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ABSTRACT A serious drawback of tumor necrosis factor
a (TNF) as a clinical antitumor agent is that it also has
hypotensive activity. To overcome this problem, derivatives of
its sister cytokine lymphotoxin (TNF-f or LT) were prepared.
One of them, mutein 2 (Mut2) has a deletion of amino acids
1-7 but contains substituted amino acids, Met-Phe-Pro at
positions 8§-10 of the mature human LT. This mutein has no
hypotensive activity at the maximum dose (10 mg/kg) tested
on rats. In contrast, a much lower dose (1 mg/kg) of TNF and
LT caused a significant blood pressure drop. In vivo studies
revealed that Mut2 was more effective than TNF or LT against
MethA (a mouse tumor line) as judged by the therapeutic ratio
[calculated as LDsq (dose that Kills 50% of the animals) /EDs,
(dose that reduces the tumor size by 50%)]. With five other
different mouse tumors and two different human tumors,
Mut2 was also effective and the effectiveness was comparable
or superior to that of TNF or LT. These results suggest the
possibility that this derivative may be usable as a clinical
antitumor agent without the serious side effects associated
with TNF.

Various attempts have been made to create muteins of tumor
necrosis factor (TNF) and lymphotoxin (LT) to improve their
therapeutic values (1). Results of these experiments suggest
that up to nine NHj-terminal amino acids of TNF can be
removed without losing cytotoxic activity in vitro (2). The
replacement of acidic amino acids at the NH,-terminal region
with basic amino acids resulted in a better (less toxic with high
antitumor activity) TNF (3, 4). Replacement of the COOH-
terminal region amino acids (amino acids 141-146) with other
amino acids often modified the in vitro cytotoxic activity of
TNEF. The addition of amino acids to TNF at the NH,-terminal
position decreased a side effect of TNF (enhancement of
metastasis) without diminishing its anticancer activity (5).

On the other hand, relatively limited information is available
for LT because efficient expression in Escherichia coli has
become possible only recently (6). In vitro cytotoxic activity
was maintained even after removal of the NH,-terminal amino
acids residues from LT (7). In contrast, the removal of the
COOH-terminal region of LT generally resulted in loss of the
cytotoxic activity (8). To the best of our knowledge, LT
muteins have never been tested in vivo for their antitumor or
hypotensive activities.

TNF is relatively ineffective against human cancers because
its hypotensive activity prevents administration of doses that
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are high enough to cause tumor regression (9, 10). Systemic use
of TNF causes hypotension in the experimental animals (11—
14). In this paper, we describe an LT mutein (mutein 2, Mut2)
that lacks hypotensive effects but has high antitumor activity.
The ratio hypotensive dose/therapeutic dose for Mut2 was at
least 9-fold higher than that of TNF suggesting the possible
future clinical applicability of Mut2.

MATERIALS AND METHODS

Expression of TNF, LT, and Mut2 in E. coli. TNF and LT
genes were cloned from a human leukocyte genomic library by
using the standard technique (15). LT mutein genes were
constructed from the LT gene by modification of the DNA
sequence corresponding to the NHy-terminal region (up to
11th amino acid). Each LT mutein DNA was expressed in E.
coli HB101 with the #rp promoter and pBluescript SKII(+)
expression vector (Stratagene) as described (6).

For purification of the recombinant cytokines, E. coli HB101
containing the cytokine gene (20 g wet weight) were suspended
in 500 ml of buffer containing 50 mM Tris-HCI (pH 7.5) and
30 mM NaCl and disrupted with a high-pressure homogenizer.
The extract was centrifuged to remove debris, and the nucleic
acids were precipitated with 0.75% polyethyleneimine. Protein
fractions containing cytokines were then precipitated with
50% saturated (NH4)2SO4 and suspended in 20 mM sodium
phosphate (pH 7.5). The protein solution was applied to a CM
fast-flow column (26 mm X 50 mm) and the protein fractions
containing cytokines were eluted with 0.3 M NaCl in 20 mM
sodium phosphate buffer (pH 7.5). Cytokines were further
purified by using a Sepharose S-200 column (26 mm X 600
mm) with saline. The purity of the peptide obtained was
examined by SDS/polyacrylamide gel electrophoresis on a
15% gel, followed by the Coomassie brilliant blue R-250
staining. As shown in Fig. 1, no significant impurities were
observed. The amount of lipopolysaccharide contamination in
each sample was less than 1 ng/mg of protein, as determined
by the limulus amebocyte lysate assay with commercial re-
agents (Seikagaku Kogyo, Tokyo). Since our LT and Mut2
were expressed in E. coli, they were not glycosylated whereas
the native LT is (8). Sequences of all products were examined
by the sequential NH,-terminal analysis (the Edman degra-
dation) and the expected amino acid sequence was confirmed.

Blood Pressure Measurement. Male Sprague—Dawley rats,
350-400 g and 11 weeks old, were obtained from the Charles
River Breeding Laboratories. Male Sprague—Dawley rats were
anesthetized with diethyl ether (Wako Pure Chemical, Osaka),
and polyethylene catheters were implanted in the right femoral
artery and vein as described (11). The rats were then left

Abbreviations: TNF, tumor necrosis factor; LT, lymphotoxin; Mut2,
mutein 2; LDs, dose that kills 50% of the animals; EDsg, dose that
reduces the tumor size by 50%; TI, therapeutic index.
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Fi6.1. Polyacrylamide gel electrophoresis of purified recombinant
LT, TNF, and Mut2. Each sample (3 mg) was suspended in sample
buffer containing 5% 2-mercaptoethanol, 3% SDS, and 65 mM
Tris'HCI (pH 6.8) and heated at 100°C for 5 min. The samples were
subjected to SDS/PAGE (8 X 10 X 0.1 cm) in 15% gels for 2 hr at 150
V and stained with Coomassie brilliant blue R-250.

undisturbed for 1 hr to recover from anesthesia. Cytokines
were dissolved in saline and LT (1 mg/kg), Mut2 (1-10 mg/kg,
depending on the experiments), or TNF (1-10 mg/kg, depend-
ing on the experiments) was administered through the femoral
venous catheter. The blood pressure was measured with the
sensor in the catheter that was connected to a transducer (SBP
105, NEC Medical System, Tokyo) and a thermal array re-
corder (8M15, NEC Medical System) for 24 hr.

Assay of Antitumor Activities of TNF, LT, and Mut2. The in
vitro cytotoxic activities of each cytokine were measured with
actinomycin D-treated murine L-929 cells as described (16).
For the in vivo antitumor activity assay, 4- to 5-week-old female
mice, C57BL/6, B6C3F1, ICR, BALB/c nu/nu (—), and
Balb/c were purchased from CLEA Japan (Osaka) and
Charles River Japan (Kanagawa) MethA (17), M5076 (18),
B16 melanoma (19), Sarcomal80 (20) cells were maintained
intraperitonially (i.p.), whereas Colon26 (21) and Colon38 (21)
were kept subcutaneously (s.c.). Human tumors and HeLa S3
(22) and KB cells (23) were maintained in in vitro cell culture
with Eagle’s essential medium supplemented with 10% fetal
calf serum and antibiotics.

Cytokines were tested with the following combinations of
tumor and mice. MethA (5 X 103 cells per mouse) or Colon26
(1 X 106 cells per mouse) were implanted s.c. in BALB/c mice.
A fragment (approximately 2 X 2 X 2 mm) of Colon38 was
implanted s.c. in B6C3F1 mice. M5076 cells (1 X 10° cells per
mouse) were implanted s.c. in B6C3F1 mice. B16 cells (5 X 10°
cells per mouse) were implanted s.c. in C57BL/6 mice. Sar-
comal80 cells (1 X 10° cells per mouse) were implanted s.c. in
ICR mice. HeLa S3 (3 X 106 cells per mouse) or KB (1 X 10°
cells per mouse) cells were implanted s.c. in BALB/c nu/nu
(=) mice. When the tumors, implanted in the left flank,
became 4-8 mm in diameter (3-10 days after tumor implan-

Table 1. In vitro cytotoxic activity of Mut2, LT, and TNF
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tation), the cytokine treatment was started by injecting various
doses of cytokines intravenously, twice a week, for a total of
five injections. Initial tumor weight is defined as the weight of
the tumor at this point. Control mice received phosphate-
buffered saline. Five to 10 mice were used per group. Mean
tumor weights were calculated by using data derived from
caliper measurements of length (a) and width (b) of tumors in
millimeters according to the formula: tumor weight (mg) =
a X b2/2 (21). In some cases, data were expressed as relative
tumor weight = mean tumor weight at given time/initial mean
tumor weight. The antitumor efficacy was expressed by a
therapeutic index (TI, or ratio); TI = LDso/EDsy. LDsg (the
dose that kills 50% of the tumor bearing mice) and EDs (the
dose that causes 50% decrease of tumor weight) were calcu-
lated as described (24).

RESULTS

Structure and in Vitro Specific Activity of Mut2. After
extensive studies on in vivo antitumor and hypotensive activ-
ities of more than 30 muteins of TNF and LT, we obtained the
best derivative Mut2 (MFP12A) that has no hypotensive
activity but is still effective against tumors. Examples of
unsatisfactory muteins are mutein 4 (MRFP12A) with weak
cytotoxic activity in vitro and mutein 5 (MKKFP12A), mutein
13 (M12A), mutein 16 (P12A), mutein 17 (MF12A), and
mutein 18 (M29K) with hypotensive activity. Mutein 18 had
very high in vitro cytotoxic activity but no in vivo antitumor
activity. Details of the structure—activity relationship regard-
ing the sequence of various muteins we synthesized will be
reported elsewhere. Table 1 shows the amino acid sequence of
Mut2 in comparison with those of TNF and LT. Mut2 has a
relatively simple NH,-terminal structure with methionine,
phenylalanine, and proline residues at the positions 9-11 of
mature human LT. TNF has a specific activity of 1.4 X 108
units/mg, whereas the specific activities of LT and Mut2 are
approximately 3- to 4-fold greater than that. Mut2 is only half
as active as LT in this assay but the in vivo antitumor activity
of Mut2 is better than that of LT as described in the following
sections. As noted above with mutein 18, in vitro cytotoxicity
does not necessarily reflect the in vivo activity.

Antitumor Effect of Mut2 Against Various Mouse Tumors.
In the experiment described in Fig. 2, 7 days after MethA was
implanted, various amounts of Mut2 were injected intrave-
nously. The tumor sizes were followed for 21 days after the
tumor inoculation. Mut2 very effectively prevented the growth
of tumors in a dose-dependent manner. At the most effective
dose (3.75 mg/kg), 95.8% inhibition of the tumor growth was
observed 21 days after tumor inoculation. In all the doses
tested, except for the lowest dose, the effect was statistically
significant as shown in Fig. 2.

To examine other tumors of different origins, we chose two
colon tumors (Colon26 and Colon38), a melanoma (B16), one
ovary tumor (M5076), and Sarcomal80 (origin unknown). The
results are shown in Table 2. The TI of Mut2 appears to be
better than that of TNF or LT with almost all the tumors tested.
The only exception was Sarcomal80. The reason for the
relatively low TT with this tumor is that the LDsy of Mut2 was

Specific activity, Relative activity

Amino acid sequence Amino acids, n units/mg vs. TNF
1 12 172
LT MLPGVGLTPSAA --------m-mme- L 172 5.80 x 108 4.14
Mut2f MFPA -----memmmmeeeen L 164 3.72 x 108 2.66
TNF MVRSSSRTPSDHKe sttt L 157 1.40 x 108 1.00

Dashes indicate the amino acid sequence of LT from residues 13 to 171. Asterisks indicate the amino acid sequence of TNF

corresponding to residues 13-156.
fRegistered in DDBJ, AB000737.
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F1G. 2. Antitumor effect of Mut2 on MethA. On day 7 after tumor
inoculation, Mut2 was injected i.v. as indicated by the arrows. Each
group consists of 5-10 mice. Dosages represent the amount per
injection. [J, Control, no drugs; 4, 0.06 mg/kg; ®, 0.23 mg/kg; M, 0.94
mg/kg; O, 3.75 mg/kg. The ¢ test was used. *, P < 0.05; #*, P < 0.01;
wxx P < (0.005. The arrows represent days of Mut2 injection.

smaller than that of TNF. The reason for this high toxicity of
Mut2 in the mice bearing this tumor is not known.

Some of the TI values in this table are not accurate because
of the uncertainty about the values of EDsy or LDsy. For
example, EDsy of TNF on B16 melanoma could not be
determined because under the experimental conditions used,
only a 16% reduction in the tumor size was observed (EDj; at
a dose of 1.33 mg/kg) even with the maximum dosage. Higher
doses could not be given because of its toxicity (LDqgo at 4
mg/kg and LDg at 1.33 mg/kg). In a similar fashion, the LDs,
of Mut2 or LT could not be determined with mice bearing
M5076 because the maximum dose used (12 mg/kg) did not
kill any animal. Therefore, we conclude that the antitumor
activity of Mut2 with these varieties of tumors is at least as
good as that of LT or TNF if not better.

Antitumor Effect of Mut2 Against Human Tumors. The
effect of Mut2 on human cancer in nude mice was compared
with the effects of TNF and LT in Fig. 3. The statistically
effective doses of TNF or LT are so toxic to the tumor bearing
mice that all of them died within 5 days after administration
of these cytokines. In contrast, approximately 60% inhibition
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of tumor growth was observed by administering 1.6 mg of Mut2
per kg with only a single death occurring out of five animals in
the group. These experiments strongly suggest that Mut2 is
more effective than LT or TNF against human tumors. Similar
results were obtained with another human tumor, HeLa cells,
transplanted on nude mice (TI of Mut2 was about 4 whereas
the TI values of TNF and LT could not be measured because
of their ineffectiveness).

Time Course of Blood Pressure Change After Administra-
tion of Mut2. In the experiment described in Fig. 4, the time
course of mean arterial blood pressure of rats after the
intravenous injection of Mut2, LT, or TNF was determined. In
confirmation of the previous report that blood pressure does
not change within 6 hr after injection of TNF (11), we observed
no significant effects of this cytokine up to 10 hr after the
injection. However, a significant blood pressure drop was
observed at 24 hr after the injection of LT or TNF. The extent
of the blood pressure drop for both TNF and LT was almost
identical. It is noted in Fig. 4 that the same amount of Mut2
did not change blood pressure at all.

Table 3 shows the effect of various doses of cytokines on
blood pressure. At each dose, the time course of the blood
pressure change was studied as in Fig. 4, and the hypotensive
effect at 24 hr after intravenous injection of cytokines was
measured. We observed that Mut2 at 10 mg/kg, which effec-
tively inhibits the growth of MethA (see Table 2), did not
reduce the blood pressure at all. On the other hand, LT or TNF
gave hypotensive effects even with the dose lower than that
which inhibits the growth of MethA (see Table 2). In these
experiments, rats were used instead of mice due to the
technical difficulty of measuring blood pressure with the
tumor-bearing mice. We feel that this is justified because the
responses of mice to cytokines are similar to those of rats (25).

As discussed in the Introduction, the most dangerous side
effect with TNF in its clinical trial is its hypotensive activity.
We therefore calculated the ratio of the minimum dose causing
hypotension to the EDs value. This ratio was called tentatively
“safety index” to indicate the degree of safeness for each
cytokine as a possible clinical antitumor agent. The safety
indices of LT and TNF are 0.32 and 0.67, respectively, whereas
that of Mut2 is larger than 6.3. The exact safety index of Mut2
could not be calculated because the amount of Mut2 that
causes hypotension could not be measured as doses higher than
10 mg/kg could not be administered due to technical difficul-
ties.

Table 2. Antitumor effect of Mut2 on various mouse tumors in comparison with TNF or LT

Mut2 TNF LT
Tumor ED50 LD5() TI ED50 LD5() TI ED50 LD50 TI
Colon 26 0.3 6.9 23.0 0.3 1.5 5.0 0.3 2.3 7.7
Sarcoma 180 0.2 1.2 6.0 0.2 >4.0* >20.0 0.3 1.2 4.0
B16 7.3 >12.0* >1.6 >1.3f 1.2 <0.9 11.9 >12.0* >1.0
(ED16)
M5076 0.8 >12.0* >15.0 0.9 >4,0t >4.4 3.0 >12.0% >4.0
(LD2o)
Colon 38 1.4 >12.0* >8.6 >3.0f >3.0* >1.0 6.6 >12.0* >1.8
(EDy)
Meth A 0.32 7.5 234 0.3 1.1 3.7 0.62 4.0 6.5

Cytokines were given twice a week for a total of five injections. EDsg and LDsg values were expressed as milligrams per
kilogram, and represent the dosages given at each injection.

*No toxic death was observed with the dose indicated.

TEDs or LDs was not determined. ED values represent the injection dose that gave maximum inhibition. For example, ED16
means the value that gave 16% inhibition of the tumor growth. Values noted beside LD indicate the percentage of animals
that died with the dose administered. For example, LD indicates the dose that killed 20% of the animals. On day 1 tumor
cells were implanted, and cytokine treatment was started on day 9 for Colon 26, on day 4 for Sarcoma 180, on day 11 for
B16, and on day 10 for M5076 and Colon 38. The EDsg value was calculated by using relative tumor weight on day 14 for
Colon 26, on day 20 for Sarcoma 180, on day 14 for B16 and M5076, and on day 25 for Colon 38, after the initial cytokine

administration.
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Fic. 3. Antitumor effect of TNF, LT, and Mut2 against human tumor KB. From the day 10 on after tumor inoculation, cytokines were
intravenously injected as indicated by the arrows in the figure. Each group consists of five mice. O, Control, no drugs; A, 0.32 mg/kg; (I, 1.6 mg/kg;

@, 8.0 mg/kg. Doses represent the dose per injection.

DISCUSSION

In continuing our attempts to create better cytokines that may
be useful as antitumor agents (26-28), we present an LT
mutein, Mut2, without hypotensive activity. We found that LT
and TNF but not Mut2 caused significant hypotension 24 hr
after administration to rats. We observed no blood pressure
change up to 10 h, but it dropped significantly at 24 h after LT
administration, as was observed with sheep at 6 h after LT
injection (figure 1 of ref. 29). Previous studies found no
pressure change 1 h after LT administration to rats, but blood
pressure was not measured at later time periods (30). TNF
causes a drop in blood pressure with sheep (29), dogs (12), rats
(11), rabbits (13), and humans (9). The TI value (LDso/EDs5)
of Mut2, was around 24.2 whereas the TI values of TNF and
LT were 3.5 and 6.6, respectively. The TI of the commonly used
antitumor agent 5-fluoro-5'-deoxyuridine is about 9.1 (31).
The high TI of Mut2 is partly due to its high LDs, values.
However, loss of hypotensive activity may not be the major
reason for the large LDso. Death by LT or TNF in rodents is
believed to be due to the increased production of eicosanoids
(32), leading to disseminated intravascular coagulation (33).
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The level of eicosanoids does not appear to be related to
hypotension (32).

We postulate that the receptor for LT and TNF produces
various cellular responses depending on the ligand, LT or TNF.
Thus, LT and TNF exert completely different cell-
physiological effects (34-37) despite the fact that these cyto-
kines share the same cellular receptor (38—41). Although this
may not apply to the recently reported cytokine LT (42, 43),
which presumbly functions in complex with LT (44), one must
conclude that LT and TNF induce completely different re-
sponses of the same cell through the same receptors. The major
structural difference between TNF and LT is at the NH,-
terminal end (45). We therefore reasoned that modifications
of the NH,-terminal end of LT may result in a cytokine that
is functionally different from LT. This reasoning was further
supported by the x-ray crystallographic studies indicating that
the NH,-terminal portions of LT and TNF are very flexible
and are situated in the space between the receptor and the
ligand (46). Altering the NH,-terminal regions influences
these cytokines’ affinity for the receptor (47). Our hypotheses
is that Mut2, due to its altered amino acid sequence, fails to
yield the cellular signals leading to hypotension, even though
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F1G6. 4. Time course of blood pressure change after administration of Mut2, TNF, or LT to rats. The blood pressure was measured at various
times after administration of cytokines at 1 mg/kg. O, Control, no drugs; W, TNF; [J, LT; @, Mut2. *+x, P < (0.01. MABP, mean arterial blood

pressure.
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Table 3. Lack of hypoptensive effect of various doses of Mut2

Blood pressure change, %

Sample 1 mg/kg 3 mg/kg 10 mg/kg
TNF —16%** —7.6% —10.2%*
LT —6.9%* NT NT
Mut2 -1.8 -15 0.9

Blood pressure changes 24 hr after cytokines injection are indicated
as percentage drop (—) or increase (+) in comparison with the blood
pressure of the control animals administered with saline. *, P < 0.05;
w5, P < 0.01; #xx, P < 0.001; NT, not tested.

it binds to the LT receptors that send signals leading to the
antitumor activity.

It appears that TNF is part of a defense mechanism against
fast-invading foreign “enemies” (32, 48-50). On the other
hand, LT may be geared to control troubles such as viral but
not bacterial invasions, in addition to other yet unknown
disturbances. Consistent with this hypothesis is the fact that
lipopolysaccharide (a product of invading bacteria) induces
TNF but not LT (51). Lipopolysaccharide gives synergistic
lethal and antitumor effects with TNF (ref. 52) but not LT
(unpublished observation). TNF and LT have an antiviral
effect (53), but only TNF has an antibacterial effect (50).
Exogenously administrated antiserum against TNF did not
facilitate tumor growth, suggesting that endogenous TNF does
not play a major role in the body’s natural defense against
tumors (49). Tumor-bearing animals are more prone to be
killed by TNF than normal animals (54), but such increased
susceptibility to LT in tumor-bearing animals does not occur
(unpublished data). These considerations suggest that previ-
ous attempts to use TNF as an antitumor agent might have
been doomed. On the other hand, Mut2, an LT derivative
without hypotensive activity, may be developed to an effective
antitumor agent.
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