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a b s t r a c t

The cytokine lymphotoxin-a (LTa) is a promising candidate for use in cancer therapy. However, the
instability of LTa in vivo and the insufficient levels of tumor necrosis factor receptor 1 (TNFR1)-mediated
bioactivity of LTa 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 LTa with randomized amino acid residues. After affinity panning,
we screened three clones of lysine-deficient LTa mutant, and identified a LTa mutant with TNFR1-med-
iated bioactivity that was 32 times that of the wild-type LTa (wtLTa). When compared with wtLTa, the
selected clone showed augmented affinity to TNFR1 due to slow dissociation rather than rapid associa-
tion. In contrast, the mutant showed only 4 times the TNFR2-mediated activity of wtLTa. In addition,
the LTa mutant strongly and rapidly activated caspases that induce TNFR1-mediated cell death, whereas
the mutant and wtLTa activated nuclear factor-kappa B to a similar extent. Our data suggest that the
kinetics of LTa binding to TNFR1 play an important role in signal transduction patterns, and a TNFR1-
selective LTa 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-

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 LTa 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) [9]. This finding suggests that
site-specific PEGylation of a lysine-deficient mutant of LTa might
be a useful way to overcome the problems in the clinical use of
LTa outlined above.

LTa 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 LTa 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 LTa and TNF a exhibit their lethal side effects via TNFR2
[10,11]. Therefore, LTa as a cancer immunotherapeutic agent, a
LTa 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 wtLTa, and whose bioactivity via TNFR2 was 2.5% that of wtLTa
[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 LTa 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 wtLTa, and demonstrated that this
was due to the slow dissociation rate of the LTa mutant-TNFR1
complex. In addition, we showed that the LTa mutant differed
from wtLTa by its ability to strongly and rapidly activate caspases.
In contrast, the LTa mutant and wtLTa were similar to each other
in their degree of activation of nuclear factor-kappa B (NFjB). 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 Culture
Collection (Manassas, VA), and cultured in RPMI 1640 medium
(Wako Pure Chemical Industries, Osaka, Japan) supplemented with
10% fetal bovine serum (FBS), 1 mM sodium pyruvate, 50 lM
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/
mFas-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 lg/mL Blasticidin S HCl (Invitrogen,
Carlsbad, CA), and antibiotics. MCF-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 LTa

The phagemid vector pY030, which encodes human wtLTa with
the C-terminus of wtLTa 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 LTa. 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 NcoI and PstI and then li-
gated into pY030. The phagemid was electroporated into Escherichia
coli (E. coli) TG1 cells (Stratagene, Cedar Creek, TX), yielding 2 � 106

independent clones. The phage library displaying lysine-deficient
LTa molecules was prepared as described previously [12]. Briefly,
pY030-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 LTa mutants

Screening for bioactive LTa 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-D-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 MgSO4, and 100 lg/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
wtLTa 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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