EXPERIMENTAL and MOLECULAR MEDICINE, Vol. 40, No. 1, 35-42, February 2008

Characterization of a novel anti-human TNF-o. murine
monoclonal antibody with high binding affinity and neutralizing

activity

Moo-Young Song"*, Sang-Koo Park’,
Chang Seok Kim', Tae Hyoung Yoo',
Bongtae Kim', Min-Soo Kim?,
Yong-Sung Kim?, Won Jae Kwag',
Byung-Kyu Lee' and Kwanghee Baek™*

'Biotech Laboratory

Yuhan Research Institute

Yuhan Corporation

Yongin 446-701, Korea

2Department of Molecular Science and Technology
Ajou University

Suwon 443-749, Korea

*Department of Life Science and Biotechnology
Kyung Hee University

Yongin 446-701, Korea

4Corresponding author: Tel, 82-31-201-2437,;
Fax, 82-31-203-4969; E-mail, khbaek @khu.ac.kr

Accepted 21 November 2007

Abbreviations: D fragment, diversity fragment; H-chain, heavy chain;
J fragment; joining fragment; L-chain, light chain; SPR, surface
plasmon resonance; TBS, tris-buffered saline; TNFR, TNF-o
receptor; TTg mice, human TNF-a transgenic mice; V fragment,
variable fragment

Abstract

In order to develop an anti-human TNF-a. mAb, mice
were immunized with recombinant human TNF-a. A
murine mAb, TSK114, which showed the highest bind-
ing activity for human TNF-a was selected and
characterized. TSK114 specifically bound to human
TNF-a without cross-reactivity with the homologous
murine TNF-a and human TNF-B. TSK114 was found to
be of IgG1 isotype with « light chain. The nucleotide se-
quences of the variable regions of TSK114 heavy and
light chains were determined and analyzed for the us-
age of gene families for the variable (V), diversity (D),
and joining (J) segments. Kinetic analysis of TSK114
binding to human TNF-a. by surface plasmon reso-
nance technique revealed a binding affinity (Kp) of ~5.3
pM, which is about 1,000- and 100-fold higher than
those of clinically relevant infliximab (Remicade) and

adalimumab (Humira) mAbs, respectively. TSK114
neutralized human TNF-a-mediated cytotoxicity in
proportion to the concentration, exhibiting about
4-fold greater efficiency than those of infliximab and
adalimumab in WEHI 164 cells used as an in vitromodel
system. These results suggest that TSK114 has the po-
tential to be developed into a therapeutic TNF-a-neutr-
alizing antibody with picomolar affinity.
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Introduction

TNF-o. is a pleiotropic cytokine that has been
implicated as a crucial mediator in the patho-
genesis of infectious, inflammatory and autoim-
mune diseases (Beutler and Cerami, 1988; Beultler,
1999; Smyth and Johnstone, 2000). TNF-a is
produced primarily by macrophages and mono-
cytes, but also by many other cell types including T
cells, B cells and fibroblasts (Vassalli, 1992).
TNF-a is expressed as a 26 kDa integral trans-
membrane precursor protein from which a 17 kDa
subunit is released after proteolytic cleavage
(Kriegler et al., 1988). TNF-a forms a homotrimer
and activates signaling cascades via two re-
ceptors, TNFR1 (55 kDa) and TNFR2 (75 kDa)
(Bazzoni and Beutler, 1996). The wide range of
TNF-o. activities is explained by the presence of
TNF receptors on almost all nucleated cell types.
TNFR1 is expressed on a wide range of cell types
and mediates many of the proinflammatory actions
of TNF-o.. TNFR2 is expressed on a more limited
range of cell types including leukocytes and
epithelial cells, and its actions are less clear.

The natural functions of TNF-a are thought to
include modulation of host immune and inflam-
matory responses to a variety of infectious, malig-
nant and autoimmune conditions as part of a
complex regulatory mechanism in which numerous
other cytokines participate. While initial TNF-a
production in response to infection or injury is
beneficial, elevated serum levels of TNF-a., usually
produced by activated monocytes and macroph-
ages, can result in significant pathological changes
in diseases such as sepsis, rheumatoid arthritis,
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inflammatory bowel disease, Crohn’s disease,
ankylosing spondylitis, etc. (Balkwill and Burke,
1989). Therapeutic strategies targeted towards re-
ducing TNF-a have been developed using a var-
iety of biotechnology methods. These include the
development of anti-TNF-a chimeric or fully human
mAbs, recombinant soluble TNF receptors, and
small anti-TNF-a molecules that inhibit TNF-a
MRNA synthesis, the signaling pathway leading to
activation of TNF gene expression, or interaction of
TNF-a with its receptors (Smolen and Steiner,
2003). The chimeric anti-TNF-ac mAb, infliximab
(Remicade), the fully human anti-TNF-a. mAb,
adalimumab (Humira), and the recombinant di-
meric soluble TNF receptor, etanercept (Enbrel),
have been used clinically for the treatment of rheu-
matoid arthritis, psoriatic arthritis, ankylosing spon-
dylitis, and Crohn’s disease (Maini et al., 1999;
Feldmann and Maini, 2001; Benucci et al., 2005).
These TNF-a antagonists are also being success-
fully explored for use in other diseases such as
inflammatory bowel disease, sepsis, asthma and
uveitis in Behcet's diseaseand, suggesting that the
drug market for anti-TNF-a will expand in the
future (Sfikakis et al., 2001, Su et al., 2002).
However, many rheumatoid arthritis patients treated
with such TNF-a blocking agents have been re-
ported to produce antibodies against these agents,
requiring to switch to another TNF-a blocking
agents (Gatto, 2006). Recently, many efforts have
been made to develop new anti-TNF-a mAbs with
higher binding affinity and better neutralizing ac-
tivity, which may allow lower dosage and thus
could minimize the possibility of antibody produc-
tion against anti-TNF-o. mAbs, for the treatment of
a more diverse range of patients with TNF-a
related diseases.

In this study, we report an anti-human TNF-a
murine mAb, TSK114, raised by immunization of
mice with recombinant human TNF-a.. The speci-
ficity, binding affinity, and neutralization activity of
TSK114 to human TNF-a was analyzed.

Materials and Methods

Cell lines and mice

Sp2/o cells were purchased from ATCC (Manasa,
VA) and maintained in RPMI-1640 with 10% heat
inactivated fetal calf serum (Sigma, St. Louis, MO).
The cell lines were maintained in a humidified
chamber with 5% CO, at 37°C. The mouse fibro-
sarcoma cell line, WEHI 164 clone 13, was
purchased from ATCC (Manasa, VA). BALB/c mice
used for immunization were purchased from Ori-
ental Co. (Osan, Korea).

Generation of hybridoma cells

Male BALB/c mice (6-weeks old) were injected
intraperitoneally with 30 ug of purified recombinant
human TNF-o (Biosource, Camarillo, CA) emulsi-
fied in complete Freund’s adjuvant. Three addi-
tional injections (30 ug) of recombinant human
TNF-o. emulsified in incomplete Freund’s adjuvant
followed at weekly intervals starting one week after
the first immunization. Four weeks later, the mice
were given a final booster injection with 30 ug of
human TNF-a. Three days after the last injection,
spleen cells from the immunized mice were fused
with the myeloma Sp2/o cells according to the
procedure of Rathjen et al. (1986). A solid-phase
radioimmunoassay was employed for screening
monoclonal antibodies specific for human TNF-a.
The hybridoma line secreting a mAb, TSK114, was
chosen and the antibody from the cell supernatant
was purified by protein A-Sepharose 4 fast flow
(Pharmacia, Uppsala, Sweden).

Isotying and isoelectric focusing

The isotype of TSK114 was determined by adding
25 ul of the cell culture supernatant containing
TSK114 with 200 wl assay buffer to wells coated
with each of the rabbit anti-mouse antibodies from
mouse MonoAb ID kit (Zymed, San Francisco, CA)
against 1gG1, 1gG2a, IgG2b, 1gG3, IgA, IgM,
kappa, and lambda. Detection of bound mAb was
by goat anti-rabbit IgG-HRP conjugated antibody
(Zymed, San Francisco, CA). IEF was performed in
IEF gel pH 3-7 (Invitrogen, Carlsbad, CA). Elec-
trophoresis was run following the manufacturer’s
protocol.

ELISA

Ninety-six-well flat-bottom plates (NUNC, Roskilde,
Denmark) were coated with serially diluted human
TNF-o., murine TNF-o. and human TNF-B. Plates
were then washed three times with PBS containing
0.05% Tween 20. Non-specific sites were blocked
with 1% BSA at 37°C for 2 h. TSK114 was added
(100 ng/well) and incubated at 37°C for 2 h. After
washing with Tween/PBS, an HRP-conjugated
goat anti-mouse IgG (Sigma, St. Louis, MO) was
used for detection.

Western blot analysis

Recombinant human TNF-o, murine TNF-a. and
human TNF-B (Biosource, Camarillo, CA) were
subjected to SDS-PAGE according to the standard
method described by Laemmli (1970) and trans-
ferred to 0.45 um nitrocellulose membranes (Bio-



Rad Laboratories, Hercules, CA) for 1 h. The blots
were then blocked with Tris-buffered saline (TBS)
containing 0.1% (w/v) casein for 2 h at room
temperature. After washing three times with TBS,
the blots were incubated for 1 h at 37°C with TBS
buffer containing 1 pg/ml of TSK114. The mem-
branes were washed three times with TBS and
incubated with goat anti-mouse IgG conjugated to
HRP (Bio-Rad Laboratories, Hercules, CA) for 1 h
at 37°C. Following the washes with TBS, the plates
were incubated with the enzyme substrate solution
containing 0.5 mg/ml 4-chloro-1-naphthol (Sigma,
St. Louis, MO), 0.15% (v/v) hydrogen peroxide and
25% (v/v) methanol.

Surface plasmon resonance (SPR)

Kinetic interactions of TSK114, infliximab, and
adalimumab with TNF-o. were measured at 25°C
using a Biacore 2000 SPR biosensor (Biacore AB,
Uppsala, Sewden) as described previously (Kim et
al., 2003, 2006). After immobilization of the anti-
bodies onto the carboxymethylated dextran sur-
face of a CM5 sensor chip at a level of about
2,500-3,000 response units, 60 ul of serially diluted
human TNF-o. in a buffer containing 10 mM
HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, and
0.005% polysorbate was injected into the flow cell
at a rate of 30 ul/min (Gil et al, 2002). As a control,
BSA (0.04 mg/ml) was simultaneously immobilized
onto the reference surface under the same con-
ditions to correct for instrument and buffer artifacts.
Dissociation (ko) and association (kon) rate con-
stants were obtained by nonlinear regression
analysis of the primary sensorgram data according
to a 1:1 binding model using the BlAevaluation
version 3.2 software provided by the manufacturer.
The dissociation constant Kp was calculated using
the formula Kp = koir / kon (Kim et al., 2006).

Cloning of cDNAs for the variable regions of TSK114
and sequence analysis

Total cellular RNA was isolated from the cell line
using RNeasy Mini Spin kit according to the
manufacturer’s instructions (QlAgen, Hilden, Ger-
many). cDNA was produced via reverse transcrip-
tion using 10 pg to 10 ug of RNA template, oligo-
dT primer and ThermoScript reverse transcriptase
(Invitrogen, Carlsbad, CA). Reactions were incu-
bated at 50°C for 1 h. The resulting cDNA was
used as a template for PCR amplification using
Amplitaqg polymerase (Perkin-Elmer, MA) and 5'
and 3' primers of Ig-prime kit (Novagen, Darmstadt,
Germany) specific for mouse Vh and VI genes.
PCR reactions were incubated at 95°C for 5 min,
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followed by 35 cycles of 94°C for 1 min, 56°C for 1
min, and 72°C for 2 min. A final extension at 72°C
for 10 min completed the reactions. PCR products
were inserted into the pCR2.1-TOPO TA vector
(Invitrogen, Carlsbad, CA) and sequenced in both
strands. The sequence analysis of TSK114 heavy
and light chains were done in the web site of
http://www.ncbi.nlm.nih.gov/igblast/.

Bioassays for neutralization of TNF-a-mediated
cytotoxicity

Neutralizing activities of TSK114 and infliximab
against human TNF-a were measured on the
mouse WEHI 164 cell line treated with actinomycin
D according to the method described previously
(Austgulen et al., 1986; Khabar et al., 1995). Brief-
ly, WHEI 164 cells were seeded in triplicate at 1 X
10* cells/well into a 96-well plate and cultured in
RPMI 1640 medium supplemented with 10% (v/v)
FBS for 20 h. Then, serially diluted antibodies (final
concentration: 0.5-50 ng/ml) in the medium con-
taining 2 ug/ml actinomycin D were added to the
cell culture together with 0.1 ng/ml of human
TNF-a. The cells were incubated for an additional
20 h at 37°C and cell viability was analyzed using a
colorimetric MTT-based Cell Growth Determination
kit (Sigma, St. Louis, MO). The EDsy value was
calculated by complex sigmoid non-linear regres-
sion analysis using Sigma plot software (Systat
software, Inc. Richmond, CA).

Results

Characterization of a mAb, TSK114

For the development of an anti-human TNF-a
mAb, eleven BALB/c mice were immunized with
purified recombinant human TNF-a. ELISA was
employed to screen hybridoma culture superna-
tants with binding activity for human TNF-a.. Among
the positive hybridoma lines a mAb, TSK114,
which showed the highest binding activity for
human TNF-a, was selected and further charac-
terized. Isotyping of TSK114 by sandwich ELISA
using class and sub-class specific anti-mouse
antibodies revealed that TSK114 belongs to IgG1
isotype with « light chain. IEF of TSK114 showed
that pl value of TSK114 is in a range of 7.0-7.5.
The purified TSK114 was also evaluated by ELISA
for its ability to bind to human TNF-a and its
homologous proteins, murine TNF-a and human
TNF-B. As shown in Figure 1, TSK114 binds to
human TNF-a in a concentration dependent
manner, but not to murine TNF-a and human
TNF-B, even at very high concentrations of pro-
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Figure 1. Specific binding analysis of TSK114 for human TNF-a by ELISA. Serially diluted antigens (human TNF-o., murine TNF-a, or human TNF-B)
were coated onto microtiter plates and TSK114 was added as described in Materials and methods. The binding of TSK114 to antigens was detected with
HRP-conjugated goat anti-mouse IgG. (A) human TNF-o. (©) and human TNF-{ (m). (B) human TNF-a. () and murine TNF-o. (a).

A B
kDa 1 2 3 M
250
150
100
75

50

37

1 1110-

25
20

15

10

teins. Specific binding of TSK114 to human TNF-a
was also confirmed by Western blot analysis
(Figure 2). TSK114 bound to the 17 kDa and 34
kDa protein bands corresponding to the mono-
meric and dimeric forms of human TNF-a, respec-
tively, but not to murine TNF-a and human TNF-J.
These results suggest that TSK114 is a murine
mAb highly specific to human TNF-a without cross-
reactivity to the homologous murine TNF-a and
human TNF-B.

Kinetic analysis of TSK114 binding to human TNF-o

Binding kinetics of TSK114 for human TNF-a was
determined at 25°C by SPR technique by flowing
human TNF-a over TSK114-immobilized surface
(Figure 3). For comparisons, the binding interac-
tions of infliximab and adalimumab with human

Figure 2. Specific binding analysis
of TSK114 for human TNF-a. by
Western blot. Antigens were re-
solved under non-reducing con-
ditions with 10% SDS-PAGE. Pro-
tein bands were visualized by
either Commassie blue staining (A)
or Western blot (B). For Western

«—— Dblotting, the resolved gel was trans-
ferred to a blotting membrane and
incubated with TSK114. Bound an-
tibody was detected with an HRP-
conjugated goat anti-mouse IgG.
Protein bands of human TNF-a of
about 17 kDa and 34 kDa were rec-
ognized by TSK114 and are mark-
ed by arrows. M, Protein size mark-
er; Lane 1, human TNF-o; Lane 2,
murine TNF-a; Lane 3, human
TNF-B.
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Figure 3. Representative sensorgrams for the kinetic binding interactions
between human TNF-a. and TSK114. SPR sensograms were obtained
from injections of human TNF-a at 25, 50, 100, 200 and 400 nM over a
TSK114-immobilized surface.

TNF-o. were also measured under the same con-
ditions as TSK114. A representative sensogram for



Novel monoclonal antibody against human TNF-cc 39

Table 1. Kinetic binding parameters for the interactions of TSK114, infliximab, and adalimumab with human TNF-o.

Antibody konM s koS Ko (M)
TSK114 4.07 + 0.05 x 10° 215 + 0.24 x 107 528 = 051 x 102
Infliximab 9.69 + 0.31 x 10* 879 = 0.1 x 10* 9.05 + 0.20 x 10°
Adalimumab 1.33 + 0.12 x 10° 7.31 + 0.07 x 10° 551 + 043 x 10°

All parameters were determined by Biacore analysis and represent the mean + SD from four separate determinations.

Table 2. Family usage of gene segments of the variable regions
of TSK114.

Antibody H-chain L-chain

fragments Vi Dy JH A N
Gene families Vn7 Dsp2.2 Jn2 Vb Jl

Gene family usage was defined according to the determination in the
web site of http://www.ncbi.nim.nih.gov/igblast/.

TSK114 and kinetic binding parameters for each
antibody are shown in Figure 3 and Table 1, re-
spectively. The dissociation constant (Kp) of TSK114,
infliximab and adalimumab for human TNF-o were
approximately 5.3 pM, 9.1 nM, and 0.6 nM,
respectively (Table 1). The Kp values of infliximab
and adalimumab determined in this study were
higher than the values previously reported, ~0.6
nM of infliximab measured by solid-phase radio-
immuno assay (Knight et al., 1993) and ~0.1 nM of
adalimumab determined by SPR (Santora et al.,
2001). The affinity of TSK114 with human TNF-a
was about 1,000- and 100-fold greater than those
of infliximab and adalimumab, respectively, mainly
as a result of the almost same magnitude reduction
in the dissociation constant (ko) (Table 1).

Sequence analysis of the variable regions of TSK114

To determine the nucleotide sequences of the
variable regions of TSK114 heavy (H) and light (L)
chains, the cDNAs for the variable regions of
TSK114 were amplified from the total RNA of the
hybridoma line secreting TSK114 by PCR and
sequenced after cloning. The nucleotide sequences
and deduced amino acid sequences for the vari-
able regions of TSK114 are shown in Figure 4.
From the sequence analysis, the usage of gene
families for the variable (V), diversity (D), and
joining (J) segments of H- and L-chains could be
identified (Table 2). TSK114 was found to utilize
Vy7, Dsp2.2, and Ju2 gene segments for the vari-
able region of H-chain, and Vk6 and Jk1 for the
variable region of L-chain. Comparison of the
amino acid sequences of TSK114 with those of
mouse immunoglobulin-encoding genes listed in

the GenBank database showed that the amino
acid sequence of TSK114 has not been previously
reported.

Neutralization of TNF-a-mediated cytotoxicity by
TSK114

To examine the neutralization activities of TSK114,
the ability of TSK114 to block the cytotoxic effect of
human TNF-o on the TNF-a sensitive WEHI 164
clone 13 cells was analyzed and also compared to
those of infliximab and adalimumab. As shown in
Figure 5, TNF-a-mediated toxicity in the WEHI 164
cells treated with 0.1 ng/ml of human TNF-a was
effectively neutralized by TSK114 in a dose-de-
pendent fashion with an EDsy of ~5.3 ng/ml. In-
fliximab and adalimumab also showed neutrali-
zation activities with EDsg of ~24.3 ng/ml and ~24 .4
ng/ml, respectively. Thus TSK114 exhibited about
4-fold more effective neutralizing activity than in-
fliximab and adalimumab.

Discussion

In the present study, a novel anti-human TNF-a
murine mAb, TSK114, was raised and charac-
terized. ELISA and Western blot analysis showed
that TSK114 was highly specific to human TNF-a
and did not cross-react with either murine TNF-a
or human TNF-f, both of which are closely related
to human TNF-o, being about 80% and 35%
homologous to human TNF-a, respectively. The
binding affinity of TSK114 to human TNF-a was
approximately 1,000- and 100-fold higher than
those of infliximab and adalimumab, respectively,
largely due to its extremely slow dissociation rate
(Table 1).

From the cloning of the cDNA encoding the
variable regions of TSK114 and nucleotide se-
quence analysis, the usage of gene families for the
V, D, and J segments of H- and L-chains was
determined, and CDR1, 2, and 3 regions of
TSK114 could be identified (Figure 4). Interestingly,
the CDR3 region (Tyr-Asp-Ser-Arg-Gly-Phe-Asp-
Cys) of TSK114 H-chain contains a cysteine
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Figure 4. Nucleotide and deduced amino acid se-
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residue, which is very unusual (Figure 4). It was
reported that cysteine residue is least likely to be
found in mouse mature B-cell CDRs as an overall
frequency of 0.05% (Raaphorst et al, 1997).
However, most of antibodies produced in shark
and camel contain 1 or 2 cysteine residues in the
CDRS3 region of H-chain (Raaphorst et al., 1997),
which is critical for the stability of antibody by
inhibiting the degradation in vivo. It will be in-
teresting to see if the cysteine residue in the CDR3
of TSK114 could be also involved in the stability of
antibody.

Using human TNF-a sensitive WEHI 164 cells,
TSK114 was shown to have an excellent neutrali-
zing activity against human TNF-o.. The neutrali-
zing activity of TSK114 was about 4-fold higher
than infliximab and adalimumab. One of the critical
factors for the neutralizing activity of anti-TNF-o
antibodies might be the high affinity binding bet-
ween antagonists and TNF-o to maintain the
stable neutralizing complexes (Feldmann and
Maini, 2001). The much higher binding affinity of
TSK114 for TNF-a with the lower dissociation rate
constants than those of infliximab and adalimumab
indicates that TSK114-TNF-a. complex is much

quences of the cDNA encoding the variable regions of
the heavy (A) and light chain (B) of TSK114 (Patent
sz7  number registered in Korea: 10-0772800). CDRs are
100 underlined.
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Figure 5. Neutralization of TNF-a-mediated cytotoxicity in WEHI 164
cells by antibodies. Various concentrations of TSK114 (@), infliximab (),
and adalimumab (w) were added to WEHI 164 cells cultured with 0.1
ng/ml of human TNF-a.. The cells were incubated for 20 h at 37°C and
cell viability was analyzed using a colorimetric MTT assay.

more stable once it is formed, compared with
infliximab-TNF-a. and adalimumab-TNF-o. com-
plexes. In other words, dissociation of TNF-a from



the TSK114-TNF-o. complex would be much
slower than those of infliximab-TNF-a or adali-
mumab-TNF-a complexes. Thus, the much higher
affinity of TSK114 for TNF-a to form stable neu-
tralizing complexes might explain its much more
efficient neutralizing activity against TNF-a-in-
duced cytotoxicity in vitro, as compared those of
infliximab and adalimumab (Figure 5). The pre-
liminary in vivo efficacy test using the human
TNF-a transgenic (TTg) mice (Le Buanec et al.,
2006) suggests that TSK114 can suppress arthritic
symptoms in the animal model of polyarthritis with
a comparable efficiency to infliximab (data not
shown). In addition, interestingly enough, the hu-
man TNF-a concentration in the sera of the human
TNF-a transgenic mice (TTg mice) treated with
infliximab for 12 weeks was higher (50-60 pg/ml)
than PBS-treated TTg mice (5-10 pg/ml) (data not
shown), which was consistent with previously
reported observations (Charles et al., 1999, Zwerina
et al., 2004). However, almost no human TNF-a
was detected in the sera of TSK114-treated TTg
mice. At this point, it is not clear why the infliximab
treatment caused the mice to accumulate higher
serum concentrations of TNF-o than those of
PBS-treated mice. A previous study showed that
TNF-o. dissociated from the etanercept-TNF-a
complex was bioactive enough to exert cytotoxicity
(Scallon et al., 2002). In this context, TSK114 has
the potential to be developed into a more effective
TNF-a-neutralizing antibody than infliximab and
adalimumab. However, further in vivo studies are
required to titrate and compare the effective
concentration of TSK114 with those of infliximab
and adalimumab, and also to make clear any cor-
relationships among their affinities, serum concen-
trations of TNF-a,, and their in vivo efficacies for
suppressing arthritis.

In conclusion, we characterized TSK114, a mu-
rine mAb against human TNF-a with a picomolar
binding affinity and high neutralizing activity. Future
studies, including in vivo studies and humanization
of TSK114, may provide us with a powerful TNF-
a-neutralizing antibody for the treatment of rheu-
matoid arthritis.
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