicity the mutant and wtLTe activated nuclear factor-kappa B to a similar extent. Our data suggest that the

kinetics of LTo. binding to TNFR1 play an important role in signal transduction patterns, and a TNFR1-

selective LTo mutant with augmented bioactivity would be a superior candidate for cancer therapy.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Lymphotoxin-alpha (LTa) is a tumor necrosis factor (TNF)
superfamily cytokine with tumor-cell-specific cytotoxic activity
and immune-activating activity. LTa induces the expression of che-
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plasmon resonance; TNF, tumor necrosis factor; TNFR1, TNF receptor 1; TRADD,
TNF receptor-associated death domain; TRAF, TNF receptor-associated factor;
wtLTo, wild-type LTo.
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mokines and adhesion molecules in endothelial cells, and plays a
key role in lymph node neogenesis [1-3]. Schrama et al. [4,5]
showed that systemic administration of LTo to a tumor-bearing
mouse leads to the construction of ectopic lymphoid tissue within
the tumor and the strong induction of tumor immunity in that
lymphoid tissue, suggesting that the underlying mechanism of this
cytokine’s anti-tumor activity may be effective. Therefore, LTa has
long been considered to be a promising candidate for an anti-can-
cer agent. However, the clinical use of LTa has been limited be-
cause of the protein’s in vivo instability and proinflammatory
side effects.

One of the most common ways to improve the therapeutic ef-
fects of proteins is to conjugate them with polyethylene glycol
(PEG) in a process called PEGylation, or to conjugate them with
other water-soluble polymers [6]. Because of the steric hindrance
caused by the PEG molecule, PEGylation can prolong the plasma
half-life of molecules and alter the tissue distribution of the conju-
gates compared with those of the native form. PEGylation of pro-
teins is mostly nonspecific because it targets all of the lysine
residues in the protein, some of which may be in or near an active
site. As a result, PEGylation significantly reduces the specific
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activity of the proteins involved. Our group previously developed a
novel strategy for site-specific mono-PEGylation of lysine-deficient
mutants to overcome these limitations of PEGylation [7,8]. We
demonstrated that site-specific PEGylation of a lysine-deficient
mutant of LTa retained higher bioactivity compared with random
PEGylation of wild-type LTa (wtLTa) {3]. This finding suggests that
site-specific PEGylation of a lysine-deficient mutant of LTo. might
be a useful way to overcome the problems in the clinical use of
LTa outlined above.

LTo binds to three receptor subtypes—TNF receptor 1 (TNFR1),
TNFR2, and herpes virus entry mediator (HVEM)—to exert various
biological functions. TNFR1 induces an anti-tumor effect and
Peyer’s patch development, whereas TNFR2 is essential for im-
mune responses against bacteria and viruses [1]. Human LTo and
TNF that bind to murine TNFR1, but not to murine TNFR2, are
not lethal in healthy mice except at extremely high doses, suggest-
ing that LTo and TNF o exhibit their lethal side effects via TNFR2
[10,11]. Therefore, LTo as a cancer immunotherapeutic agent, a
LTo mutant with selectively increased TNFR1-mediated bioactivity
is needed. Previously, we successfully created a TNFR1-selective
LTa mutant whose bioactivity via TNFR1 was several times that
of wtLTo, and whose bioactivity via TNFR2 was 2.5% that of wtLTo
[12]. However, to enhance therapeutic efficacy and suppress
the side effect of LTa, it is necessary to create a LTa mutant
with greatly increased TNFR1-mediated bioactivity and TNFR1-
selectivity.

In this study, we attempted to create LTor mutants with selec-
tively increased TNFR1-mediated bioactivity by using a phage dis-
play technique. We succeeded in creating a LTa mutant that had a
much higher bioactivity via TNFR1 and an augmented affinity to
TNFR1 compared with that of wtLTo, and demonstrated that this
was due to the slow dissociation rate of the LTo mutant-TNFR1
complex. In addition, we showed that the LTo mutant differed
from wtLTo by its ability to strongly and rapidly activate caspases.
In contrast, the LTo mutant and wtLTo were similar to each other
in their degree of activation of nuclear factor-kappa B (NFkB). Our
findings suggest that this LTa mutant would be a superior candi-
date for a cancer immunotherapeutic agent.

2. Materials and methods
2.1. Cells

HEp-2 cells, a human carcinoma cell line derived via HeLa con-
tamination, were purchased from the American Type Cuiture
Collection (Manassas, VA), and cultured in RPMI 1640 medium
(Wako Pure Chemical Industries, Osaka, Japan) supplemented with
10% fetal bovine serum (FBS), 1mM sodium pyruvate, 50 uM
2-mercaptoethanol, and antibiotics. HT29.14S cells, a TNF/LT-sen-
sitive subclone of HT29 human colon adenocarcinoma, were kindly
provided by Dr. Carl Ware (La Jolla Institute for Allergy and
Immunology, CA) [13]. HT29.14S cells were cultured in Dulbecco’s
Modified Eagle’s Medium (Wako Pure Chemical Industries) supple-
mented with 10% FBS, 10 mM HEPES, and antibiotics. hTNFR2/
mPFas-PA cells are preadipocytes derived from TNFR1~/~ TNFR2~/
~ mice expressing a chimeric receptor composed of the extracellu-
lar and transmembrane domain of human TNFR2 and the intracel-
lular domain of mouse Fas, which is a member of the TNF receptor
superfamily [14]; these cells were cultured in RPMI 1640 medium
supplemented with 10% FBS, 5 pg/mL Blasticidin S HCI (Invitrogen,
Carlsbad, CA), and antibiotics. MCE-7 cells were provided from the
Institute of Development, Aging and Cancer, Tohoku University,
and were cultured in Eagle’s Minimum Essential Medium (Wako
Pure Chemical Industries) supplemented with 10% FBS, 0.01 mg/
mL bovine insulin, and antibiotics.

2.2. Construction of a library of lysine-deficient mutants of LT

The phagemid vector pY03’, which encodes human wtLTo with
the C-terminus of wtLTo fused to the N-terminus of the M13 phage
g3p, was used as a PCR template for constructing a DNA library of
lysine-deficient mutants of LTo. We performed a two-step PCR
amplification using oligonucleotides containing the sequence
NNS (where N represents A, C, G, or T; and S represents C or G)
at Lys19, Lys28, Lys39, Lys84, Lys89, and Lys119 of wtLTa; the se-
quence NNS encodes all 20 standard amino acids. The products
from the second PCR were digested with Ncol and Pstl and then li-
gated into pY03'. The phagemid was electroporated into Escherichia
coli (E. coli) TG1 cells (Stratagene, Cedar Creek, TX), yielding 2 x 108
independent clones. The phage library displaying lysine-deficient
LTa molecules was prepared as described previously [12]. Briefly,
pY03'-transformed TG1 cells were infected with M13KO7 helper
phage (Invitrogen) and cultured for 6 h at 25°C. The resultant
phage particles were precipitated from the culture supernatant
by using PEG (MP Biomedicals, Solon, OH) and suspended in NTE
(100 mM Nacl, 10 mM Tris, 1 mM EDTA).

2.3. Selection of bioactive LT mutants

Screening for bioactive LTo mutants was performed as de-
scribed previously [12]. Briefly, an immunoplate was coated with
soluble human TNFR1 (R&D Systems, Minneapolis, MN), and the
prepared phage library was allowed to bind to the immobilized
TNFR1. After a second round of panning, single colonies were
picked and cultured. The resulting phage-containing culture super-
natant was used for screening by enzyme-linked immunosorbent
assay (ELISA) against human TNFR1.

2.4. Expression and purification of recombinant LTas

pET15b plasmids (Novagen, Darmstadt, Germany) encoding
LTas were prepared and used to transform E. coli BL21(DE3) cells
(Stratagene) for the expression of recombinant protein, as de-
scribed previously [12]. Expression was induced by adding 1 mM
isopropyl B-p-1-thiogalactopyranoside and incubating the cells at
37 °C for 6 h in Terrific Broth (Invitrogen Corporation, Carlsbad,
CA) containing 0.4% glucose, 1.68 mM MgSO,4, and 100 ug/mL of
ampicillin; all products were accumulated as inclusion bodies.
The resultant inclusion bodies were washed, solubilized, reduced,
and refolded by the methods previously described {12]. After dial-
ysis against a buffer containing 20 mM Tris-HCl (pH 7.4) and
100 mM urea, active trimeric LTa proteins were purified by using
a HiLoad Superdex 200PG column (GE Healthcare, UK) equilibrated
with phosphate-buffered saline (pH 7.4) followed by ion-exchange
chromatography (SP Sepharose Fast Flow for wtLTa; Q Sepharose
Fast Flow for mutants of LTa); both columns were obtained from
GE Healthcare. To create point mutants, we used pET15b-human
wtLTo as a template with a KOD-plus mutagenesis kit (Toyobo,
Osaka, Japan) according to the manufacturer’s instructions. Recom-
binant point mutants were produced and purified as described ear-
lier; SP Sepharose Fast Flow was used as the ion-exchange column.
Protein concentration was measured by using Coomassie Protein
Assay Reagent (Thermo Fisher Scientific, Rockford, IL). Sodium
dodecyl sulfate-polyacrylamidegel electrophoresis (SDS-PAGE)
analysis of LTas was conducted under reducing conditions, and
the proteins in the gels were stained with Coomassie brilliant blue.
The electrostatic potential surface was generated by using GRASP
software [15]. The electrostatic potential ranged from —7.5 kT to
7.5 KT. The relative accessible surface areas were calculated by
using JOY software [16].
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2.5. Cytotoxicity assays

HEp-2 cells were seeded at 4 x 10* cells per well in 96-well
plates and incubated for 18 h with serially-diluted LTas in the
presence of 50 pg/mL cycloheximide. For the functional blocking
assay, HEp-2 cells were treated with serially-diluted MAB225
(R&D Systems), an anti-TNFR1 antibody, for 30 min. The cells were
then incubated with 100 ng/mL wtLTo and LTo. mutants for 18 hin
the presence of 50 pig/mL cycloheximide. For the caspase inhibition
assay, HEp-2 cells were incubated with serially-diluted wtLTo. or
LTo. mutants in the presence of 50 pg/mL cycloheximide and
50 mM zVAD-fmk (Calbiochem, Darmstadt, Germany) for 18 h.
R2/Fas preadipocyte cells were seeded at 1.5 x 10* cells per well
in 96-well plates and incubated for 48 h with serially-diluted LTas
in the presence of 50 pg/mL cycloheximide. The cytotoxicities of
LTas against HEp-2 cells and R2/Fas preadipocyte cells were as-
sessed by using the standard methylene blue assay method as pre-
viously described [12]. HT29.14S and MCF-7 cells were seeded at
5 x 10° cells per well and incubated with LTas in the presence of
80 U/mL human Interferon 7y (IFNy) (R&D Systems) for 72 h. After
incubation, cell viability was measured by using a WST-8 assay
kit (Nacalai Tesque, Kyoto, Japan) according to the manufacturer’s
instructions. The ratio of TNFR1-/TNFR2-mediated bioactivity was
calculated as follows: activity of LTas in HEp-2 cells/activity of
LTas in R2/Fas preadipocyte cells. The TNFR1/TNFR2 ratio for
wtLTa was set equal to 1.

2.6. Analysis of binding kinetics by surface plasmon resonance

The binding kinetics of LTas were analyzed and compared by
using a surface plasmon resonance (SPR) method (BIAcore 2000,
GE Healthcare, UK). Human TNFR1, TNFR2, or HVEM Fc chimera
(R&D Systems, Inc.) was diluted to 50 pg/mL in 10 mM sodium ace-
tate (pH 4.5) and immobilized onto a CM5 sensor chip by using an
amine coupling kit (GE Healthcare, UK) as described previously
[12]. During the association phase, wtLTa or LTot mutants diluted
in HBS-EP running buffer (GE, Healthcare UK) to 37, 18.5, 9.3,
4.6, or 2.3 nM were passed over the immobilized TNFRs for 2 min
at a flow rate 20 pL/min. During the dissociation phase, HBS-EP
was run over the sensor chip for 1 min at a flow rate 20 p L/min.
Complexes were eluted by using 20 puL of 10 mM glycine-HCl
(pH 2.0). Data were evaluated by using BlAevaluation 4.1 software
(GE Healthcare UK) to apply a 1:1 Langmuir binding model. The
obtained sensorgrams were fitted globally over the range of in-
jected concentrations and simultaneously over the association
and dissociation phases.

2.7. Evaluation of caspase-3/7 and -8 activities

HEp-2 cells were seeded at 4 x 10* cells per well in 96-well
plates and then incubated for 6, 12, or 18 h with 10 ng/mL of the
relevant LTa in the presence of 50 pg/mL cycloheximide. Activities
of intracellular caspase-8 and caspase-3/7 were measured by using
Caspase-Glo assays (Promega, Madison, WI) according to the man-
ufacturer’s instructions.

2.8. Evaluation of NFkB activities

HEp-2 cells were co-transfected with pGL4.32, a NFkB-respon-
sive firefly luciferase expression vector, and pRL-TK, a thymidine
kinase~-regulated renilla luciferase expression vector (Promega)
at a ratio of 90:1 for 18 h. The cells were then treated with
10 ng/mL of wtLTol or LToe mutants for 1, 2, 4, 6, 12, and 24 h.
Expression levels of intracellular firefly luciferase and renilla lucif-
erase were then measured by using the Dual-Luciferase Reporter

Assay System (Promega). The expression level of firefly luciferase
was normalized against that of renilla luciferase.

3. Results
3.1. Production of a highly bioactive LTo. mutant

Our recent study showed that site-specific PEGylation of a ly-
sine-deficient mutant of LTo. might be useful for cancer therapy,
because the mutant retained bioactivity after PEGylation [9]. Here,
we attempted to create a lysine-deficient mutant of LTo, with aug-
mented bioactivity via TNFR1 and TNFR1-selective bioactivity that
could be used for site-specific PEGylation in the future. A phage li-
brary displaying LTo. mutants with randomized sequences in place
of all lysine codons was prepared. For the construction of the phage
library, two-step PCR was used to replace the lysine codons ran-
domly with an NNS sequence. As a result, we successfully con-
structed a library with 2 x 10° independent clones, and
performed two rounds of panning against immobilized human
TNFR1; phage clones were screened for binding affinity to TNFR1
by conducting an ELISA (data not shown). We obtained three LTo
mutants (mutLT1, mutLT2, and mutLT3), which were putative ly-
sine-deficient mutants of LTo. DNA sequencing analysis of the
LTo. mutants confirmed that all 6 lysine residues present in wtLTo
were mutated to other amino acids (Table 1). To investigate the
properties of the LTo. mutants in detail, we prepared recombinant
LTor mutant proteins by using an E. coli expression system, as pre-
viously described [12]. LTa mutants and wtLTa were expressed in
E. coli and obtained through refolding of inclusion bodies. Purified
LTa mutants displayed a molecular mass of 18 kDa by SDS-PAGE
analysis (Fig. 1A), and a molecular mass of approximately 60 kDa
by size exclusion chromatography (Fig. 1B), indicating that LTo
mutants form homotrimeric complexes, as does wtLTa. The iso-
electric points (pI) of mutLT1, mutLT2, and mutLT3 were 6.16,
6.16, and 6.00, respectively whereas that of wtLTo was 8.94 (Table
1). We also visually assessed the changes in the surface electro-
static potential values by using GRASP software (Fig. 1C). Because
of their lack of lysine residues, LTo. mutants had more negative
areas on their surface than did wtLTa.

3.2. Bioactivities of LToc mutants

To assess the TNFR1-mediated bioactivity of LTo. mutants, cyto-
toxicity assays using HEp-2 cells were performed (Fig. 2A). wtLTo.
and LTo. mutants showed dose-dependent cytotoxicity, and the bio-
activity of each LTo. mutant was higher than that of wtLTo in the
HEp-2 cells (Fig. 2A). The bioactivity of mutLT1 was especially high
(31.8 times that of wtLTor; Table 2). Furthermore, we confirmed that
the LTo-induced cytotoxicity was blocked by the anti-TNFR1 anti-
body in all cases (Fig. 2B). These results indicate that the LTa mu-
tants possess higher TNFR1-mediated bioactivity than that
displayed by wtLTo. To confirm that the higher bioactivity of the
LTor mutants was not specific to HEp-2 cells, we examined the bio-

Table 1

Amino acid sequences and the isoelectric points of LTa. mutants. The pl values of LTos
were calculated by using a program in the Expert Protein Analysis System proteomics
server of the Swiss Institute of Bioinformatics (Basel, Switzerland).

Residue position pl
19 28 39 84 89 119
witLTo Lys Lys Lys Lys Lys Lys 8.94
mutLT1 Asn Gln Asn Ser Leu Gly 6.16
mutLT2 Asn GIn Ser Thr Val Val 6.16
mutLT3 Asp Gln Ala Thr Thr Ala 6.00






