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ABSTRACT

Repetitive sublethal doses of tumor necrosis factor (TNF) can induce
tolerance or tachyphylaxis to the tovic effects of IM. Because tumor-
bearing (TB) mice are more sensitive to the toxic effects of TNF, this
study investigates whether similar tolerance occurs in TB mice and
whether it affects the antitumor response of IM. Nontumor-bcaring
C3H/Hen mice were treated with twice daily i.p. sublethal escalating
doses of human recombinant IM (2, 2, 3, 3, 4, and 4 >Â¡Ki.p. every 12 h
for 6 days) and were challenged 2 days later with a lethal i.v. dose (40
Mg)of TNF. TNF-pretreated mice had 100% survival as compared to 0%
survival in control mice previously treated with saline (/' < 0.01 ). Tumor-
bearing C57BL/6 mice bearing an MCA-106 or MCA-102 sarcoma were
treated with an identical TNF-tolerizing regimen (2, 2, 3, 3, 4, and 4 Mg
i.p. every 12 h for 6 days) beginning 3 days following tumor inoculation
and were similarly more resistant to a subsequent 100% lethal i.v.
treatment dose of TNF than control TB mice. A significantly greater
percentage of TNF-pretreated mice bearing the MCA-106 sarcoma sur
vived treatment doses of 8, 12, and 16 Mgof TNF i.v. than control TB
mice. Similarly, a significantly greater percentage of TNF-pretreated
mice bearing the MCA-102 sarcoma survived treatment doses of 6 and 9
Mgof TNF i.v. than control TB mice.

However, the ability to administer higher doses of TNF i.v. to TNF-
prctrcated TB mice did not improve therapeutic efficacy. In mice bearing
the MCA-106 tumor the most efficacious treatment responses were seen
in animals that were previously naive to TNF, and treatment toxicity
(lethality) correlated directly with antitumor efficacy such that larger
treatment doses of TNF in tolerant mice resulted in similar antitumor
effects as smaller treatment doses in control TB mice. In mice bearing
the MCA-102 tumor, cquitoxic treatment doses of TNF' produced similar

antitumor effects in both control and tolerant TB mice. There were no
differences in cure rate for TNF'-tolerant or control TB mice bearing

either tumor. The results suggest that TNF tolerance occurs in TB mice
and reduces the toxicity as well as the therapeutic efficacy of TNF.

INTRODUCTION

With the availability and use of recombinant tumor necrosis
factor as an in vivo antineoplastic agent, therapeutic efficacy
has been limited by the significant host toxicity and lethality of
this agent (1). Initial clinical trials of TNF2 in patients with

advanced cancer have been disappointing with minimal to no
antitumor effects apparent at doses escalated to maximum
tolerated levels (2, 3). In an effort to utilize the dramatic
cytolytic activity of TNF seen in vitro and in many animal
models, efforts to define agents that counteract TNF toxicity
are of great interest. The need to limit TNF toxicity is aug
mented by the observation that TB animals are much more
sensitive to the toxic effects of TNF (4). Since the mechanism
of the antitumor effect of TNF (5) as well as the mechanism of
TNF toxicity in vivo (6) are poorly defined, it is possible that
the beneficial antitumor effects of TNF may be dissociated from
the toxic effects.
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Our laboratory (7,8) and others (9,10) have recently reported
a tachyphylaxis or tolerance to the in vivo toxic and lethal
effects of TNF when repetitive sublethal doses are given to
experimental animals. The ability to develop tolerance to the
toxic and lethal effects of TNF has not yet been demonstrated
in TB animals. The development of TNF tolerance in TB
animals may be used as a strategy to improve the therapeutic
index of TNF. If dosing schedules could be established to
develop tolerance to the toxic side effects of TNF while main
taining antitumor efficacy, then the therapeutic index of TNF
may be increased by allowing the safe administration of higher,
more effective, doses.

The present study demonstrates that, like NTB mice, TB
mice can develop tolerance to the lethal effects of TNF by
repetitive i.p. administration of sublethal doses of TNF. How
ever, repetitive i.p. administration of TNF and the development
of tolerance reduces the antitumor effects of TNF, so that
overall efficacy is similar to that seen in nontolerant mice.

MATERIALS AND METHODS

Animals

Eight- to 12-week-old C3H/Hen or C57BL/6 female mice raised in
the NIH animal facility were used in all experiments.

Reagents

Recombinant human tumor necrosis factor was generously provided
by the Cetus Corporation (Emeryville. CA). Tumor necrosis factor was
reconstituted on the day of use with sterile water and diluted with
phosphate-buffered saline/0.5% bovine serum albumin to minimize
nonspecific adherence of TNF to plastic wear.

Tumors

The sarcomas used in these experiments are well-described methyl-
cholanthrene-induced sarcomas induced at the NIH in C57BL/6 mice
(11). MCA-106 sarcoma is known to be weakly immunogenic and
MCA-102 is a nonimmunogenic sarcoma (12). Single cell tumor sus
pensions were made using a triple enzyme digest with DNase, hyalu-
ronidase, and collagenase at room temperature for 3 h (13). The
suspension was filtered through sterile Nitex gauze and washed three
times in Hanks' balanced salt solution and adjusted to a concentration
of 1 x IO7cells/ml for the MCA-106 sarcoma or 5 x 10" cells/ml for
the MCA-102 sarcoma. In all experiments in which tumor was used
0.05 ml of tumor cell suspension (5 x 10' MCA-106 cells or 2.5 x 10'
MCA-102 cells) was injected i.d. in the ventral midline of the mice.
The tumors were measured in two perpendicular directions with vernier
calipers and tumor size was calculated as a product of these two
measurements expressed as mm2 (4).

Tolerization Experiments

Nontumor-bearing. Previous studies have shown that rats given injec
tions of repetitive i.p. doses of TNF developed tolerance to subsequent
injection of a lethal dose of TNF (7). The degree of tolerance is directly
proportional to the dose of TNF and the number of TNF injections to
tolerizc the animal (7). In order to establish if a similar tolerance to
TNF also occurs in mice and the optimum regimen to obtain tolerance
in mice, 48 NTB C3H/Hen mice were given twice daily injections of
different i.p. doses of TNF prior to challenge with a lethal dose of
TNF. The animals were divided equally (n = 12) into 4 groups based
on the tolerizing dose of TNF used: 0 ^g (control); 2 ^g twice daily for
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6 days; 5 /jg twice daily for 6 days; and an escalating dose of 2, 2, 3, 3,
4, and 4 Â¿igi.p. twice daily for 6 consecutive days, respectively. Control
mice were given twice daily injections of saline buffer. Two days
following the last i.p. dose (day 8), all mice in each group were
challenged with a lethal dose (40 /ig) of TNF i.v. and subsequent 72-h
survival was noted.

Tumor-bearing Experiments. C57BL/6 mice were given injections of
either MCA-106 or MCA-102 tumor cell suspensions on day 0 as
described above. For six consecutive days (days 3 through 8 following
tumor inoculation) the mice were given TNF injections i.p. twice daily
using the escalating tolerization regimen of 2, 2, 3, 3, 4, and 4 /jg,
respectively. Control TB mice were given twice daily i.p. injections of
saline. On day 10, the second day following the final tolerization dose,
control and TNF-pretreated TB mice were randomized into 5 treatment
groups: MCA-106 TB mice received either 0, 4, 8, 12, or 16 Â¿igof TNF
i.v., and MCA-102 TB mice received either 0, 3, 6, 9, or 12 Mgof TNF
i.v. TNF given i.p. on days 3-8 is identified as the tolerization dose
and the i.v. dose of TNF given on day 10 is defined as the treatment
dose. Tumor size was measured on day 10 prior to the treatment dose
and then every other day thereafter. Deaths prior to day 10 were scored
as tolerization deaths, and deaths within 72 h of the i.v. TNF dose were
scored as TNF treatment deaths. Two separate identical experiments
were performed for each tumor type. For the MCA-106 tumor, in one
experiment n = 5 for all groups (total number of mice, 50) and in a
second experiment n = 12 for all groups (total number of mice, 120).
For the MCA-102 tumor, two experiments with n = 6 in all groups
were performed (total number of mice, 60 for each experiment). The
same lot of TNF from Cetus Corporation was used in all experiments.
Results are shown as the combination of the two identical experiments
for each tumor type.

Statistics

Comparison of percentages of mice surviving was done using Fisher's

exact test. Tumor sizes are shown as mean Â±SEM and were compared
by the nonparametric Wilcoxon rank sum test. Correlation between
treatment toxicity and therapeutic efficacies were made using Pearson's

correlation coefficient.

RESULTS

Tolerance in Nontumor-bearing Mice. All mice given injec
tions of 5 Â¿igof TNF i.p. twice daily died prior to completion
of the 6-day tolerization period, whereas no mouse given an
injection of the lower dose of 2 fig or in the escalating dose
group died during tolerization (Table 1). Pretreatment with
either 2 Â¿<gTNF or escalating dose TNF protected mice against
a lethal i.v. injection of TNF. All mice in the control group
died secondary to the i.v. TNF challenge, but 67% of the mice
in the 2-MgTNF tolerization group (P< 0.01) and 100% of the
mice in the escalating dose group (P < 0.01) survived the same
i.v. TNF (40 fj.gi.v.) challenge. Since the escalating dose regi
men appeared to provide optimal tolerization without mortality
this schedule was used in subsequent tumor-bearing experi

ments.

Table 1 72-h surf ival following injection of a lethal i.v. dose of TNF in TNF-
tolerant and control nontumor-bearing C3H/Hen mice

Tolerizing dose
ofTNF"0

(jg (control)
2Mg
5 iig
Escalating dosen12

12
1212Deaths

during
tolerization0/12

0/12
12/12
0/1272-h

survival0/12(0)"

8/12c(67)12/12C(100)

" Tolerizing regimen was the twice daily i.p. injection of TNF at the doses
shown for 6 consecutive days. Mice were challenged with 40 ng of TNF by tail
vein injection 2 days following the last tolerization dose.

* Numbers in parentheses, percentage.
c P < 0.01 versus control.
a The escalating dose tolerization group was treated by injection of 2, 2, 3, 3,

4, and 4 ng i.p. twice daily on six consecutive days, respectively.

TNF Tolerance in Tumor-bearing Mice. By administering
TNF i.p. for 6 consecutive days to TB mice, TB mice were
made resistant to a subsequent lethal challenge with i.v. TNF
compared to the control group. Fifty % of control mice bearing
a 10-day MCA-106 tumor died with a TNF treatment dose
between 4 and 6 ng of TNF while TNF-tolerant TB mice
survived similar doses significantly better than control mice.
The LD50 of TNF for tolerant TB mice was increased 3-fold to
doses between 12 and 16 /Â¿g(Fig. 1). At the i.v. treatment dose
of 12 and 16 ng of TNF, there were no treatment survivors in
the control group, while the TNF-tolerant group had treatment
survival rates of 59 and 29% (P < 0.01), respectively, for
identical i.v. TNF doses. A similar tolerance occurred in mice
with the nonimmunogenic MCA-102 tumor. The LD50 of TNF
in mice with a 10-day MCA-102 sarcoma was increased ap
proximately 3-fold, and survival in mice treated with 6 and 9
Â¿tgof TNF i.v. was 100 and 67% in TNF tolerant mice and 0%
in both of these treatment groups for the control mice (P <
0.01) (Fig. 1).

Toxicity of TNF Tolerization in Tumor-bearing Mice. In mice
with the MCA-106 sarcoma there were no deaths during the
tolerization period of i.p. injection of TNF similar to the
findings in NTB mice given the same escalating dose regimen.
However, in mice with the MCA-102 tumor 6 of 60 mice (10%)
died during the tolerization period.

Effects of TNF Tolerization on Tumor Growth. Because the
mice in the TNF tolerization group received repetitive i.p. TNF
injections from days 3 to 8 following tumor inoculation, the
effect of the TNF tolerization regimen on tumor growth was
examined. The i.p. doses of TNF given during TNF tolerization
had no effect on tumor growth (Fig. 2A). At day 10 following
tumor inoculation, the mean size of the MCA-106 sarcoma in
control mice was 37 Â±1 mm2 and in the TNF-tolerant mice it
was 39 Â±2 mm2. Similarly, the size of the MCA-106 sarcoma
on day 10 prior to the i.v. TNF treatment dose was 57 Â±2 mm2
for control mice and 53 Â±2 mm2 for the TNF-tolerant mice.

The relative long-term effects of TNF tolerization on tumor
growth can be evaluated by comparing the growth curves for
the subgroups of mice in the TNF-tolerant group and in the
control group that receive no i.v. TNF on day 10 (i.e., control
groups for the TNF treatment dose). The tumor growth curves
in these mice with the MCA-102 tumor show no difference
between controls and TNF-tolerant mice (Fig. 2B). However,
in mice with the MCA-106 sarcoma tolerization to TNF sig-

Fig.

4 " 8 12 16 0 36 9 12

INTRAVENOUS TNF TREATMENT DOSE (MCG)
The 72-h survival in C57BL/6 mice with a 10-day s.c. sarcoma

following i.v. TNF treatment. TNF-tolerant mice (O) received twice daily i.p.
TNF injections on days 3-8 following tumor implantation while control mice (â€¢)
were given injections of saline (n = 17 for MCA-106, all groups; n = 12 for MCA-
102, all groups, *. P < 0.01 versus control by Fisher's exact test).
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Fig. 2. The impact of i.p. TNF tolcri/ation injections on tumor growth. A.
mean tumor size al day 10 following tumor implantation for the MCA-106 and
the MCA-102 sarcomas prior to i.v. TNF treatment (D. control; D. TNF tolerant).
B. tumor growth curves for the subgroups of mice receiving no i.v. TNF (i.e., a
control saline injection) on day 10 following tumor implantation. (MCA-106,
control. â€¢¿�;MCA-106, TNF-tolerant. O: MCA-102. control, â€¢¿�;MCA-102, TNF-
tolerant, Q. *, P < 0.05 versus control MCA-106 mice).

nificantly augmented tumor size from day 25 to day 30 follow
ing tumor inoculation (Fig. 2B). This significant increase in
tumor size following TNF pretreatment occurred in each of two
separate experiments with the MCA-106 tumor.

Effect of TNF Tolerance on the Antitumor Activity. Pretreat
ment with low-dose i.p. TNF or tolerization to TNF decreases
the lethality of a subsequent i.v. TNF treatment dose in TB
mice. The effect of TNF tolerance on the in vivo antitumor
action of TNF can be evaluated by analyzing change in tumor
size and the cure rates following the i.v. TNF treatment dose
in control and TNF-tolerant TB mice. Two important points
regarding the effect of TNF tolerance on treatment efficacy
must be examined. First, does tolerance to TNF toxicity de
crease the therapeutic effect for a given dose of TNF? This
question can be evaluated by comparing groups of TB mice that
received identical TNF treatment doses (data shown in Fig. 3).
Second, is tolerance to TNF toxicity a phenomenon that can
increase the therapeutic index of TNF? This question can be
addressed by comparing the TNF treatment efficacy in groups
of mice that received equitoxic doses of TNF (data shown in
Fig. 4).

MCA-106 tumor-bearing TNF-tolerant mice had a dimin
ished decrease in tumor size compared to control mice receiving
an identical i.v. treatment dose of TNF. Control mice bearing
10-day MCA-106 sarcoma had a significant decrease in tumor
size at 4 to 10 days following treatment ( 14 to 20 days following
tumor injection) with 4 or 8 ng of TNF compared to mice that
received 0 ^g of TNF (P < 0.05) (Fig. 3, A and fi, respectively).
However, TNF-tolerant mice with the MCA-106 tumor treated
with 4 or 8 Â¿igof TNF showed no significant change in tumor
growth rate compared to control mice that received 0 ng of
TNF (Fig. 3, A and B). TNF-tolerant mice treated with 8 ng of
TNF did have a significant decrease in tumor size from days
16 through 20 following tumor injection compared to TNF-
tolerant mice given no TNF (Fig. 3fi). The tumor size in control
mice was significantly decreased from the tumor size in TNF-
tolerant mice treated with identical i.v. TNF doses from days
14 through 20 for the 4-^g treatment dose (Fig. 3/1) and for
days 16 through 20 for the 8-ng treatment dose (Fig. 3fi) (P <
0.05).

A similar observation occurred with the MCA-102 tumor.
Control TB mice treated with 3 ^g of TNF i.v. at day 10 had a

12 14 16 18

10 12 14 16 18 20

DAYS FOLLOWING TUMOR INJECTION

Fig. 3. Tumor growth curves for the MCA-106 and MCA-102 sarcoma in
control or TNF-tolerant mice given equal doses of TNF. A. MCA-106 sarcoma.
â€¢¿�,control. 0 ng TNF; â€¢¿�control. 4 ^ TNF; O, TNF-tolerant. O ^ TNF; D,
TNF-tolerant. 4 /ig TNF. B. MCA-106 sarcoma. â€¢¿�.control, 0 pg TNF; â€¢¿�control.
8 pg TNF; O. TNF-tolerant. 0 ,,g TNF; D, TNF-lolerant, 8 â€ž¿�gTNF. C. MCA-
102 sarcoma. â€¢¿�.control. 0 ^g TNF; â€¢¿�.control. 3 tig TNF; O, TNF-tolerant. O^g
TNF; D, TNF-tolerant. 3 ng TNF. Â«,P < 0.05 control/TNF treatment versus
control/0/ig TNF; *./>< 0.05 TNF-tolerant/TNF treatment rersus control/TNF
treatment, t. P < 0.05 TNF-tolerant/TNF treatment rersus TNF-tolerant/0 Â»jg
TNF.

significant reduction in tumor size compared to control TB
mice given injections of 0 /jg of TNF on days 14 through 20
after tumor implantation (Fig. 3C). However, TNF-tolerant
mice with a 10-day MCA-102 sarcoma treated with 3 ng of i.v.
TNF had no significant antitumor effect when compared to
control mice or TNF-tolerant mice given 0 ng of TNF (Fig.

3O.
Changes in tumor size in control TB mice and TNF-tolerant

TB mice that received equitoxic doses of i.v. TNF 10 days after
tumor implantation are shown in Fig. 4. Eleven of 17 (65%)
control mice with MCA-106 tumors given 4 ng of i.v. TNF
survived treatment and 10 of 17 (59%) of TNF-tolerant mice
given 12 ng of i.v. TNF survived (Table 2) such that these two
groups represent equitoxic doses. Control mice given 4 pg of
TNF had a significant decrease in tumor size from days 14
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Fig. 4. Tumor growth cunes for the MCA-106 and MCA-102 sarcomas in
control or TNF-tolerant mice given equitoxic doses of TNF. A. MCA-106
sarcoma. â€¢¿�.control. 0 tig TNF; â€¢¿�control. 4 iig TNF; O, TNF-tolerant. O /ig
TNF: D. TNF-tolerant. 12 Â»%TNF. B. MCA-106 sarcoma. â€¢¿�.control. 0 Â»jgTNF:
â€¢¿�control. 8 wgTNF; O. TNF-tolerant. O (jg TNF; n, TNF-tolerant. 16 ng TNF.
C, MCA-102 sarcoma. â€¢¿�.control. 0 ng TNF; â€¢¿�control, 3 *<gTNF; O. TNF-
tolerant. 0 >ig TNF; D, TNF-tolerant. 9 Â¡igTNF. *, P < 0.05 control/TNF
treatment versus control/0 jig TNF: #. f < 0.05 TNF-toleranl/TNF treatment
versus control/TNF treatment; t. f < 0.05 TNF-tolerant/TNF treatment versus
TNF-tolerant/0 Â»gTNF.

through 20 following tumor implantation compared to control
mice given no TNF (Fig. 4/1). TNF-tolerant mice given 12 /^g
of TNF also have a significant decrease in tumor size from days
14 through 18 compared to TNF-tolerant controls given 0 /ug
TNF (Fig. 4A). However, from day 16 through 20 following
tumor implantation, control mice given 4 jzg of TNF had a
significantly better antitumor response than TNF-tolerant mice
given 12 /Â¿g,an equitoxic dose. Fig. 4B compared two other
groups of mice with MCA-106 tumors that received doses of
similar toxicities. Control mice given 8 ng of TNF had an 18%
survival (3 of 17) while TNF-tolerant mice given 16 ng of i.v.
TNF had 27% survival (5 of 17). At these doses, both control
mice and TNF-tolerant mice had a significant decrease in tumor
size from day 14 through 20 following tumor implantation and
there was no significant difference at any time points between

these two treatment groups (Fig. 4B).
For the MCA-102 tumor only one similar comparison can

be made inasmuch as only one treatment group of control mice
had treatment survivors. Control mice with a 10-day MCA-102
tumor given an injection of 3 ^g of TNF had 67% survival (8
of 12) whereas TNF-tolerant mice given 9 ng of i.v. TNF had
a 64% survival (7 of 11). However, the antitumor response was
greater in the 3-^g control group because there was a significant
decrease in tumor size from day 14 through 20 compared to
the control (0 Â¿igTNF) group, whereas TNF-tolerant mice
given 9 ng had a significant decrease in tumor size only on day
14. Also, from day 16 through 20, TNF-tolerant mice had a
significantly larger tumor than control mice given equitoxic
TNF (Fig. 4C).

A second way to express the data to discern any change in
the therapeutic index of TNF is to directly compare treatment
toxicity and treatment efficacy. The therapeutic efficacy of TNF
in this mouse model is evidenced by a decrease in tumor size.
The toxicity of TNF treatment is reflected by the mortality
following the i.v. treatment dose of TNF at 10 days following
tumor implantation. The relationship between TNF treatment
efficacy and TNF treatment toxicity is evaluated by correlating
the mean of the individual percentage changes in tumor size
for the mice in each treatment subgroup with the percentage of
mice in that treatment group that survived TNF treatment.
This correlation is shown for the MCA-106 tumor for both
control groups of mice as well as TNF-tolerant groups of mice
at two time points (days 16 and 20) following i.v. TNF injection
(Fig. 5). On day 16 the correlation coefficient between TNF
toxicity and TNF therapeutic efficacy is 0.88 (P < 0.005) and
at day 20 it is 0.79 (P < 0.02). This figure indicates that the
lethality of an i.v. treatment dose of TNF correlates directly
with its ability to decrease tumor size in the MCA-106 tumor,
i.e., the more toxic treatment doses have better antitumor
effects, and this same correlation is present for both TNF-
tolerant and control mice.

Cure Rate. The findings with regard to cure rate in control
TB mice and TNF-tolerant TB mice with the MCA-106 tumor
parallel the results in tumor growth response. A cure is defined
as the complete disappearance of the tumor after the i.v. TNF
and no gross evidence of tumor at 60 days following the TNF
treatment. The denominator used to calculate the cure rate was
either the total number of mice treated at that dose of TNF
including TNF treatment deaths, or the total number of mice
that survived treatment which excluded TNF treatment deaths.
Cure rates expressed both ways for the MCA-106 tumor are
shown in Table 2. There were three mice cured in the control
group and two mice cured in the TNF tolerant group. There
were no significant differences in TNF treatment cure rate
between control or TNF-tolerant mice bearing the MCA-106
sarcoma. There were no cures seen in either the control group
or the TNF-tolerant group with the MCA-102 sarcoma (data
not shown).

DISCUSSION

Tumor-bearing mice can be made resistant or tolerant to a
lethal i.v. injection of TNF in a manner similar to that for non-
tumor-bearing mice by repetitive daily sublethal i.p. injections
of TNF. A somewhat arbitrarily chosen escalating dose for 6
consecutive days was used to tolerize mice to TNF in all tumor-
bearing experiments. It is known that the degree of tolerance
to TNF is dependent upon both the dose and the duration of
tolerization (7). For these two reasons, an escalating dose
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Table 2 Number of tumor-hearing mice with MCA-106 sarcoma cured hy TNF i.V.

Dose (Â¿ig)Group0

Control
TNFtoleranl4

Control
TNFtolerant8

Control
TNFtolerant12

Control
TNFtolerant16

Control
TNF tolerantn17

1717

1717

1717

171717No.

of mice that
survived treat

ment"(%)17/17(100)

17/17(100)11/17(65)

15/17(88)3/17(18)12/17

(71)r0/17(0)

I0/17(59)f0/17(0)

5/17 (29fProportion

of
treatment survivors

cured*(%)0/17(0)

0/17(0)1/11(9)

0/15(0)2/3

(67)
1/12(8)0/10(0)1/5(20)Proportion

of total
treatment group

cured*(%)0/17(0)

0/17(0)1/17(6)

0/15(0)2/17(12)

1/17(6)0/1

1(0)1/17(6)

" All deaths that occurred within 3 days of TNF i.v. were considered treatment deaths.
* Cures are defined as complete disappearance of tumor following TNF i.v. and no evidence of recurrence at 60 days following TNF.
' P < 0.05 versus control at that dose.

O 50

IDAY 16|0-or-

0.88*
pÂ«0 0035l

1 â€¢¿�O[DAY
201Duâ€¢

0vr=

0.79*
p= 0.019

-100 50 100 -100 0

%CHANGE IN TUMOR SIZE

TNF TREATMENT

Fig. 5. Correlation between TNF therapeutic effect and TNF toxicity in mice
bearing the MCA-106 sarcoma. TNF toxicity is shown as the percentage of mice
of any given TNF treatment subgroup that survive 72 h following the i.v. TNF
treatment dose. TNF therapeutic efficacy is defined as the mean percentage
decrease in tumor size calculated from the individual percentage increase for each
member of the treatment subgroups at day 16 or day 20 compared to the tumor
size on day 10 prior to TNF treatment. The correlation coefficients were calculated
by the method of Pearson using all subgroups (both control and TNF tolerant) at
each time point. â€¢¿�,control, 0 ng TNF; â€¢¿�control. 4 ng TNF; A. control, 8 >jg
TNF; O, TNF-tolerant. 0 Â»gTNF; D. TNF-tolerant, 4 Â¿igTNF; A, TNF-tolerant,
8 >!gTNF; O, TNF-tolerant, 12 Â»,gTNF; V, TNF-tolerant, 16 //g TNF. n = 17
for each subgroup.

regimen is theoretically advantageous. By increasing the dose,
maximum tolerance effects are obtained with minimal morbid
ity as tolerance begins to occur during the tolerization period.

It was hoped that since the development of tolerance lessened
the toxic and lethal effects of TNF, it would enable the safe
administration of higher doses of TNF and increase the TI of
TNF. TI is defined as "the ratio of the median toxic or lethal
dose to the median effective dose (LD5I1/ED50)"(14). The LD50

of TNF was clearly increased 3-4-fold by the development of
TNF tolerance in mice with either the MCA-102 or the MCA-
106 sarcoma (Fig. 1). However, to have a favorable impact on
the TI, the efficacy (median effective dose) would have to either
not change or have a relatively lesser degree of change than the
increase in LD5(>.In mice with the MCA-106 sarcoma the
therapeutic dose appears to change in parallel to the lethal dose.
Comparison of the therapeutic effect of equitoxic doses allows
a direct assessment of the TI and the results indicate a signifi
cant reduction in antitumor activity against the MCA-106 in

one comparison (Fig. 4A) but no significant difference in an
other comparison (Fig. 4B) of equitoxic doses given to control
and TNF-tolerant mice. Further evidence for the overall mini
mal change in TI by the induction of TNF tolerance in mice
bearing the MCA-106 tumor is the highly significant correla
tion between toxicity and efficacy when control and TNF-
tolerant groups are compared together (Fig. 5).

In mice with the MCA-102 sarcoma, the development of
TNF tolerance had an overall detrimental effect on the TI of
TNF as even though the LD50 dose was increased, the effective
dose was increased to a greater degree. MCA-102 control mice
treated with 3 /ng of i.v. TNF had a 67% survival (Fig. 1), and
a significant decrease in tumor growth. While TNF-tolerant
mice with the same tumor treated with an equitoxic dose of
TNF (9 jug, 64% survival) demonstrated no significant antitu-
mor effects (Fig. 4C). This reduction of the antitumor effect of
TNF in tolerant mice bearing the MCA-102 sarcoma did not
appear to be due to inadequate administration of i.v. TNF
because the next higher TNF treatment dose (12 ^g) killed all
tolerant mice (Fig. 1).

Treating mice from 3 to 8 days following implantation of a
s.c. sarcoma with twice daily i.p. injections of TNF did not
decrease or slow tumor growth. The lack of antitumor effect
during tolerization was expected as it is known that TNF does
not exert antitumor activity on small tumors or with low doses
(15). Surprisingly, for the MCA-106 tumor tolerization to TNF
led to an actual significant increase in tumor growth compared
to control mice in two separate experiments (Fig. 2B). The
etiology of this augmented growth is unclear. In vitro studies
suggest that tumor cell lines may become tolerant to the lethal
effects of TNF with repeated exposure (5). Endogenous TNF
activity has been measured in animals (16) and humans (17)
bearing malignant tumors. Perhaps this endogenous TNF ac
tivity is present in the mice bearing MCA-106 sarcomas and
has antitumor effects which are inhibited by prior exposure to
human recombinant TNF during the tolerization period result
ing in augmented tumor growth in control mice that did not
receive TNF i.v.

The mechanism of TNF tolerance is unknown. Studies of the
same phenomenon in rats indicate that TNF tolerance is not
due to host production of neutralizing antibodies or pharma-
cokinetic alterations in TNF degradation or clearance (7). The
development of TNF tolerance induced by i.p. injection of
human recombinant TNF in the rat produced no circulating
anti-human TNF IgG or IgM antibodies. Also the clearance of
an i.v. or i.p. bolus of TNF in rats was no different in control
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and TNF-tolerant animals. The precise mechanism of TNF
cytolytic activity against neoplastic cells in vivo is also unclear
(5). Proposed mechanisms include activity through oxygen-free
radicals (18), a primary effect of TNF on the vasculature or
endothelial cells (4, 19, 20), an immunologically mediated
antitumor effect (1,4, 20), or fragmentation of nuclear DNA
by TNF (21). The mechanisms of tumoricidal activity appear
to interrelate with the mechanism of TNF tolerance. TNF
toxicity towards the host and the antitumor effects may function
partially via the same mechanism.

The tolerization of TB mice to TNF by repeated low doses
of TNF may result in selection of tumor cells that are resistant
to the anticellular activity of TNF. It may be the selection of
these TNF-resistant cells (by repetitive low-dose TNF exposure)
that accounts for the reduced efficacy of high-dose TNF anti-
tumor treatment in tolerant mice (Fig. 4, A and C). Our
hypothesis for the mechanism of TNF tolerance in both host
and tumor cells is the down-regulation of the number or affinity
of specific TNF cell surface receptors that are known to be
present on a variety of normal cells (22). Because tumor cells
appear to be affected by low-dose TNF exposure similarly to
normal cells, it appears that receptor down-regulation may also
apply to tumor cell TNF insensitivity. Our previous work (7)
indicates that TNF tolerance is present for at least 4 days after
low-dose TNF exposure and it clearly dissipates by 16 days.
Patton et al. (9) have demonstrated that some TNF tolerance
can persist for as long as 10 days after TNF treatment. If one
desired to minimize the possibility of the development of tol
erance to the effects of TNF, one would have to wait 2 weeks
between doses. Waiting for this interval may even increase the
antitumor activity of TNF, but experiments need to be done to
study this concept. The apparent tolerance to both the toxicity
and antitumor activity of TNF shown in the present study may
also explain the uniform failure to observe antitumor activity
in phase I clinical trials in which the doses of TNF were
escalated to toxicity-limiting levels. Multiple, repetitive doses
of TNF may result in the development of TNF tolerance which
may impact negatively on the antitumor efficacy of TNF. Stud
ies in humans with cancer will be necessary to determine
whether TNF tolerance occurs with repeated administration.

In the present study, experiments were designed such that
the tolerization doses of TNF had no antitumor effect (Fig. 2;
Ref. 15) so that the effect of TNF tolerance on therapeutic
outcome versus controls could be clearly evaluated. Another
experimental approach probably more relevant to human pro
tocols would be to give a "tolerization dose" such that it would

also have antitumor activity and then evaluate subsequent TNF
treatment toxicity and outcome. In such experiments the dis
tinction between the development of the TNF-tolerant condi
tion and antitumor effects are blurred so that the impact of
TNF tolerance on antitumor activity would be more difficult to
evaluate.

Recombinant TNF may still play an important role in im-
munotherapy as several recent reports have demonstrated a
synergistic effect between TNF and other agents, such as inter-
leukin 2 (23, 24), -y-interferon (25), and monoclonal antibodies

(26). In addition, dosages and administration regimens may be
chosen to minimize tolerance and enhance tumor kill. Whether
TNF tolerance occurs when TNF is used in conjunction with
other cytokines is unknown and requires further study.

Based on the observations of tolerance to the antineoplastic
effects of TNF reported here, the development of TNF tolerance
in humans must be studied systematically. One clinical protocol
reported no development of tolerance to the pyrogenic effect of

TNF (2), but a similar lack of tolerance to the febrile response
induced by TNF in experimental animals has also been observed
(27). Therefore, if tolerance to the antineoplastic effects of TNF
exists and can be identified in humans, then treatment protocols
which are planned to lessen or to eliminate the development of
TNF tolerance may augment efficacy. Further studies on the
mechanism of TNF tolerance may also elucidate the mechanism
of TNF antitumor effects and acute toxic effects because obser
vations reported here suggest that the two mechanisms are
directly related.
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