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Fig. 1. Schematic representation of LIGHT/FL, LIGHT/mem, and LIGHT/sec. LIGHT/mem; amino acids 66 to 86, including the proteolytic site, were deleted from full-length LIGHT to
ensure stable surface expression by tumor cells. LIGHT/sec; extracellular domain of LIGHT, amino acids 66 to 240, was fused to the C-terminus of the VCAM1 signal peptide.

superfamily, for example Fas ligand (FasL) and TNF-a [12,13]. Gregory
et al. reported a marked difference in the anti-tumor effect between
secreted FasL and membrane-anchored FasL in tumor cells constitutively
expressing these proteins [16]. Similar to FasL, native LIGHT also exists as
a membrane-anchored form and is proteolytically cleaved from the
membrane by matrix metalloproteinases (MMP) to produce the mature,
secreted, 25-kDa form [6,17,18]. Differences in the function and anti-
tumor activity of native full-length LIGHT (LIGHT/FL), stably membrane-
anchored LIGHT (LIGHT/mem), and fully secreted LIGHT (LIGHT/sec),
remain unknown, but understanding these differences is necessary to
identify the optimal form of LIGHT for cancer gene therapy.

Here, we investigated the differences in anti-tumor activity between
native, secreted and membrane-anchored LIGHT. First, we constructed
Arg-Gly-Asp (RGD) fiber-mutant adenovirus (Ad) vectors (AdRGD),
which efficiently transfer foreign genes into target cells, including tumor
cells, to express LIGHT/FL, LIGHT/mem, or LIGHT/sec. Then, we
compared the anti-tumor effects of the different forms of LIGHT in
vivo by intratumoral injection of each AARGD.

2. Materials and methods
2.1. Cells and animals

HT29.14S cells, which are clones of the HT29 colon adenocarcinoma
cell line, were kindly provided by Dr. CF Ware (La Jolla Institute for Allergy
and Immunology, CA) and cultured in DMEM supplemented with 10% FBS
and antibiotics. Murine colon carcinoma CT26 cells were kindly provided
by Dr. NP Restifo (National Cancer Institute, Bethesda, MD), cultured in
RPMI 1640 medium supplemented with 10% FBS and antibiotics. Murine
melanoma B16BL6 cells were purchased from the JCRB cell bank (Tokyo,
Japan) and cultured in MEM supplemented with 7.5% FBS and antibiotics.
Fernale BALB/c mice and C57BL/6 mice were purchased from Nippon SLC
(Kyoto, Japan) and used at 6 to 8 weeks of age. All of the animal
experimental procedures in this study were performed in accordance
with the Osaka University guidelines for the welfare of animals.

2.2. Construction of Ads

Human LIGHT cDNA was kindly provided by Dr. K Tamada (University
of Maryland, Baltimore, MD). We used full-length human LIGHT sequence
as a template to generate DNA fragments by PCR: fragment-LIGHT/FL,
fragment-LIGHT/mem, and fragment-LIGHT/sec. For fragment-LIGHT/FL,
sense primer 5’-CGTCTAGAATGGAGGAGAGTGTCGTACGG CCCTC-3’ and
antisense primer 5’-ATGCGGCCGC TCATCACACC ATGAAAGCCC CGAAG-3'
were used; for fragment-LIGHT/mem, sense primer 5’-CTCCCTGCAGCT
GCACTGGCGTCTACGAAGGTCTCACGAGGTCAACCCAG-3’ and the anti-

sense primer described above were used; for fragment-LIGHT/sec, sense
primer 5’-CGTCTAGAATGCCTGGGAAGATGGTCGTGATCCTTGGAGCCT-
CAAATATACTTTGGATAATGTTTGCAGCTTCTCAAGCTGGAGAGATGGT-
CACCCGCCTGCC-3' and the antisense primer described above were used.
The resultant products were cloned into pHM-CMV5. Then AdRGD-
LIGHTs that carried the various forms of the human LIGHT gene were
constructed by an improved in vitro ligation method [19,20]. Each Ad was
generated by established methods [19]. Luciferase-expressing AdRGD
(AdRGD-Luc) was previously constructed [21]. The virus particles and
biological titer (infectious unit; IFU) were determined by a spectropho-
tometrical method and by using an Adeno-X Rapid Titer protocol
(Clontech Laboratories, Mountain View, CA, USA), respectively [22]. The
particle-to-biological titer ratio was between 10 and 40 for each Ad used in
this study.

2.3. Evaluation of production levels of LIGHT from transduced cells in
vitro

HT29.14S and B16BL6 cells were transduced with each Ad for 2 h
at 500 [FU/cell. The cells were washed and cultured for another 22 h
in media containing 10% FBS. The supernatants were collected, and
the level of LIGHT for each Ad was measured with the Human LIGHT
Enzyme Immunosorbent Assay Kit (R&D Systems, Minneapolis, MN).
The expression level of LIGHT on the cell surface was assessed with
the anti-human LIGHT/TNFSF14 monoclonal antibody (R&D systems)
and a FITC-conjugated rat anti-mouse Igi light chain monoclonal
antibody (BD Pharmingen, San Diego, CA) by flow cytometry on a
FACSCalibur flow cytometer.

2.4. Cytotoxicity assay

HT29.14S cells (5000 cells/well) were incubated for 12 h at 37 °C.
Then cells were transduced with AARGDs at 10, 100, or 500 IFU/cell in
the presence of 10 units/mL human IFN-y. After 56 h, cell viability
was assessed by the WST-8 assay according to the manufacturer's
instructions. The OD450-650 was measured with a multiwell
spectrophotometer (Spectra Max M5Y, Molecular Devices, Inc.).

2.5. Animal studies

C57BL/6 mice or BALB/c mice were intradermally inoculated with
2x10° cells (B16BL6) or 5x10° cells (CT26), respectively, into the
flank. Seven days later, established tumors with diameters of 5-7 mm
were treated with each Ad at 5x 10® (B16BL6) or 7 x 107 (CT26) IFU in
50 UL PBS, respectively. Tumor size was measured with calipers 3
times a week, and tumor volume was calculated using the following
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Fig. 3. Therapeutic effect of intratumorally injected AdRGD-LIGHTSs. (A) LTBR expression in CT26 and B16BL6 cells. LTRR expression on the cell surface of CT26 and B16BL6 cells was
determined by flow cytometry analysis using the anti-LT{3R antibody. The open curve shows staining with the anti-mouse LTBR antibody. The filled and slashed curves show non-staining
and the secondary antibody only control. (B) B16BL6 cells (2x 10° cells/mouse) or (C) CT26 cells (5x 10° cells/mouse) were intradermally inoculated into C57BL/6 or BALB/c mice,
respectively. Seven days later, the tumors were treated with the AARGD-LIGHTs. The tumor volume and prolonged survival time of tumor-bearing mice were monitored. Data
were calculated according to the formula described in Section 2, and each point represents the mean + SEM for six mice. (* P<0.05 and ** P<0.01 compared with AARGD-Luc by
the Student's -test.).

formula: (tumor volume; mm?®) = (major axis; mm)x (minor axis; accordance with protocols approved by the Animal Care and Use
mm)?x0.5. Mice bearing tumors with a major axis greater than Committee of the Graduate School of Pharmaceutical Sciences, Osaka
25 mm were euthanized. All animal experiments were carried out in University, Japan.

Fig. 2. Confirmation of the form and biological activity of LIGHT. (A) Flow cytometric analysis of LIGHT expression. HT29.14S and B16BL6 cells were transduced with AARGD-LIGHTs at the
dose of 500 IFU/cell. The expression of LIGHT on the cell surface was detected by flow cytometric analysis. The blue curve shows staining with the anti-human LIGHT antibody.
(B) Quantification of the secreted soluble form of LIGHT by ELISA. HT29.14S and B16BL6 cells were transduced with AdRGD-LIGHTS at the dose of 500 IFU/cell. LIGHT concentration in the
culture supernatant was measured by ELISA. Each point represents the mean = SD. (** P<0.01 versus value for AdARGD-Luc by ANOVA.) (C) Confirmation of biological activity of LIGHT
expressed by each AdRGD. HT29.,14S cells were transduced with AdRGD-LIGHTs in the presence of 10 units/mL of human IFN-+. These transduced cells were incubated for 56 h.
Cytotoxicity was evaluated by the WST-8 assay. Each point represents the mean + SD. (** P<0.01 versus value for AARGD-Luc by ANOVA.).
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Fig. 3 (continued).

2.6. Detection of CD4+ and CD8+ T cells in tumors

BALB/c mice were intradermally inoculated with 5 x 10° CT26 cells
into the flank. Seven days later, established tumors with diameters of
5-7 mm were treated with each Ad at 7 x 107 IFU. Eighteen days after
intratumoral injection with Ads, CT26 tumors were removed,
embedded in OCT compound (Sakura Finetechnical, Tokyo, Japan),
and frozen in liquid nitrogen. Frozen sections (7 pm thick) were fixed
in 4% paraformaldehyde at 4 °C for 10 min and treated with a primary
anti-mouse CD4 or anti-mouse CD8 antibody (BD Pharmingen) at
room temperature for 2 h. After washes, the sections were stained
with the secondary antibody conjugated with Alexa Fluor 594 Anti-
Rat IgG (Molecular Probes) at room temperature for 2 h. Then, the
frozen sections were mounted with Prolong Gold with DAPI
(Invitrogen, Carlsbad, CA) for nuclear staining, and then photo-
graphed with a fluorescence microscope (BZ-8000; Keyence Corpo-
ration, Osaka, Japan). Quantification of CD4+ and CD8+ cells in the
frozen sections was performed by counting the number of cells in four
random high-power fields.

2.7. Statistical analysis

All results are expressed as means + SEM or SD. Differences were
compared by using the Student's t-test or Scheffe’s method after
analysis of variance (ANOVA).

3. Results
3.1..Construction of Ad vectors encoding various forms of LIGHT

We used the AARGD system, which exhibits c,-integrin tropism due
to an RGD peptide inserted into the HI loop of the fiber knob, to achieve
high levels of LIGHT gene expression. This vector system has superior
gene transduction efficiency of cancer cells in vitro and in vivo compared
with the conventional Ad vectors [21,23]. We constructed AdRGD
encoding LIGHT/FL, which is sensitive to ectodomain shedding creating

both secreted and membrane-anchored forms of LIGHT. We also
constructed AdRGD encoding only LIGHT/mem, which lacks amino
acids from Gly66 to Glu86, including the key proteolytic site (amino acid
Glu81-1le84), and AdRGD encoding only LIGHT/sec, which consists of an
extracellular domain of LIGHT composed of amino acids Gly66 to Val240
linked to a signal peptide from VCAM1 to direct secretion (Fig. 1).

3.2. Confirmation of biological activity of various forms of LIGHT

To confirm that each AARGD-LIGHT constructed here expressed the
LIGHT protein in the intended form, we examined the expression
patterns of LIGHT on the surface or in the culture supernatant of cells
transduced with each AdRGD. First, we analyzed the expression of the
LIGHT protein on the surface of HT29.14S or B16BL6 cells by flow
cytometry. We detected LIGHT on the surface of HT29.14S and B16BL6
cells transduced with AdRGD-LIGHT/FL and AdRGD-LIGHT/mem, but
not on the surface of those transduced with AdRGD-LIGHT/sec or the
AdRGD-Luc control (Fig. 2A). Then, to confirm the expression of the
secreted form of LIGHT, we quantified the levels of the LIGHT protein in
the culture supernatant of transduced HT29.14S and B16BL6 cells by
ELISA. We found that for HT29.14S and B16BL6 cells, AdRGD-LIGHT/sec
secreted higher levels of LIGHT than AdRGD-LIGHT/FL or AdRGD-
LIGHT/mem (Fig. 2B). For B16BL6 cells transduced with AARGD-LIGHT/
FL, we also detected secreted LIGHT in the culture supernatant. This is
probably the result of cleavage of full-length LIGHT expressed on the
cellular surface by MMP produced by B16BL6 cells. On the other hand,
we did not detect LIGHT in the culture supernatant of cells transduced
with AARGD-LIGHT/mem or AdRGD-Luc control. Taken together, these
results show that each AdRGD-LIGHT expressed the intended form of
LIGHT protein, at least when transfected into B16BL6 cells. By
comparison, we could not detect LIGHT in the culture supernatant of
HT29.14S cells transfected with AARGD-LIGHT/FL. We consider that this
is probably because HT29.14S cells do not express MMPs.

Next, to examine whether the LIGHT proteins expressed by each
AdRGD-LIGHT were biologically active, we transduced HT29.14S cells,
which are sensitive to the proapoptotic effect of LIGHT, with the AdRGD-
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LIGHTs in the presence of 10 units/mL of human IFN-vy (Fig. 2C) [5,24].
We found that the viability of HT29.14S cells transduced with each
AdRGD-LIGHT was significantly lower than the viability of cells
transduced with the control vector AARGD-Luc and was dependent
upon vector dose. These results indicate that AARGD-LIGHTSs constructed
here express LIGHT with sustained activity.

3.3. Therapeutic effect of intratumorally injected AdRGD-LIGHTs

To assess the therapeutic potential of the AdRGD-LIGHTs, we
evaluated the anti-tumor effect of a single intratumoral injection of
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each AdRGD-LIGHT in mice bearing established B16BL6 and CT26
tumors [25,26]. The expression of LTRR by B16BL6 cells and CT26 cells
was confirmed by flow cytometric analysis (Fig. 3A). In both BI6BL6 and
CT26 tumors, tumor growth in mice treated with AARGD-Luc was
comparable to that of PBS-treated mice (Fig. 3B, C). In the B16BL6 tumor
model, AARGD-LIGHT/FL and AdRGD-LIGHT/sec showed tumor-sup-
pressing effects, whereas AdRGD-LIGHT/mem did not (Fig. 3B). Fur-
thermore, AdRGD-LIGHT/sec had a stronger tumor-suppressing
effect than AARGD-LIGHT/FL. In the CT26 tumor model, AARGD-LIGHT/
sec provided the strongest tumor-suppressing effect of all the AdRGD-
LIGHTs and tended to prolong the survival more than the AdRGD-Luc
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Fig. 4. Histological analysis of tumors administered each AdRGD-LIGHT. CT26 cells (5x 10° cells/mouse) were intradermally inoculated into BALB/c mice. Seven days later, the
tumors were intratumorally treated with each AARGD-LIGHT. Tumor tissues were collected 18 days after injection and were then embedded in OCT compound and frozen.
(A) Frozen sections of tumor tissues were fixed and stained with an anti-mouse CD4 antibody together with an Alexa Fluor 594-conjugated secondary antibody. (B) Quantification of
CD4+ cells. (C) Tumors were similarly stained with an anti-mouse CD8 antibody together with an Alexa Fluor 594-conjugated secondary antibody. (D) Quantification of CD8+ cells.
Each bar represents the mean =+ SEM of the number of CD4+ or CD8+ cells in four random high-power fields (* P<0.05 and ** P<0.01 versus value for AdRGD-Luc by ANOVA).
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control, but this difference was not significant (Fig. 3C). These data
indicate that the rank order of the anti-tumor effect of these 3 forms of
LIGHT was LIGHT/sec>LIGHT/FL>LGHT/mem. In addition, we con-
firmed that mice treated with the ARGD-LIGHTs did not lose body
weight (data not shown). These results suggest that AdRGD-LIGHT/sec
efficiently suppresses tumor growth without severe side effects.

3.4. The mechanism of anti-tumor effects of AdRGD-LIGHT/sec

To investigate the mechanism underlying the anti-tumor effects of
AdRGD-LIGHT/sec, we assessed the infiltration of immune cells into
the tumor mass following intratumoral administration of each
AdRGD-LIGHT (Fig. 4). At 18 days after injection, intradermal tumor
nodules were resected from tumor-bearing mice for histological
examination. We observed more extensive infiltration of CD4+
(Fig. 4A, B) and CD8+ (Fig. 4C, D) T cells in tumors of mice treated
with AdRGD-LIGHT/sec than in those treated with the AdRGD-Luc
control. By comparison, there was little or no infiltration of CD4+ and
CD8+ cells in tumors of mice treated with AdRGD-LIGHT/FL or
LIGHT/mem compared with those treated with the AdRGD-Luc
control. These findings suggest that the substantial increase in the
number of CD4+ and CD8+ T cells within tumors induced by AJRGD-
LIGHT/sec might activate tumor-specific immunity in mice.

4. Discussion

LIGHT is a promising candidate for cancer therapy [10,27,28].
However, the difference in anti-tumor activity between membrane-
anchored and secreted LIGHT has not been well defined. Here, we
compared the potency of the anti-tumor effect of different forms of
LIGHT to identify the optimal form for cancer gene therapy.

It has been reported that, in mouse tumor models, membrane-
anchored LIGHT exhibits a potent therapeutic effect against various
cancers [6,11]. However, in our therapeutic model, secreted LIGHT
exhibited a superior therapeutic effect: a single intratumoral injection
of AARGD-LIGHT/sec gave the most efficient anti-tumor effect of all
forms of LIGHT, whereas AdRGD-LIGHT/mem gave negligible tumor
suppression. Although the mechanism underlying this phenomenon
remains unclear, we confirmed that B16BL6 and CT26 cells were
resistant to the proapoptotic effect of LIGHT (data not shown), and
therefore in our therapeutic model, the main contributing factor to the
tumor-suppressing effect of LIGHT might be the activation of cancer
immunity. We hypothesized that secreted LIGHT expressed by
AdRGD-LIGHT/sec might be efficiently distributed throughout the
tumor mass and could induce cancer immunity over a broad area of the
tumor, whereas membrane-anchored LIGHT might be restricted to a
limited area near the AdRGD vector injection site, This notion was
confirmed by our finding that AARGD-LIGHT/sec efficiently induced
infiltration of CD4+ and CD8+ T cells in the tumor mass, whereas
LIGHT/mem failed to do so (Fig. 4). However, we observed only a
slight, not dramatic, therapeutic effect of AARGD-LIGHT/sec. In this
study, we used the human LIGHT, which was shown by Shaikh et al. to
bind to the mouse LTBR and mouse HVEM with an affinity nearly 10-
fold lower than that of mouse LIGHT [29]. Thus, we speculate that the
inadequate susceptibility of CT26 and B16BL6 tumors to AJARGD-
LIGHT/sec in our therapeutic model is the result of differences
between human and mouse LIGHT.

Successful cancer gene therapy requires treatment of not only the
primary tumor but also distant metastases, which are the major cause
of mortality from cancer. Yu et al. reported that local delivery of the
gene encoding LIGHT/mem into the primary tumor prevents the
formation of metastases [11]. They showed that the primary tumor
becomes a major site for the production of CTL, which eradicates
established metastatic tumors, Here, we showed that treatment by
AdRGD-LIGHT/sec induces T-cell activation within the tumor mass,
Moreover, Lukashev et al. examined the production of LTRR in human

tumor tissues and found that 87% to 96% of colorectal, lung, larynx/
pharynx, stomach, and melanoma tumors were positive for LTRR [30].
Thus, we speculate that AARGD-LIGHT/sec might have the potential to
restrain metastasis and recrudescence of tumors.

In this study, we compared the anti-tumor potential of various forms
of LIGHT expressed by AARGD-LIGHTs and showed that secreted LIGHT
had the strongest anti-tumor activity in mouse models of aggressive and
established tumors. These results suggest that the secreted form of
LIGHT might be the optimal form for cancer gene therapy.
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ARTICLE INFO ABSTRACT

The cytokine LIGHT activates various anti-tumor functions through its two receptors, lymphotoxin
B receptor (LTBR) and herpes virus entry mediator (HVEM), and is expected to be a promising candidate
for cancer therapy. However, LIGHT is also trapped by decoy receptor 3 (DcR3), which is highly expressed
in various tumors. Here, we used phage display technique to create LIGHT mutants that specifically bind
LTBR and HVEM, and is not trapped by DcR3 for optimized cancer therapy. We constructed phage library
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ﬁg‘:’i’g‘i&' displaying structural variants of LIGHT with randomized amino acid residues. After the affinity panning,
Apoptosis we created 6 clones of LIGHT mutants as candidates for DcR3-evading LIGHT. Analysis of binding
Bioactivity affinities showed that all candidates had 10-fold lower affinities for DcR3 than wild-type LIGHT, while 5
Cytokine of the 6 clones had almost the same affinity for LTBR and HVEM. Furthermore, analysis of detailed
Cytotoxicity binding kinetics showed that lower affinity for DcR3 is dependent on their faster off-rate. Further, we

showed that the LIGHT mutant had almost the same cytotoxicity via LTBR, and had 62-fold higher DcR3-
evading capacity compared to the wild type. Our data provide valuable information for construction of

Immunomodulation

more functional LIGHT mutants that might be powerful tools for cancer therapy.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The tumor necrosis factor (TNF) superfamily member LIGHT
(name derived from homologous to Lymphotoxins, shows Inducible
expression, and competes with herpes simplex virus Glycoprotein D
for herpes virus entry mediator, a receptor expressed by T lympho-
cytes) is produced as a glycosylated 29-kDa type-II transmembrane
protein by activated T cells, monocytes, granulocytes, and immature
dendritic cells [1]. LIGHT binds to two functional cellular receptors,
lymphotoxin B receptor (LTBR) and herpes virus entry mediator
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(HVEM), as well as to a non-functional soluble decoy receptor 3
(DcR3) [2,3]. On engagement with LTPR, LIGHT induces cytotoxicity
against some human cancer cells, and promotes cytokine production
and the release of the naive T cell-attracting chemokines in stromal
cells, thus leading to the increased presence of lymphocytes in
tissues [4,5]. In addition, triggering of HVEM signals on T cells by
LIGHT co-stimulates T cell proliferation and interferon (IFN)-y
secretion in response to T cell receptor engagement, leading to
enhanced T cell immunity [4,6]. Recently, Yu et al. reported that local
delivery of the LIGHT gene into primary tumor prevents the
formation of metastases by the activation and augmentation of
tumor immunity via LTBR and HVEM [5,7]. They showed that the
primary tumor becomes a major site for the production of cytotoxic
T lymphocyte, leading to the rejection of primary and metastatic
tumors in mice [5]. In addition, Lukashev et al. observed that, in
clinical human tumor tissues, 87-96% of colorectal, lung, larynx/
pharynx, stomach, and melanoma tumors were LTBR-positive [8].
Therefore, we expect that LIGHT might have the potential for
superior therapeutic efficiency in immunotherapy for various
cancers, and also the potential for marked anti-tumor activity in
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restraining metastasis and recrudescence. In fact, we and others
have also demonstrated the usefulness of LIGHT for cancer immu-
notherapy [7,9-13]. Therefore, LIGHT has recently attracted a great
deal of attention as a superior agent for cytokine-based cancer
immunotherapy for the eradication of not only local, but also
disserninated, metastases.

DcR3, also known as TR6, is a new member of the TNF receptor
superfamily [14,15]. DcR3 binds specifically to Fas ligand (FasL),
TNF-like molecule 1A (TL1A) and LIGHT. DcR3 lacks a membrane
anchor, suggesting its role as a soluble inhibitory factor by binding
to its ligands [15-17]. In fact, it has been reported that DcR3 inhibits
the cytotoxicity against tumor cells that is induced by Fas—FasL and
LTBR-LIGHT signaling, and interferes with T cell co-stimulation
mediated by HVEM-LIGHT association [14,18,19]. There is strong
evidence that DcR3 is over-expressed in various tumors, including
malignant tumors arising from the esophagus, stomach, lung,
colon, and rectum [14,20-25]. Wu et al. reported that 56% of tumor
patients are serum DcR3-positive, and >70% of patients with
gastric, liver, and gallbladder carcinomas have elevated serum DcR3
levels (>20 pg/mL) [23]. Furthermore, an association between DcR3
expression and tumor progression is well documented [26]. All of
these observations suggest that DcR3 is involved in the immune
evasion of malignant tumors. Therefore, to apply LIGHT as a cancer
immunotherapeutic agent, it is necessary to create a LIGHT mutant
binding to LTBR and HVEM, but not to DcR3.

In the past decade, several receptor-selective mutant proteins have
been constructed, which are useful for functional analysis and as
therapeutic agents. However, traditional point mutation methods are
labor intensive because a large number of candidates must be indi-
vidually assessed; therefore, successfully isolating the desired mutants
has been difficult. We previously developed a modified phage display
technique that can be used to create desired functional mutant proteins
[27,28]. Using this technique, we have successfully created many
mutant proteins with high bioactivity, high in vivo stability, or antag-
onist activity that are suitable as drug candidates [29-33].

In this study, we attempted to create an LTBR- and HVEM-specific
LIGHT mutant with DcR3-evading capacity by phage display.

2. Materials and methods
2.1. Cells

The HT29.14S cell line, a clone of HT29 colon adenocarcinoma and sensitive to
the pro-apoptotic activity of LIGHT, was kindly provided by Dr. Carl Ware (La Jolla
Institute for Allergy and Immunology, CA) [34]. HT29.14S cells were cultured in
Dulbecco’s Modified Eagle’s Medium (Wako Pure Chemical Industries, Osaka, Japan)
supplemented with 10% fetal bovine serum, 10 mm HEPES, and antibiotics.

2.2. Library construction

Human LIGHT cDNA was kindly provided by Dr. K. Tamada (University of
Maryland, Baltimore, MD). We used pY03'-LIGHT, in which the C-terminus of the
extracellular domain region of the LIGHT sequence (encoding amino acids Gly66 to
Val240) is fused to the N-terminus of the M13 phage G3P, as a template to generate
double-stranded DNA fragments of LIGHT by PCR. PCR amplification was performed
using primers containing the sequence NNS (which encodes all 20 standard amino
acids) at Glu115, Thr116, GIn117, Leu118, Gly119, and Leu120 of LIGHT. The PCR
products were digested with Ncol and Apal and then ligated into the phagemid
vector pY03'. The resultant phagemid was electroporated into Escherichia coli
(E. coli) TG1 cells (Stratagene, Cedar Creek, TX), yielding 7 x 107 independent clones.
The phage library displaying LIGHT mutants was prepared as previously described
[31]. Briefly, pY03'-transforming TG1 cells were infected with M13KO7 helper phage
(Invitrogen, Carlsbad, CA) and cultured for 6 h at 37 °C. The resultant phage particles
were precipitated from the culture supernatant by using polyethylene glycol (MP
Biomedicals, Solon, OH) and resuspended in NTE buffer (100 mm NaCl, 10 mm Tris,
1 mm EDTA).

2.3. Selection and screening of receptor-selective LIGHT mutants by biopanning

An immunoplate was coated with 100 pL of soluble human LTBR-Fc chimera
(R&D Systems, Minneapolis, MN) at 10 pg/mL in 50 mm bicarbonate buffer (pH 9.5),

and blocked with blocking buffer (Sigma-Aldrich, St. Louis, MO). One hundred
microliters of the prepared phage library was allowed to bind to immobilized LTBR
for 2 h at room temperature. After 10 rounds of washing with phosphate-buffered
saline (PBS; pH 7.4) containing 0.05% Tween 20, and subsequently once with PBS,
bound phages were eluted with 150 uL 10 mm glycine-HCl (pH 2.0) for 5 min at 4 °C.
After neutralization with 75 uL 1 m Tris-HCl (pH 8.0), the eluted phages were used to
infect TG1 cells, and used for the second round of panning. After the second panning,
single ampicillin-resistant colonies were picked and used to inoculate 500 pL of 2-YT
containing 100 pg/mL ampicillin and 2% glucose in deep 96-well plates. The plates
were incubated in a shaker at 37 °C for several hours until the ODggg of the cultures
became approximately 0.5. We then added 10° plaque-forming units of M13K07
helper phage to each well, and incubated the plates for 30 min at 37 °C without
shaking, followed by an additional 30 min in a shaker, at 37 °C. The cells in each well
were centrifuged and resuspended in 1 mL 2-YT containing 100 pg/mL ampicillin
and 50 pg/mL kanamycin. Cultures were incubated in a shaker at 25 °C for 6 h. The
resulting phage-containing culture supernatant, which was mixed with an equal
volume of 2-fold concentrations of blocking buffer, was used for screening by
enzyme-linked immunosorbent assay (ELISA) using LTPR-Fc-, HVEM-Fc-, or DcR3-
Fc (R&D Systems)-immobilized plates. The levels of bound phage were detected by
ELISA with mouse anti-M13 antibody-HRP (GE Healthcare, Buckinghamshire, UK).
The DNA sequences of highly bound phage clones were analyzed by an ABI Prism
3100 (Applied Biosystems, Foster City, CA).

2.4. Expression and purification of recombinant LIGHTs

Production of LIGHT protein by using E. coli BL21(DE3) (Stratagene) was per-
formed as described previously [12]. Briefly, BL21(DE3) cells harboring the expres-
sion plasmid pET15b-LIGHTs (amino acids Gly66-Val240) were incubated in Terrific
Broth including 1 mwm isopropyl B-p-1-thiogalactopyranoside, and the resultant
inclusion bodies were washed, solubilized, and reduced by the methods previously
described [12]. Then, the solubilized LIGHT was refolded by 100-fold dilution in
a refolding buffer for 36 h at 4 °C. After dialysis against a buffer containing 20 mm
Tris—HCI (pH 7.4) and 100 mwm urea, active trimeric LIGHT proteins were purified by
passage through a HiPrep Sephacryl S-100 HR column (GE Healthcare) following
ion-exchange chromatography (Q Sepharose Fast Flow; GE Healthcare).

2.5. Cytotoxicity assay

HT29.14S cells (5000 cells/well) were incubated for 12 h at 37 °C. The cells were
then incubated at 37 °C with serial dilutions of LIGHT protein in the presence of
40 units/mL human IFN-y (R&D Systems). After 72 h, cell viability was assessed by
WST-8 assay according to the manufacturer’s instructions (Nacalai Tesque, Kyoto,
Japan). The OD4sg-g50 Was measured in a multiwell spectrophotometer (Molecular
Devices, Inc,, Tokyo, Japan). For the competition effect of DcR3, HT29.14S cells were
incubated at 37 °Cin the presence of 10 ng/mL LIGHTs and 40 units/mL human [FN-y
in one of a series of DcR3 concentration or incubated in the presence of 200 ng/mL
DcR3 and 40 units/mL human IFN-y in one of a series of LIGHT concentrations.

2.6. Analysis of binding kinetics by surface plasmon resonance (SPR)

The binding kinetics of LIGHTs were analyzed and compared by surface
Plasmon resonance (BlAcore 2000, GE Healthcare). Human LTBR, HVEM, or DcR3-
Fc chimera (R&D Systems) was diluted to 50 pg/mL in 10 mM sodium acetate (pH
4.5) and immobilized onto a CM5 sensor chip by using an amine coupling kit (GE
Healthcare) as described [12]. During the association phase, LIGHTs diluted in
HBS-EP running buffer (GE Healthcare) to 35, 17.5, 8.8, 4.4, or 2.2 nm were passed
over the immobilized receptors for 2 min at a flow rate of 20 yL/min. During the
dissociation phase, HBS-EP was run over the sensor chip for 1 min at a flow rate
of 20 pL/min. Complexes were eluted by using 20 pL 10 mm glycine-HCI (pH 2.0).
Data were evaluated by using BIAevaluation 4.1 software (GE Healthcare) to apply
a 1:1 Langmuir binding model. The obtained sensorgrams were fitted globally
over the range of injected concentrations and simultaneously over the association
and dissociation phases.

3. Results

3.1. Library construction and selection of receptor-selective LIGHT
mutants

The crystal structures of LIGHT, LTBR, and DcR3 have not been
clarified, and the precise receptor binding residues of LIGHT are
unclear. Rooney et al. using a three-dimensional model suggested
that the A-A’ loop motif constructed of Glu115 and Leu120 residues
is an important region for the receptor binding of LIGHT [34].
Therefore, to create receptor-specific LIGHT mutants with reduced
ability to bind to DcR3, we constructed a phage library displaying
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Table 1
Substituted residues of LIGHT mutants from A-A’ loop library.

No. Amino acid residue
115 116 117 118 119 120

wtLIGHT E B § Q L G L
1 T N T S K S
2 H T v H G L
3 L L G S A E
4 L R I N P L
5 H A H A H Q
6 M H T L L, A
7 S R P S H R
8 P [ M L 1 A
9 D E P H H E
10 T H A T S M

structural variants of LIGHT with randomized sequences at 6 amino
acid residues of the A-A’ motif (amino acid positions Glul115,
Thr116, GIn117, Leu118, Gly119, and Leu120). For the construction of
the phage library, PCR was performed to replace these amino acids
randomly with an NNS sequence. NNS covers all 20 amino acids
(where N and S represent A/C/G/T and C/G, respectively). As a result,
we constructed a library with 7 x 107 clones (>theoretical value;

A
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20°) (data not shown). Sequence analysis of randomly selected
clones indicated that this library was composed of independent
clones (Table 1).

For selection of LIGHT mutants with binding affinity to LTBR,
two rounds of affinity panning using human LTBR were performed
with the constructed phage library. Potent binders to LTPR were
concentrated in the library through this panning procedure. We
then screened the clones with binding specificity to LTBR and
HVEM, but not DcR3. To isolate the desired clones, we analyzed the
binding affinity of monoclonal clones in the concentrated phage
library for each of the three receptors (Fig. 1). Many of the phage
clones were strongly bound to LTBR and HVEM compared to
wtLIGHT, whereas they showed lower affinity for DcR3 than
wtLIGHT. In addition, interestingly, many clones strongly bound to
LTBR tended to also bind to HVEM, and clones with low affinity to
LTBR tended to also bind to HVEM weakly. On the other hand, the
binding affinity for DcR3 tended to be independent of the affinity
for LTBR and HVEM.

Next, to isolate receptor-selective LIGHT mutants with sufficient
affinity for LTBR and HVEM, we selected the 42 clones with the
highest affinity (about 2-fold higher) for both LTBR and HVEM in
phage ELISA. We then calculated the binding specificity for LTBR/
DcR3 (Fig. 2A) and HVEM/DcR3 (Fig. 2B) from the phage ELISA data.
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Fig. 1. Binding activity of selected phage clones to LTBR, HVEM, and DcR3. After second panning on LTBR, the binding properties to (A) LTBR, (B) HVEM, and (C) DcR3 of €3 selected
phage clones were measured by ELISA. Relative affinity percentages were calculated as follows: (sample OD/positive control OD) x 100%. The positive control was the wtLIGHT-

expressing phage.
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Fig. 2. Screening of DcR3-evading LIGHT mutants. Forty-two phage clones with more
than 2-fold binding activity to both LTBR and HVEM were selected. Then, the receptor
selectivity of the selected phages to (A) LTBR/DcR3 and (B) HVEM/DcR3 were calcu-
lated from the phage ELISA data. Black bar represents the LIGHT mutant-clone 1.

As a result, we found a clone (clone 1) that has the strongest
binding selectivity for both LTBR and HVEM among the selected
clones. In the same way, we obtained other 5 candidates for a DcR3-
evading LIGHT mutant (data not shown). We sequenced these
clones and found that Thr116 and Gly119 were identical to those of
the wtLIGHT in almost all LIGHT mutants (Table 2). Furthermore, in
all clones of the selected candidates, amino acid Leu at position 118
was changed to Gly.

3.2. Receptor selectivity of LIGHT mutant

Toinvestigate the properties of receptor-selective LIGHT mutants
in detail, we prepared recombinant proteins of the selected candi-
dates. LIGHT protein was generated by truncation of the N-terminal
65 amino acids, which removes the cytoplasmic and trans-
membrane domains. We have confirmed that non-glycosylated
LIGHT expressed in E. coli had the same bioactivity and receptor
binding capacity compared to LIGHT expressed in mammalian cells,

Table 2
Nucleotide and amino acid sequences of 6 candidates of DcR3-evading LIGHT
mutants.

Amino acid residue

115 116 117 118 119 120
WtLIGHT ~ E(GAG) T(ACT) Q(CAG) L(CTG)  G(GGC) L(CTG)
Clone1  LCTG) T(ACC) T(ACC) G(GGC) G(GGG)  N(AAC)
Clone2  T(ACG) T(ACC) S(AGC)  G(GGC) G(GGC)  N(AAC)
Clone3  N(AAC) T(ACC) P(CCC)  G(GGC)  G(GGC)  H(CAC)
Clone4  N(AAC) S(ACG) K(AAG) G(GGG) G(GGC) ~ H(CAC)
Clone5  T(ACC) T(ACC) K(AAG) G(GGC) G(GGG)  T(ACC)
Clone6  N(AAC) T(ACC) H(CAC) G(GGC) G(GGC)  N(AAC)

although LIGHT has a single N-linked glycosylation site (Asn102)
[12]. So, in this study, we manufactured LIGHT mutants in E. coli as
previously described [12]. LIGHT mutants expressed as inclusion
bodies in E. coli were denatured and refolded. The refolded LIGHT
mutants were then purified by ion-exchange and gel-filtration
chromatography. As with wtLIGHT, we confirmed by using gel-
filtration analysis that LIGHT mutants formed trimers, indicating
that mutations did not affect trimer formation (data not shown). The
purity of LIGHT mutants was greater than 95% confirmed by SDS-
PAGE analysis (data not shown).

Next, to assess the receptor selectivity of LIGHT mutants, we
measured their binding kinetics to LTBR, HVEM, and DcR3 by the
SPR method (Table 3). The Kp values (the index of associative
strength) of LIGHT mutants to LTBR and HVEM were almost same as
those of WtLIGHT, with the exception of clone 5, indicating that
LIGHT mutants showed almost the same affinity for LTBR and
HVEM as wtLIGHT. In contrast, the Kp of LIGHT mutants to DcR3
was approximately 10-fold higher than that of wtLIGHT, indicating
the dramatic loss of binding capacity to DcR3. Furthermore,
detailed analysis of the kinetics indicated that the reduction in
affinity of LIGHT mutants for DcR3 was due to an increase in
dissociation rate constant (ko) compared to wtLIGHT (Table 3).
These data suggest that LIGHT mutants interact with DcR3 by rapid
dissociation and show receptor selectivity for LTPR and HVEM.

3.3. Bioactivities of receptor-selective LIGHT mutants

To assess the bioactivity of LIGHT mutants, we performed
cytotoxicity assays using HT29.14S cells, a clone sensitive to the
pro-apoptotic effect of LIGHT (Fig. 3). In HT29.14S cells, cytotoxicity
to wtLIGHT and LIGHT mutants was dose-dependent and the
bioactivity of LIGHT mutant-clone 1 and -clone 4 was almost the
same as that of wtLIGHT. In light of these data, we focused on LIGHT
mutant-clone 1 because it showed the best bioactivity and DcR3-
evading capacity among clones 1-6. To investigate the capacity of
LIGHT mutant-clone 1 for evading the inhibition effects of DcR3, we
examined the bioactivity of clone 1 by cytotoxicity assays using
HT29.14S cells in the presence of DcR3 (Fig. 4). First, HT29.14S cells
were incubated with serial dilutions of wtLIGHT or LIGHT mutant-
clone 1 in the presence of DcR3 (200 ng/mL): lower doses of LIGHT
mutant-clone 1 than wtLIGHT were cytotoxic (Fig. 4A). We also
incubated HT29.14S cells with LIGHTs (10 ng/mL) in a DcR3
concentration series: WtLIGHT-induced cell death was blocked by
DcR3 in a dose-dependent manner, with a 50% inhibitory concen-
tration (ICsp) of 70 ng/mL, while the ICsg of DcR3 against clone 1

Table 3

Binding kinetics of LIGHT mutants to LTBR, HVEM and DcR3. Binding affinities to
LTBR, HVEM or DcR3 were analyzed by surface plasmon resonance using a BlAcore
2000 instrument. Each kinetic parameter was calculated from the respective sen-
sorgram using BlAevaluation 4.1 software.

LTBR HVEM  DcR3

ko' Kp? Kon® kor® Kp*  Affinity®
(nv)  (nm) (10%/Ms)  (107%s)  (nm) (% vs WtLIGHT)
wtLIGHT 1.30 1.50 33 2.0 0.6 100.0
Clone 1 1.80 2.15 4.8 27.5 5.7 10.7
Clone 2 1.63 1.25 34 24.2 18.7 33
Clone 3 1.77 1.36 42 184 4.7 131
Clone 4 1.89 2.11 4.5 20.2 4.6 133
Clone 5 2.54 6.60 19 17.3 8.9 6.8
Clone 6 1.90 1.63 48 220 46 13.0

? Kp is the equilibrium dissociation constant.

® kon is the association kinetic constant.

€ korr is the dissociation kinetic constant.

4 Relative affinity values were calculated as 100 x Kp (WtLIGHT)/Kp (LIGHT
mutant).
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Fig. 3. Cytotoxic effects of wtLIGHT and LIGHT mutants on HT29.14S cells. The bioactivities of LIGHTs were measured in cytotoxicity assays. HT29.14S cells were incubated with
serial dilutions of wtLIGHT or LIGHT mutants in the presence of 40 units/mL IFN-y. After 72 h incubation, cell viability was assessed by WST-8 assay. Each data point represents the
mean =+ SD. The ECs is the concentration of LIGHT required to inhibit cell viability by 50%.

was 4329 ng/mL (Fig. 4B). These data indicate that the DcR3-
evading capacity of LIGHT mutant-clone 1 was more than 62-fold
higher than that wtLIGHT.

4. Discussion

LIGHT has potent anti-tumor activities through the activation
of immune response, and is a promising candidate for cancer
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immunotherapy. However, there is strong evidence that DcR3 is
over-expressed in various tumors. DcR3 neutralizes the biological
effects of LIGHT and contributes to immune escape of tumors by
binding to LIGHT. Therefore, to develop more efficient cancer
immunotherapy by LIGHT, it is necessary to create LIGHT mutants
with DcR3-evading capacity.

In this study, we attempted to create a receptor-selective LIGHT
mutant without the capacity of binding to DcR3. Two loop regions
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Fig. 4. Effect of DcR3 on LIGHT-mediated apoptosis in human HT29.14S cells. (A) HT29.14S cells were incubated with serial dilutions of wtLIGHT or LIGHT mutant-clone 1 in the
presence of 200 ng/mL DcR3 and 40 units/mL IFN-y. After 72 h incubation, cell viability was assessed by WST-8 assay. (B) HT29.14S cells were incubated with LIGHT (10 ng) in the
presence of various concentrations of DcR3 with 40 units/mL IFN-y. After 72 h incubation, cell viability was assessed by WST-8 assay. Each data point represents the mean + SD. The

ICsg is the concentration of DcR3 required to inhibit the cytotoxicity of LIGHT by 50%.
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located on opposite sides of the LIGHT subunit have been suggested
as putative receptor binding sites of LIGHT [34,35]. In this study, we
selected the A-A’ loop between Glu115 and Leul20, and con-
structed a phage library displaying structural variants of LIGHT
with randomized sequences at the 6 amino acids residues there.
After panning and selection, we identified 6 mutants as candidates
for receptor-selective LIGHT mutants. Sequence analysis revealed
that Gly119 in all LIGHT mutants was identical to that of wtLIGHT
(Table 2), which is consistent with the previously reported idea that
Gly119 plays critical roles in maintaining receptor binding of LIGHT
to LTBR and HVEM [34]. In addition, in almost all LIGHT mutants we
found that Thr116 was also identical to that of the wtLIGHT. Since
almost all LIGHT mutants that bound to both LTBR and HVEM in
phage ELISA lacked mutations at Thr116 (data not shown), we
conclude that Thr116 is important for receptor binding of LIGHT.
Furthermore, in all clones with low affinity for DcR3, the amino acid
Leu at position 118 was changed to Gly (Table 2). These results
indicate that Thr116 and Gly119 play a critical role in binding to
LTBR and HVEM, and that Leu118 might be involved in the LIGHT-
DcR3 association.

Next, we measured the binding affinity of the LIGHT clones for
LTBR, HVEM, and DcR3 by the SPR method (Table 3). Interestingly,
LIGHT mutants showed approximately 10-fold lower affinity to
DcR3 than wtLIGHT because of a faster off-rate compared to
wtLIGHT, while the Kp of LIGHT mutants to LTBR and HVEM was
almost same as that of wtLIGHT. These data suggest that LIGHT
mutants interact with DcR3 by rapid dissociation and show the
receptor selectivity to LTBR and HVEM. Furthermore, competition
assay using DcR3 showed that LIGHT mutant-clone 1 was 60-fold
more resistant to the neutralization effect of DcR3 compared to
wtLIGHT, while LIGHT mutant-clone 1 has almost same biological
activity as wtLIGHT. From these data, we consider that LIGHT
mutant-clone 1 might be a superior candidate for cancer therapy.

In this study, we concentrated phages expressing LIGHT
mutants by simple affinity panning for LTBR, but not competitive
panning using DcR3, because the association mode of LIGHT
between LTBR, HVEM, and DcR3 was unclear. Our data suggest that
the A-A’ loop motif (Glu115-Leu120 residues) of LIGHT plays an
important role in binding to all three receptors and exhibits
a similar association mode with LTBR and HVEM, while the asso-
ciation mode with DcR3 might be different from that of LTBR and
HVEM. This indicates that competitive panning using DcR3 is more
promising to isolate more receptor-selective clones. On the other
hand, our preliminary data indicated that the G-H loop motif
(amino acids at positions Glu222, Arg223, Arg226, Leu227, Arg228,
and Asp229) of LIGHT plays an important role in binding to LTBR
and HVEM (data not shown). These data are informative for
construction of desired functional mutant LIGHTs with receptor
selectivity and high bioactivity, among other advantageous
characteristics.

Nomura et al. recently reported a method for generating func-
tional mutant proteins (gene shuffling method) [36]. This method
enables the creation of mutant proteins with mutations in two or
more loop motifs that also retain the binding characteristic of each
library. So, we speculate that the construction of an A-A" and G-H
loop library by the gene shuffling method might enable us to create
an LTBR- or HVEM-selective LIGHT mutant that is useful for the
functional analysis of LTBR or HVEM.

5. Conclusions

Here, we created fully bioactive DcR3-evading LIGHT mutants
by using a phage display technique and clarified the molecular basis
of its receptor selectivity. A better understanding of the correlation
between structure, kinetic behavior, and activity will likely

accelerate drug discovery because of increased awareness of the
properties of therapeutic proteins. We suggest that LIGHT mutants,
at least LIGHT mutant-clone 1, might be a powerful tool for cancer
therapy, and we believe that our data offer valuable information for
the construction of even more functional LIGHT mutants.
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ARTICLE INFO ABSTRACT

The cytokine LIGHT is a promising candidate for cancer therapy. However, the therapeutic effect of LIGHT
as a systemic anticancer agent is currently insufficient because of its instability and its binding to non-
functional soluble decoy receptor 3 (DcR3), which is overexpressed in various tumors. Modification of
proteins with polyethylene glycol (PEGylation) can improve their in vivo stability, but PEGylation may
occur randomly at all lysine residues and the NH,-terminus; therefore, PEGylated proteins are generally
heterogeneous and have decreased bioactivity. In this study, we attempted to create a lysine-deficient
LIGHT mutant that could be PEGylated site-specifically and would have lower affinity for DcR3. We pre-
pared phage libraries expressing LIGHT mutants in which all the lysine residues were replaced with other
amino acids. A lysine-deficient LIGHT mutant [mLIGHT-Lys(—)] was isolated by panning against lympho-
toxin B receptor (LTBR). mLIGHT-Lys(—) could be site-specifically PEGylated at its NH,-terminus, yielding
molecular uniformity and in vitro bioactivity equal to that of non-PEGylated, wild-type LIGHT. Further-
more, mLIGHT-Lys(—) was not trapped by the nonfunctional DcR3, despite binding to its functional
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receptors. These results suggest that mLIGHT-Lys(—) might be a useful candidate for cancer therapy.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The tumor necrosis factor (TNF) superfamily member LIGHT
(homologous to lymphotoxins, shows inducible expression, and
competes with herpes simplex virus glycoprotein D for herpesvirus
entry mediator (HVEM), a receptor expressed by T lymphocytes) is
a ligand for two functional cellular receptors, lymphotoxin p recep-
tor (LTBR) and HVEM [1,2]. The LTBR signaling induces cytotoxicity
against some human cancer cells, and promotes the release of che-
mokines that attract naive T cells to stromal cells [3,4]. LIGHT-
HVEM signaling functions as a costimulatory molecule for T-cell
activation [3,5]. Recently, Yu et al. showed that the transgenic
expression of LIGHT in tumors efficiently induces systemic tumor
immunity, leading to the rejection of primary and metastatic
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tumors in mice [4]. Therefore, LIGHT has attracted a great deal of
attention as a potential agent for cancer immunotherapy. However,
LIGHT further binds to a nonfunctional soluble decoy receptor 3
(DcR3). DcR3 is overexpressed in various tumors, including malig-
nant tumors arising from the esophagus, stomach, lung, colon, and
rectum [6-8]. An association between DcR3 expression and turmor
progression has been well documented [9]. In addition, DcR3 acts
as an inhibitory receptor for anticancer cytokines such as LIGHT
and Fas ligand, among others [6,10,11]. Therefore, to apply LIGHT
as a cancer immunotherapeutic agent, it will be necessary to create
a LIGHT mutant that binds to LTBR and HVEM, but not to DcR3.
In addition, cytokines, including LIGHT, are generally highly
unstable in vivo, limiting their clinical application. In fact, although
intratumoral injection of LIGHT provides a significant therapeutic
effect, systemic administration of LIGHT protein does not induce
sufficient tumor suppression [12]. One of the most useful ways
to enhance the stability of proteins is to conjugate them to poly-
ethylene glycol (PEG) [13,14]. PEGylation of proteins increases
their molecular size, enhances steric hindrance, and improves their
plasma half-lives. The prolonged circulating lifetime in the blood
induces the enhanced permeability and retention effect (EPR ef-
fect), which is based on the leaky nature of tumor blood vessels,
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resulting in increased delivery of the conjugates to tumor tissue. In
fact, our group has previously shown that optimal PEGylation of
bioactive proteins such as TNFo improves their in vivo therapeutic
potency [15-18].

PEGylation of proteins is conducted at the amino groups of ly-
sine residues because they are highly reactive, and the PEGylation
reaction is mild enough to minimize disruption of the protein
structure. However, this PEGylation randomly occurs at the NH»-
terminus as well as all internal lysine residues, and the resulting
conjugates show a significant loss of molecular uniformity and
activity in vitro. Therefore, clinical application of PEGylated pro-
teins has been limited in most cases, with the exception of some
bioactive proteins such as interferon (IFN)-o [19]. We previously
developed a modified phage display technique that can be used
to create desired functional mutant proteins. Using this technique,
we have successfully created a bioactive lysine-deficient mutant
TNFo that enables NH.-terminal-specific PEGylation [20]. The
site-specific PEGylated mutant TNFo has comparable bioactivity
to non-PEGylated wild-type TNFa in vitro, and other properties,
including plasma half-life and antitumor activity, are greatly
improved.

In this study, we used phage display to create a lysine-deficient
LIGHT mutant with full bioactivity and uniform site-specific PEGy-
lation. In addition, we investigated whether this LIGHT mutant had
decreased binding to DcR3 to evaluate its usability for cancer
therapy.

2. Materials and methods
2.1. Cells

The HT29.14S cell line, a clone of the HT29 colon adenocarci-
noma sensitive to the pro-apoptotic activity of LIGHT, was kindly
provided by Dr. Carl Ware (La Jolla Institute for Allergy and Immu-
nology, La Jolla, CA) [21]. HT29.14s cells were cultured as described
previously [22].

2.2. Library construction

A human LIGHT ¢DNA was kindly provided by Dr. K. Tamada
(University of Maryland, Baltimore, MD) [5]. We used pY03’-LIGHT,
in which the COOH-terminus of the extracellular domain region of
the LIGHT sequence (encoding amino acids Gly66 to Val240) is
fused to the NH,-terminus of the M13 phage g3p, as a template
to generate a double-stranded DNA fragment of LIGHT by PCR.
Two-step PCR amplification was performed using three primers:
Primer 1, 5-CCCGCTGGGCCTGGCCAGCACCATCACCCACGGCCTICT
ACNNSCGCACACCCCGCTACCCCGAGGAGCTG-3'; Primer 2, 5'-
GTAAATGAATTTTCTGTATGAGG-3’; and Primer 3, 5-TACCACGAT
GGGGCCCTTGTGGTCACCNNSGCTGGCTACTACTACATCTACTCCNNS
GTGCAGCTCGGCGGTGTGGGCTGCCCGCTGGGCCTGGCCAGCACCAT
C-3'. These primers contain the sequence NNS (which encodes all
20 standard amino acids) at Lys137, Lys146, and Lys168 of LIGHT.
The PCR products were ligated into the phagemid vector pY03'. The
resultant phagemid was electroporated into Escherichia coli (E. coli)
TG1 cells (Stratagene, Cedar Creek, TX), yielding 8 x 10% indepen-
dent clones. The phage library displaying LIGHT mutants was pre-
pared as previously described [23].

2.3. Selection of phages displaying lysine-deficient LIGHT mutant

Screening for lysine-deficient LIGHT mutants with high binding
activity to LTBR was performed as described previously [22].
Briefly, an immunoplate was coated with a soluble human LTBR-
Fc chimera (R&D, Minneapolis, MN), and the prepared phage

library was allowed to bind to the immobilized LTBR. After the sec-
ond round of panning, single colonies were picked and cultured.
The resulting phage-containing culture supernatant was used for
screening by ELISA against LTBR-Fc.

2.4. Expression and purification of recombinant LIGHTs

Production of LIGHT protein by using E. coli BL21(DE3) (Strata-
gene) was performed as described previously [12]. Briefly,
BL21(DE3) cells harboring the plasmid pET15b-LIGHTs were incu-
bated with isopropyl p-b-1-thiogalactopyranoside, and the resul-
tant inclusion bodies were solubilized and refolded. After dialysis
against a buffer containing Tris-HCl and urea, active trimeric
LIGHT proteins were purified using ion-exchange chromatography
(Q Sepharose Fast Flow; GE Healthcare, Buckinghamshire, UK) and
HiPrep Sephacryl S-100 HR column (GE Healthcare).

2.5. Cytotoxicity assay

HT29.14S cells (5000 cells/well) were incubated for 12h at
37°C, and treated with serial dilutions of LIGHT protein in the
presence of 40 U/mL human [FN-y (R&D). For the competition as-
say against DcR3, HT29.14S cells were incubated with 10 ng/mL
LIGHTs and 40 U/mL human IFN-y in the presence of various con-
centrations of DcR3 (R&D). Seventy-two hours after the treatment,
cell viability was assessed with a standard methylene blue assay
method.

2.6. PEGylation of LIGHT

Wild-type LIGHT (wtLIGHT) and a lysine-deficient LIGHT mu-
tant were reacted with methoxy-PEG-succinimidyl propionate
with molecular weight 5000 (PEG5K; NEKTAR, San Carlos, CA) tar-
geting total primary amine groups of each LIGHT at 37 °C for
10 min. Then, 10-fold molar excess of e-aminocaproic acid (Sig-
ma-Aldrich) relative to the PEG5K was added to stop the reaction.
SDS-PAGE analysis of the PEGylated LIGHTs was conducted under
reducing conditions, and the proteins in the gels were stained with
Coomassie brilliant blue (CBB). The PEGylated LIGHTs were puri-
fied by size-exclusion chromatography (Superdex 200 pg; GE
Healthcare).

2.7. Analysis of binding kinetics by surface plasmon resonance (SPR)

The binding kinetics of LIGHTs were analyzed with the SPR
method as described previously (BIAcore 2000, GE Healthcare)
[12]. Briefly, a human LTBR-, HVEM-, or DcR3-Fc chimera was
immobilized onto a CM5 sensor chip (GE Healthcare). During the
association phase, LIGHTs diluted in HBS-EP running buffer (GE
Healthcare) were passed over the immobilized receptors. Data
were evaluated by using BlAevaluation 4.1 software (GE Health-
care) using a 1:1 Langmuir binding model.

2.8. Statistical analysis

All results are presented as means * standard deviation (SD).
Differences were compared by using Student’s t-tests.

3. Results and discussion

The aim of this study was to create lysine-deficient LIGHT mu-
tants with full bioactivity and the ability for site-specific PEGyla-
tion. In addition, we further investigated the DcR3 evading
capacity of LIGHT mutants to evaluate their usability for cancer
therapy.
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3.1. Library construction and selection of lysine-deficient LIGHT
mutants

To create fully bioactive lysine-deficient LIGHT mutants with
substitution of all three lysine residues, we constructed a phage
library displaying structural variants of LIGHT with randomized
amino acids at three lysine residues (Lys137, Lys146, and
Lys168). The constructed phage library yielded 8 x 10% indepen-
dent clones (data not shown). Then, to isolate lysine-deficient
LIGHT mutants that retained the bioactivity of wtLIGHT, we per-
formed two rounds of affinity panning using LTBR with the con-
structed phage library. Potent binders to LTBR were
concentrated in the library through this panning procedure. We
randomly picked phage clones before and after the panning pro-
cedure and assessed their binding affinity for LTBR by ELISA using
phages in the culture supernatant (Fig. 1A). After panning, 11 of
33 positive clones had higher binding affinities for LTBR than
wtLIGHT, whereas before panning only 1 out of 21 clones had
higher affinity than wtLIGHT. To accurately evaluate the binding
affinities of these positive clones for LTBR and HVEM, we exam-
ined the binding affinities of 11 clones after the panning using
purified phages (Fig. 1B and C). Clones 2, 5, 9, and 11 had the
same or higher affinity as wtLIGHT for both LTPR and HVEM. Fur-
thermore, we analyzed the sequences of these 11 clones and
identified clones 4, 6, 7, 8, and 11 as clones without an amber
stop codon or a lysine residue at amino acid positions 137, 146,
and 168 (Table 1). Collectively, these results indicated that clone
11 was a clone deficient in lysine residues with high binding
affinities for both LTBR and HVEM. We selected clone 11 as ly-
sine-deficient LIGHT mutant (mLIGHT-Lys(—)). We also note that
Gly157 of clone 11 was unexpectedly substituted with aspartic
acid (data not shown).

Table 1
Nucleotide and amino acid sequences of candidate lysine-deficient LIGHT mutants
obtained after affinity panning for LTBR.

Clone Position
K137 K146 K168

Clone 1 Amb (TAG) M (ATG) L (CTC)
Clone 2 S(TCG) Amb (TAG) L(TTG)
Clone 3 1 (ATC) Amb (TAG) K (AAG)
Clone 4 Q (CAG) L (CTC) L (CTG)
Clone 5 T (ACC) K (AAG) K (AAG)
Clone 6 T (ACC) G (GGQ) R (CGC)
Clone 7 R (CGG) S (AGC) L (TTG)
Clone 8 R (CGG) L (CTG) L (TTG)
Clone 9 K (AAG) Amb (TAG) L (TTG)
Clone 10 K (AAG) L (CTC) L (CTG)
Clone 11 R (AGG) Q (CAG) L (TTG)

3.2. Bioactivity of lysine-deficient mLIGHT-Lys(—) and affinity for
DcR3

To investigate the properties of mLIGHT-Lys(—) in detail, we
prepared recombinant mLIGHT-Lys(-) protein using an E. coli
expression system, as previously described [12]. Gel-filtration
analysis confirmed that mLIGHT-Lys(—) forms homotrimers, as
WtLIGHT does (Fig. 2A). We confirmed that the purity of
mLIGHT-Lys(—) was sufficiently high using SDS-PAGE analysis
(Fig. 2B). Next, to assess the bioactivity of mLIGHT-Lys(—), we per-
formed cytotoxicity assays using HT29.14S cells, a clone sensitive
to the pro-apoptotic effect of LIGHT. The bioactivity of mLIGHT-
Lys(—) was almost equal to that of wtLIGHT (Fig. 2C). Furthermore,
to investigate the receptor binding properties of mLIGHT-Lys(-),
we measured its binding kinetics for LTBR, HVEM, and DcR3 by

A input output
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Fig. 1. Binding activity of selected phage clones to LTBR and HVEM. (A) Concentration of candidates with high binding affinity for LTAR through affinity panning. The binding
properties of 21 (before panning, input) or 33 (after panning, output) randomly selected phage clones to LTBR were measured by ELISA using TG1 supernatants including each
phage clone. Black bars represent the wtLIGHT-expressing phage, and gray bars represent the clones with higher binding affinity to LTBR than wtLIGHT-expressing phage.
(B,C) Binding properties of the selected phage clones against LTBR or HVEM. Each LIGHT mutant-expressing phage was purified and applied to plates with immobilized LTBR

(B) or HVEM (C). Then, the binding affinity was measured by ELISA.
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Fig. 2. Properties of recombinant mLIGHT-Lys(~), a lysine-deficient LIGHT mutant. (A) Gel-filtration analysis of purified wtLIGHT and mLIGHT-Lys(-). wtLIGHT or mLIGHT-
Lys(—) was loaded onto size-exclusion column and eluted at 1.0 mL/min. (B) SDS-PAGE analysis of mLIGHT-Lys(~). Purified wtLIGHT and mLIGHT-Lys(—) were applied to a 4-
20% gradient polyacrylamide gel and stained with CBB. Lane M, molecular weight standards; lane 1, wtLIGHT; lane 2, mLIGHT-Lys(-). (C) In vitro bioactivity of mLIGHT-
Lys(-). HT29.14S cells were incubated with serial dilutions of wtLIGHT or mLIGHT-Lys(~). After 72 h incubation, cell viability was assessed with a methylene blue assay. The
ECso is the concentration of LIGHT required to inhibit cell viability by 50%. The data represent means * SD (n = 4).

the SPR method (Table 2). The Kp, the index of associative strength,
of mLIGHT-Lys(—) for LTBR and HVEM were almost the same as
those of WtLIGHT, indicating that the affinity of mLIGHT-Lys(-)
for LTPR and HVEM is similar to that of wtLIGHT. In contrast, the
Kp of mLIGHT-Lys(—) for DcR3 was about 2-fold higher than that
of wtLIGHT, indicating a loss of binding capacity for DcR3. Further-
more, detailed analysis of the kinetics indicated that the reduction
in affinity of mLIGHT-Lys(—) for DcR3 was due to a higher dissoci-
ation rate constant (ko) than wtLIGHT. These data suggest that
mLIGHT-Lys(-) retains the same bioactivity as WtLIGHT but is
more selective in binding to LTBR and HVEM.

DcR3 is overexpressed in various tumors and act as an inhib-
itory receptor for LIGHT [6,10,11]. Therefore, the capacity to
evade DcR3 would be a great advantage for the use of LIGHT
in cancer therapy. To investigate whether mLIGHT-Lys(—) is less
susceptible to the inhibitory effects of DcR3, we examined the
bioactivity of mLIGHT-Lys(—) in the presence of DcR3 (Fig. 3).
DcR3 blocked wtLIGHT-induced cell death in a dose-dependent
manner, with a 50% inhibitory concentration (ICsp) of 49 ng/mL,
whereas the ICso of DcR3 against mLIGHT-Lys(—) was 306 ng/
mL (Fig. 3). These data collectively indicate that mLIGHT-Lys(-)
was 6-fold more resistant to the neutralization effect of DcR3
than WtLIGHT, while retaining most of the bioactivity of
WtLIGHT. From these data, we consider that mLIGHT-Lys(-)
might be a superior candidate for cancer therapy. Although the
structure of LIGHT has not been well defined, our data clearly
showed the importance of lysine residues of LIGHT in binding
to DcR3. These results would be informative for the creation of
functional LIGHT mutants with receptor selectivity, high thera-
peutic efficiency and so on.

Table 2
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Fig. 3. Evaluation of the DcR3 interactions of mLIGHT-Lys(-). HT29.14S cells were
incubated with each LIGHT (10 ng/mL) in the presence of the indicated concentra-
tions of DcR3 for 72 h. Cell viability was determined with the methylene blue assay.
The ICs is the concentration of DcR3 required to inhibit the cytotoxicity of LIGHT by
50%. The data represent means £ SD (n = 4; *P < 0.05 versus value for wtLIGHT, t-
test.).

3.3. Site-specific PEGylation of mLIGHT-Lys(—)

To confirm that mLIGHT-Lys(—) is PEGylated specifically at
NH,-terminus, wtLIGHT and mLIGHT-Lys(—) were reacted with

Binding properties of LIGHTS to its receptors. Binding affinities to LTBR, HVEM, or DcR3 were analyzed using BlAcore. Each kinetic parameter was calculated from the respective

sensorgram using BlAevaluation 4.1 software,

LTBR HVEM DcR3

Ko* (nM) Ko® (nM) Kon® (105/Ms) Kot (107%s) Ko* (nM) Affinity (% versus WtLIGHT)
WELIGHT 13 15 33 20 0.6 100
mLIGHT-Lys(~) 1.1 17 47 53 1.1 545
PEG-mLIGHT-Lys(—) 11 15 29 47 16 375

2 Kp is the equilibrium dissociation constant.
b ko is the association kinetic constant.
© ko is the dissociation kinetic constant.
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125-fold molar excess of activated PEG5K relative to the respective
total primary amine groups of wtLIGHT or mLIGHT-Lys(-), respec-
tively. PEGylated LIGHT was detected by SDS-PAGE followed by
(BB staining. PEGylation of wtLIGHT resulted in multiple PEGylat-
ed bands (Fig. 4A). In contrast, the PEGylation of mLIGHT-Lys(—)
led to only a single PEGylated band. These observations indicate
that PEG molecules were introduced randomly at multiple posi-
tions in WtLIGHT, whereas a single PEG molecule was attached
selectively to the NH,-terminus of mLIGHT-Lys(—). We speculate
that the bands under the non-PEGylated LIGHTSs (Fig. 4A, lanes 1
and 3) might be degraded LIGHT.

To collect LIGHTs conjugated with one PEG molecule, wtLIGHT
and mLIGHT-Lys(-) were reacted with 3- and 25-fold molar ex-
cesses, respectively, of activated PEG5K relative to the number of
total primary amine groups of each type of LIGHT. We separated
reacted LIGHTs by gel-filtration HPLC (Fig. 4B) and pooled peak 2
and peak 5 as LIGHTs with one PEG molecule. We then analyzed
the collected proteins by SDS-PAGE, and found a single band of
27 kDa for both wtLIGHT and mLIGHT-Lys(—) (Fig. 4C). We believe
that peaks 1 and 4 represent non-PEGylated LIGHT forms, and
peaks 3 and 6 reflect LIGHTs conjugated with two or more PEG
molecules. Thus, we obtained purified randomly PEGylated

A B
WILIGHT

mLIGHT-Lys(-)
3
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WtLIGHT and site-specific PEGylated mLIGHT-Lys(—). Then we
examined their bioactivity using HT29.14S cells (Fig. 4D). PEGylat-
ed wtLIGHT and PEGylated mLIGHT-Lys(—) had activity equal to
that of non-PEGylated wtLIGHT and mLIGHT-Lys(-), respectively.
Next, to investigate the capacity of PEGylated mLIGHT-Lys(-) to
avoid the inhibitory effects of DcR3, we examined the bioactivity
of PEGylated mLIGHT-Lys(—) in the presence of DcR3 (Fig. 4E).
We found that PEGylated mLIGHT-Lys(-) retained its DcR3 evad-
ing effect as mLIGHT-Lys(~). Furthermore, using the SPR method,
we confirmed that the binding kinetics of PEGylated mLIGHT-
Lys(-) for LTBR, HVEM, and DcR3 were almost same as those of
non-PEGylated mLIGHT-Lys(—) (Table 2). These results collectively
indicate that PEGylated mLIGHT-Lys(—) has excellent molecular
uniformity and retains high activity even in the presence of DcR3.

In general, conventional PEGylation of cytokines causes a loss of
bioactivity due to random introduction of PEG at lysine residues.
For instance, PEGylated IFN-a has been clinically used for the treat-
ment of hepatitis C. The PEGylated IFN-o, which is a mixture of
various positional isomers, has about 10% of its bioactivity com-
pared to unmodified IFN-a [19]. Thus, clinical application of PEGy-
lated proteins has been limited in most cases, except for some
bioactive proteins, such as [FN-o. In this study, PEGylated wtLIGHT
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Fig. 4. Properties of site-specific PEGylated mLIGHT-Lys(-). (A) SDS-PAGE analysis of PEGylated LIGHTs. wtLIGHT and mLIGHT-Lys(-) was reacted with PEGSK. SDS-PAGE
analysis of PEGylated LIGHTs was conducted, and stained with CBB. Lane M, molecular weight standards; lane 1, wtLIGHT: lane 2, PEG-wtLIGHT; lane 3, mLIGHT-Lys(~); lane
4, PEG-mLIGHT-Lys(—). Arrows indicate PEGylated LIGHT. (B,C) The collection of PEGylated LIGHTs. (B) Gel-filtration analysis of PEGylated LIGHTs. wtLIGHT (upper) and
mLIGHT-Lys(—) (lower) reacted with PEG5K were loaded onto size-exclusion columns and eluted at 1.0 mL/min. (C) SDS-PAGE analysis of PEGylated LIGHTs was conducted,
and stained with CBB. Lane M, molecular weight standards; lane 1, wtLIGHT; lane 2, PEG-wWtLIGHT; lane 3, mLIGHT-Lys(-); lane 4, PEG-mLIGHT-Lys(-). Arrows indicate
PEGylated LIGHT. (D) In vitro bioactivity of PEGylated LIGHTs. HT29.14S cells were incubated with various concentrations of each LIGHT for 72 h. Cell viability was
determined with the methylene blue assay. (E) The ability of PEG-mLIGHT-Lys(-) to evade DcR3. HT29.14S cells were incubated with each LIGHT (10 ng/mL) in the presence
of various concentrations of DcR3 for 72 h. Cell viability was determined with the methylene blue assay. The data represent means + SD (n = 4; *P < 0.05 versus the value for

WELIGHT, t-test.).
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had bioactivity similar to that of wtLIGHT. These results indicate
that the lysine residues of LIGHT are not associated with its binding
to LTBR and HVEM. However, PEGylated wtLIGHT was likely a mix-
ture of various positional isomers, whereas PEGylated mLIGHT-
Lys(—) had PEG only at the NH,-terminus. The uniform molecular
structure of PEGylated mLIGHT-Lys(—) showed no loss of bioactiv-
ity, but had lower affinity for DcR3. These features suggest that
PEGylated mLIGHT-Lys(—) might be a superior candidate for cancer
therapy. On the other hand, there is a possibility that mLIGHT-
Lys(—) binds to any other receptors different from that of wtLIGHT
because of the conformational change. Such unexpected binding,
called off-target effect, might induce severe side effect [24]. We
are now examining the safety and efficacy of PEGylated mLIGHT-
Lys(-) in vivo.

In this study, mLIGHT-Lys(—) was conjugated to linear PEG5K,
which is widely used for PEGylation of proteins, as a first approach.
However, the molecular weight and the shape of PEG strongly
influence the in vivo stability of the modified protein [25]. For in-
stance, the in vivo stability increases with increasing molecular
weight of PEG, whereas its in vitro bioactivity tends to decrease be-
cause of the steric hindrance [26]. Our group has previously re-
ported that the optimization of the molecular weight or the
shape of PEG strongly improves the antitumor activity [15]. There-
fore, for maximizing the effectiveness of PEGylation, it will be
important to select the optimal molecular weight or type of PEG,
balancing favorable effects, side effects, and dose schedule. We be-
lieve that such optimization of PEG molecule will lead to more
improvements in the usefulness of mLIGHT-Lys(-).

4. Conclusion

Here, we created a fully bioactive lysine-deficient LIGHT mutant
by using a phage display technique and successfully obtained a
site-specific PEGylated LIGHT mutant with molecular uniformity
and retained bioactivity. Furthermore, we confirmed that
mLIGHT-Lys(—) has lower affinity for DcR3. A better understanding
of the correlation between structure, kinetic behavior, and activity
will likely accelerate drug discovery because of increased aware-
ness of the properties of therapeutic proteins. We suggest that
mLIGHT-Lys(—) might be a powerful tool for cancer therapy, and
we believe that our data offer valuable information for the con-
struction of even more functional LIGHT mutants.
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