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ABSTRACT

These studies were designed to examine the immunomodulatory and
immunotherapeutic properties of recombinant murine interferon gamma
(rM IFN-7) and recombinant human tumor necrosis factor (rii INF).
We report that rM IFN-7 activated murine natural killer cells and
macrophages in a dose-dependent manner in vivo. The rM IFN-7, which
demonstrated a bell-shaped therapeutic response curve, must be admin
istered at specific doses and schedules to produce optimal therapeutic
activity. Optimal activity was observed after i.v. administration of 50,000
I /animal rM IKN-7 three times per week. In contrast, rl ITNF produced
its major therapeutic activity in the treatment of metastatic disease after
i.v. but not i.p. administration. The therapeutic effects of rl I TNF were
as great in these in vivo systems as those of rM IFN-7. Furthermore,
rii TNF had additive therapeutic activity when administered in conjunc
tion with suboptimal doses of rM IFN-7. Unlike rM IFN-7, rH TNF
did not activate natural killer cells in vivo or in vitro but did augment in
vivo and in vitro macrophage tumoricidal activity. It also had synergistic
cytostatic properties with rM IFN-7 for some murine tumor cell lines in
vitro. High levels of rH TNF were readily detected hi the serum with a
half-life of approximately 30 min after i.v. administration. In contrast,
only minimal serum TNF activity occurred after i.p. administration,
suggesting that i.v. administration may more efficiently facilitate systemic
therapeutic activity. In summary, rH TNF and rM IFN-7 have therapeu
tic activity for metastatic disease as individual agents and additive ther
apeutic activity when used in combination. Furthermore, it appears that
in addition to therapeutic potential as cytostatic agents, the immunomod
ulatory properties of rH TNF have a role in its therapeutic properties.

INTRODUCTION

The adequate evaluation of the immunomodulatory and ther
apeutic activities of cytokines was hampered until recently by
the lack of sufficient amounts of purified materials. Recombi-
nant DNA technology has made it possible to produce many of
these cytokines in large quantities. Nonetheless, the initial
clinical trials with rH IFN3 have yielded only limited clinical

responses, similar to those observed with natural interferons
(1-15). One possible explanation for these disappointing results
is that the therapeutic protocols for IFN have not been opti
mized for inducing immunomodulation (13, 16). In the studies
reported here, we examined the immunomodulatory and im-
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munotherapeutic properties of rM IFN-7 and rH TNF alone
and in combination.

Most clinical trials with IFN (recombinant and natural) have
been undertaken with human a-interferon, and only recently
have clinical trials been initiated to examine immunomodula
tion and therapeutic efficacy of rH IFN-7. IFNs are secreted
proteins that induce an antiviral state in their target cells and
have both immunomodulatory and direct antitumor properties.
Few data are presently available concerning the immunomod
ulatory and therapeutic properties of IFN-7. The antiprolifer-
ative effect of IFN-7 has been reported to be 10-100-fold
greater than that of IFN-a or IFN-/3 (17), suggesting greater
therapeutic potential. rM IFN-7 was also found to be 10-100-
fold more potent than IFN-a in the augmentation of cytotox-
icity mediated by NK cells (18) and macrophages (19).

The cytokine that became known as TNF was first reported
by Carswell et al. (20). Sera from endotoxin-treated rodents,
which had been sensitized with an immunopotentiator such as
Bacillus Calmette-GuÃ©rin, contained a substance that, when
injected into mice with transplantable tumors, caused extensive
hemorrhagic necrosis of the tumors. TNF is also found in
culture supernatants from macrophages treated with endotoxin.
Partially purified and recombinant preparations of TNF have
been tested for direct cytotoxicity against murine and human
cell lines in vitro and in vivo (21-27). Tumor but not normal
cell lines from both species are susceptible to the cytotoxic
activity of murine and human TNF. Furthermore, murine TNF
is active against human and murine tumor transplants in nude
and normal mice, respectively. However, few immunotherapeu
tic studies have been undertaken with either recombinant, par
tially purified or impurifica TNF, and most of these have been
against s.c. or intradermal tumors. Therefore, in the present
studies, we examined the therapeutic activity of rH TNF alone
and in combination with rM IFN-7 for the treatment of estab
lished mÃ©tastases.

MATERIALS AND METHODS
Animals. Specific pathogen-free male C57BL/6N mice (H-2b) and

C3H/HeN MTV mice (H-2"), 3 or 4 weeksof age, were obtained from
the Animal Production Area of the National Cancer Institute-Frederick
Cancer Research Facility.

Tumors. These studies used the Moloney virus-induced lymphoma
YAC-1 (28) of A/SN (H-2") origin. Adherent cell lines included the
metastatic melanoma variant B16-BL6 (29) from the B16 melanoma,
which arose spontaneously in a C57BL/6N (H-2b) mouse and the
spontaneous lung carcinomas M109 (30) and 3LL, which are syngeneic
to the BALB/c (/f-2'0 and C57BL/6 mice, respectively.The metastatic
variant 3LL-M2 was isolated from a pool of spontaneous 3LL lung
mÃ©tastases(31). The L-cell variant L-929 was also used (32). All
adherent cell lines were maintained as monolayers in Eagle's minimum
essential medium supplemented with 5% fetal bovine serum, 2-fold-
concentrated vitamin solution, glutamina, sodium pyruvate, and non-
essential amino acids. The YAC-1 tumor cell line was grown in RPMI
1640medium supplemented with 10%fetal bovineserum and the same
medium supplements used with Eagle's minimum essential medium.

All cell lines were free of Mycoplasma and pathogenic murine viruses
(33).
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THERAPEUTIC PROPERTIES OF IFN-y AND TNF

Agents. Polyinosinic-polycytidylic acid complexed with poly(I,C)-LC
was provided by Dr. Hilton Levy, National Institute of Allergy and
Infectious Disease, Frederick, MD. The rM IFN-7 (1.3 x IO7 U/mg),
rH TNF (5 x IO7 U/mg), and rH TNF were generously provided by

Genentech (S. San Francisco, CA). All media, salt solutions, and agents
were endotoxin negative, as determined by the Limulus lysate assay
(- ". I ng/ml).

Cytostasis Assay. The cytostatic properties of rH TNF and rM
IFN-7 were assessed following the coculture of 10,000 tumor cells and
various doses of the agents in 96-well plates. After a 24-h incubation at
37Â°C,the wells were pulsed with 1 /Â¿Ci[3H]thymidine and incubated an

additional 24 h. The wells were washed with warm medium and the
cells were trypsinized and harvested with a MASH harvester (33). The
incorporation of [3H]thymidine was determined using a ÃŸscintillation

counter. We used the following formula to determine the percentage of
cytostasis:

of cytotoxicity = 100 x experimental cpm
control cpm

(4)

Assay of Macrophage-mediated Cytotoxicity. We collected thiogly-
collate-elicited peritoneal exÃºdatecells and performed the macrophage
cytotoxicity assay as previously described (33). Briefly, 100,000 mac
rophages were plated into each well of a 96-microwell plate, and
nonadherent cells were removed. The monolayers were incubated with
control medium or activating agents for 24 h, after which the medium
was removed and replaced with medium containing 10,000 125I-idoxu-
ridine-radiolabeled target cells. In v/Vo-activated macrophages were
obtained by harvesting peritoneal exÃºdatecells 24 h after i.p. injection
of phosphate buffered saline (negative control), poly(I,C)-LC (positive
control), or a recombinant cytokine. These peritoneal exÃºdate cells
were adherence purified and cocultured with radiolabeled B16-BL6
target cells. In some wells, 5 ng/ml LPS was added with the tumor cells
as a second signal. The cytotoxicity assays were terminated 72 h after
the addition of target cells by washing the monolayers, lysing the
remaining viable adherent cells, and monitoring radioactivity with a y
counter. Under the conditions of our assay, untreated macrophages are
not cytotoxic to neoplastic cells. The cytotoxic activity of the macro
phages was calculated according to this formula:

% of cytotoxicity = 100

(cpm in target cells cultured with normal macrophages)
â€”(cpm in target cells cultured with test macrophages)

(cpm in target cells cultured with normal macrophages)' (B)

Augmentation of NK Cell Activity. In vivo augmentation of NK
activity was assessed after i.v. injection of various doses of each recom
binant cytokine, poly(I,C)-LC (positive control), or saline (negative
control). NK augmentation studies routinely used 3-week-old C3H/
HeN mice, because mice of this age provide a very low base line of NK
activity (33). NK cell activity was assessed in a 4-h "Cr-release assay

using YAC target cells as previously described (33). Organ (lung and
liver) lymphocytes for NK cell assays were isolated as previously de
scribed (18, 33). Prior to isolation of these parenchyma! lymphocytes,
the mice were exsanguinated by cutting the renal arteries and the lungs
and liver perfused, to prevent any possible contamination by peripheral
blood lymphocytes (18).

Therapy of Established MÃ©tastases.Experimental lung mÃ©tastases
were established in 8-week-old C57BL/6 mice by i.v. injection of 50,000
in v/Vro-propagated B16-BL6 melanoma cells in 0.2 ml CMF-HBSS.
The schedule for therapy of mÃ©tastasesby BRM varied in each experi
ment and is described within the text. We continued therapy for 4
weeks and mice that survived 5 weeks after tumor challenge were killed
and necropsied. Determinations of therapeutic efficacy were based on
the number of pulmonary mÃ©tastases.

We also evaluated the therapeutic efficacy of recombinant cytokines
against spontaneous mÃ©tastasesderived from B16-BL6 melanoma.
B16-BL6 melanoma cells 50,000 in 0.05 ml CMF-HBSS were injected
into the posterior footpads of 8-week-old syngeneic mice. When the
primary tumor reached a diameter of 0.8-1 cm, the tumor-bearing leg

was resected at midfemur to include the popliteal lymph node. We
initiated therapy 24 h later, using various protocols for a total of 4
weeks. Animals were necropsied 1 week after the last injection, and the
number of lung mÃ©tastasesin each group was determined.

Statistical Analyses. The NK and macrophage assays had three
samples per group, while the cytostasis assays used four samples per
group. The paired Student's t test was used to determine any significant

difference from the appropriate control groups. The difference between
the extent of metastasis (experimental or spontaneous) of control
(CMF-HBSS-treated animals) and experimental groups was deter
mined using the nonparametric Mann-Whitney U test. Ten animals
were included in each group.

RESULTS

Augmentation of NK Activity. Injection (i.v.) of rM IFN-7
significantly augmented NK activity in a dose-dependent man
ner in the spleen and peripheral blood, as well as in the lungs
and the liver, which are common sites of metastatic formation
(34). Repeated administration of rM IFN-7 resulted in hypo-
responsiveness of NK activity at these sites (Table 1). NK cell
activity was assessed 24 h after the last of eight daily injections
in the multiple-treated mice. The NK activity of mice which
received a single injection of rM IFN-7 was assessed in this
experiment 48 h after administration. In previous studies, we
have found that NK activity peaks at 48-h postinjection, al
though similar high levels of activity are seen at 24 h (18 and
results not shown). We also assessed the ability of rH TNF to
augment NK activity in the various anatomical compartments
to determine its in vivo immunomodulatory properties. In con
trast to rM IFN-7, rH TNF was unable to augment NK cell
activity in any of the compartments examined (Table 2). RH
TNF was administered at 50,000 or 500,000 U/animal 1 day
before assay or daily beginning 3 days before the examination
of NK activity. Under these conditions, rH TNF was unable to
augment NK cell activity. In contrast, the positive control,
poly(I,C)-LC, significantly augmented NK cell activity in every
compartment examined. In other studies, rH TNF doses from
100 to 1 x IO6 U/animal were found to have no splenic NK

cell augmentation properties.
Augmentation of Macrophage-mediated Cytotoxicity by rM

IFN-7 and rH TNF. The ability of rM IFN-7 and rH TNF to
activate macrophages in vivo was assessed using peritoneal
exÃºdate macrophages obtained 24 h after i.p. injection of either
cytokine. The data presented in Table 3 demonstrate that these
agents were able to augment macrophage-mÃ©diate cytotoxicity
in vivo. Macrophage augmentation in vivo occurs at levels of
rH TNF > 1 U/animal and > 10,000 U/animal of rM IFN-7.
The level of cytotoxicity induced by rM IFN-7 or rH TNF was
further augmented by adding 5 ng/ml LPS to the cytotoxicity
assay. In other studies, increased macrophage activation has
been observed following multiple injections of rM IFN-7 com
pared to a single injection. A "bell-shaped curve" is also com

monly observed in these studies (results not shown). This in
vivo augmentation of macrophage-mediated tumoricidal activ
ity may be secondary to TNF production or release of a cytokine
that acts as a secondary macrophage-activating agent. The
results shown in Table 4 demonstrate that even high concentra
tions of rH TNF were only minimally effective in augmenting
macrophage-mediated /// vitro cytotoxicity in the absence of a
secondary LPS signal. In vitro activation of macrophage tu
moricidal activity with a secondary LPS signal occurs at levels
of TNF that do not result in direct cytotoxicity to B16-BL6
tumor cells. Although both rH TNF and rM IFN-7 can signif
icantly activate macrophage tumoricidal activity in the absence
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THERAPEUTIC PROPERTIES OF IFN-y AND TNF

Table 1 Systemic nature ofNK cell augmentation and NK cell hyporesponsiveness induced by rM IFN-y
Saline (negative control) and poly(I,C)-LC (positive control) were injected i.v. on day -1. rM IFN--y was injected i.p. either once or daily (8 x) before we assessed

splenic, peripheral blood, lung, and liver NK cell activity at time 0 using "Cr-labeled YAC-1 target cells.

Percentage of cytotoxicity at various effector-to-target cellratiosBRMSaline

Poly(I,Q-LC
rM IFN-7
rM IFN-7Dose

per
animal10

Mg
50,000 U
50,000 USchedule

(day)-1-2

dailySpleen50:18

32*
30"12Â»12:13

15Â«ir2Â»Peripheral

blood30:11

8"3*8:11 3
7
1Lung30:11152"

40Â°
21Â°-*8:14

35"20Â°

5"Liver50:1-1

63Â°
30Â°12:1-4

56Â°
19Â°
6Â»

" Significant augmentation of NK cell activity (p < 0.01, as determined using the paired Student's i test).
'' Significant depression of NK cell activity compared to mice receiving a single injection of rM 11-N -â€¢>QÂ»s 0,01, IS determined using the paired Student's t test).

Table 2 Ability ofrH TNF to augment NK cell activity
Saline (negative control) and poly(I,C)-LC (positive control) were injected i.v. on day â€”1. rH TNF was injected i.v. either once or daily (3 x) before we assessed

NK activity in spleen, peripheral blood, lung, and liver in a 4-h "Cr-release assay.

Percentage of cytotoxicity at various effector-to-target cellratiosBRMSaline

Poly(I,C)-LC
rHTNF
rHTNF
rHTNFDose

per
animal10

Mg500,000
U

50,000 U
50,000 USchedule

(day)-1

-1-1

-1-3,
-2, -1Spleen50:17

38"

1513

1212:12

28"12107Peripheral

blood25:19

20'7

4
66:13

9"4

2
1Lung30:112

74'

10
7
912:12

39Â°

4
4
6Liver50:117

l(f10

7
1212:11

52Â°

5
2
4

" Significant augmentation in NK cell activity compared to saline-treated mice (p < 0.01, as determined using the paired Student's / test).

Table 3 In vivo activation of macrophages by rH INF and rM IFN-y
Saline (negative control), poly(I,C)-LC (positive control), rM IFN-i, and rH

TNF were injected i.p. 1 day before we assessed peritoneal macrophage-mediated
tumoricidal activity in a 72-h 125I-idoxuridine radiolabeled assay.

BRMSalinePoly(I,C)-LCrM

IFN-7rM
IFN-7rM
IFN-7rM
IFN-7rM
IFN-7SalinePoly(I,C)-LCrHTNFrHTNFrHTNFrHTNFrHTNFrHTNFMacro

phages/
Dose/ mouse
animal (x10')luÃ500,000

U100,000
U50,000
U10,000

U1,000
UI

Mg10,000
U1,000

U100
U10
U1U0.1

U5.07.86.36.64.95.76.51.43.43.02.71.92.11.61.7-LPSt+LPS%

Cytotox- '

cpm icitycpm389727982817282533643939375233682658244720231383128629373317ir28*28"14'0421*27*40Â«59*62"13'0446841584679926423229416742012023152816141232109226173897%
Cytotox
icity7.1*89.5Â°77.3Â°85.6Â°27.6Â°0.952Â«64Â«62"74"74'38*7

Table 4 In vitro activation of peritoneal macrophages by rH TNF and rM IFN-y
Thioglycollate-elicited peritoneal macrophages were incubated for 24 h with

medium and poly(I,C)-LC (positive control), or various doses of rH TNF or rM
IFN-7, after which 'â€¢'"I-klo\ uriti iin- Iain-led B16-BL6 tumor cells were plated onto

the peritoneal macrophage monolayers in triplicate, incubated for 72 h, and
assayed for cytotoxicity.

-LPS +LPS

BRM Dose/ml
%Cytotox- % Cytotox-

cpm icity cpm icily

" Significant augmentation in macrophage-mediated tumoricidal activity (p <
0.01, as determined using the paired Student's r test) compared to the appropriate

saline control.

of exogenous endotoxin, a significant increase in tumoricidal
activity was observed when 5 ng/ml LPS was added to the
cultures as a second signal (35). The in vivo activated macro
phages by rM IFN-7 appear to be more sensitive to the second
ary LPS signal than in vitro activated macrophages. This may
be due to the longer macrophage rM IFN-7 interaction afforded
by the in vitro culture conditions. The induction of macrophage-

mediated tumoricidal activity by rH TNF is the first indication
that TNF can augment the cytotoxic activity of macrophages.
It should be stressed that this activation occurred with reagents
and media that contained less than 0.1 ng/ml endotoxin con
tamination, as determined by the Limulus amebocyte lysate
assay as well as levels of rH TNF that were not directly
cytostatic to the targets (Table 4). The augmentation of mac
rophages implies that the therapeutic activity of TNF may result

MedianPoly(l,C)-LCrHTNFrHTNFrHTNFrHTNFrHTNFrHTNFrHTNFrHTNFMedianPoIy(I,C)-LCrM

IFN-7rM
IFN-7rM
IFN-7rM
IFN-7rM
IFN-7rM
IFN-7rM
IFN-7rM

IFN-70.1

Mg10,000
U1,000

U100U10

U1
U0.1
U0.01
U0.001
U0.1

Mg500
USOU5U0.5

U0.05
U0.005
U0.0005
U0.0001

U1697973143115501607174317391722168217097875121180100066951652857564379242*16'9500000(27)35Â°0015'34'32"27*18"0160398714571190985872907900988175785762115517723937364960771279835Â°926Â°38Â«46"43'44Â«38*0(46)27"82Â«79Â°72*56'24'29*ir7
" Significantly increased cytotoxicity compared to complete minimum essential

medium control; p Â£0.05 (paired Student's t test).

from both direct antiproliferative or cytotoxic activity and
immunomodulatory function.

Antiproliferative Activities of rM IFN--y and rH TNF. The
cytostatic properties of both rM IFN-7 and rH TNF were
examined against L-929 cells, the high metastatic variant of
Lewis lung carcinoma (3LL-M2), the invasive variant of B16
melanoma (B16-BL6), and a spontaneous lung carcinoma of
BALB/c mice (Ml09) (Table 5). L-929 and B16-BL6 cells were
sensitive to the direct antitumor effects of rM IFN-7 and rH
TNF, although B16-BL6 cells were not sensitive to doses below
1000 U/ml rH TNF. In contrast, the 3LL-M2 cell line was
only slightly sensitive to rM IFN-7 and rH TNF. However, the
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Table 5 Direct cytoslasis activity ofrH TNF and rM IFN-y

Tumor cells were seeded at 10,000 cells per well and cultured for 24 h in the
presence of rH TNF, rM IFN-, or an admixture of both. Cells were then pulsed
with | 'I I|ih\mulini- for 24 h and harvested using a 24-well automatic harvester.

TumorM

IIW3LL-M2B16-BL6L-929rHTNF(U/ml)01101001000011010010000110100100001101001000Percentage

of cytostasis rM IFN--y(U/ml)00000002400838Â«0649"96Â«10000010058000540*0712*45"93Â«101002210Â«16'16'Â¡or71'32Â«35*34'67Â«90Â«11Â«10"19Â«46Â«95"100600611Â«14Â«20Â«24Â«41Â«81Â«75Â«70Â«82Â«98Â°100"27"31Â«46Â«67Â«94"100030110Â«ir19Â«25Â«28"51Â«87"78"rr88Â«99Â°100Â°30Â°33Â«47Â«74Â«94Â«

Â°Significant decrease in cpm compared to medium controls as determined by
the paired Student's / test (p < 0.05).

Table 6 Immunotherapy of experimental metastasis with rM IFN-y
Syngeneic mice (C57BL/6) received 50,000 B16-BL6 tumor cells by i.v.

injection, and immunotherapy was initiated 2 days later. Therapy consisted of
i.v. injection of each BRM for four consecutive weeks. Necropsies were performed
on day 35 and the extent of experimental metastasis was determined with the aid
of a dissecting microscope (N = 10).

BRMSaline

Poly(I,C)-LC
rH IFN-a A/D
rM IFN-7
rM IFN-7
rM IFN-7Dose/

animal10

Mg50,000

U
10,000 U
50,000 U

100,000 USched

ulebiw*

tÃw
biw
biw
biw
biwMetÃ¡stasisMedian>300

11.5
88

>300
>300

55(Range)(31->300)

(0->300)
(0->300)
(7->300)

(10->300)
(2->300)PÂ°0.025

0.03
0.115
0.22
0.025

" Probability of no difference in the number of lung nodules compared to mice
that received saline control, as determined using the Mann-Whitney U test.

* biw, biweekly; tiw, three times per week.

3LL-M2 and B16-BL6 cell lines were quite sensitive to treat
ment with a mixture of rH TNF and rM IFN-7. In contrast,
rH TNF and rM IFN-7 together had very little effect on M109
cells. These results confirm that solid tumors have different
sensitivities to rH TNF and rM IFN-7 and that some tumors
that are resistant to rH TNF and IFN-7 are sensitive to treat
ment with a mixture of these cytokines (23, 24).

Therapy of Experimental Metastatic Foci with rM IFN-7.
Because rM IFN-7 exhibited some direct antitumor effects in
vitro (Table 5), we designed studies to determine whether it was
also active in vivo against the same tumors. Therapy with rM
IFN-7 was initiated 2 days after i.v. injection of B16-BL6 tumor
cells (Table 6). By this time, multiple microfoci of tumor cells
were histologically evident in the lungs. RM IFN-7 significantly
reduced the median number of experimental mÃ©tastasesin a
dose- and schedule-dependent manner. At 100,000 U/animal,
rM IFN-7 had significant therapeutic activity after twice-weekly
i.v. injections for 4 weeks, whereas 10,000 or 50,000 U/animal
administered by biweekly i.v. injections had no therapeutic
activity (Table 6). One of the positive controls, rH IFN-a A/D,
which was previously reported to have therapeutic activity in
this model ( 18), was active at 50,000 U/animal when adminis
tered by biweekly i.v. injections. In further studies, we examined
the therapeutic activity of rM IFN-7 administered in various
doses and schedules (Table 7). We found significant therapeutic

Table 7 Treatment of experimental metastasis with rH IFN-y

Syngeneic mice (C57BL/6) received 50,000 Hid HI 6 tumor cells by i.v.
injection, and immunotherapy was initiated 2 days later. Therapy consisted of
i.v. injections of each BRM for 4 consecutive weeks. Necropsies were performed
on day 35 and the extent of experimental metastasis was determined with the aid
of a dissecting microscope (N ~- 10).

BRMSalinePoly(I,C)-LCrH

IFN-aA/DrM
IFN-7rM
IFN-7rM
IFN-TrM
IFN-frM
IFN-7rM

IFN-7Dose/

animal10

Mg50,000
U10,000
U50,000
U50,000
U50,000
U50,000

U100,000
USched

uletiw*tiwtÃwtiwbiw*tiwDailyDailytiwMetÃ¡stasisRoutei.v.I.V.I.V.I.V.LV.I.V.i.m.LV.I.V.Median>30085826229246>30078>300(Range)(57->300)(0-169)(3->300)(29->300)(6->300)(8->300)(18->300)(3->300)(8->300)P"0.0010.0150.310.350.0080.470.0080.27

" Probability of no difference in the number of lung nodules compared to mice
that received saline control, as determined using the Mann-Whitney U test.

* tiw, three times per week.
' biw, twice a week.

Table 8 Treatment of spontaneous metastasis with rM Â¡FN-y
B16-BL6 tumor cells were injected into posterior footpads of each mouse.

When the tumors reached a 0.9 cm diameter, the tumor-bearing limb was resected
at midfemur to include the popliteal lymph node. Therapy was initiated 1 day
later with i.v. injections for 4 weeks. Necropsies were performed 1 week after the
last injection (N =10).BRMSaline

Poly(I,C)-LC
rM IFN-7
rM IFN-7
rM IFN-y
rM IFN-7Dose/animal

0<g)10

Mg
10,000 U
50,000 U

100,000 U
50,000 UMetastasisScheduletiw*

tÃw
tÃw
tÃw
tiw
biw*Median152

3.5
25

1
65.5
24(Range)(17->300)

(0-64)
(0->300)
(0-75)
(0->300)
(0->300)P-0.004

0.106
0.0047
0.26
0.13

" Probability of no difference in the number of nodules compared to mice that
received saline control, as determined using the Mann-Whitney U test.

' tiw, three times per week.
' biw, twice a week.

activity when 50,000 U/animal of rM IFN-7 was administered
three times per week or daily. It should be noted that i.m.
injections of rM IFN-7 had no therapeutic activity at doses that
produced activity when administered i.v. This phenomenon may
result from the slow release of rM IFN-7 at levels that are too
low to produce activity. Interestingly, the administration of
100,000 U of rM IFN-7/animal three times a week produced
no therapeutic activity in contrast to the injection of 50,000 U/
animal rM IFN-7 on a three times per week schedule. This was
consistently observed in three out of three experimental metas
tasis therapy studies undertaken to date. These results demon
strate that rM IFN-7 has significant antitumor effects against
established experimental micrometastases, but the effectiveness
of this lymphokine is highly dependent on dosage and schedule.

Therapy of Spontaneous MÃ©tastaseswith rM IFN-7. Because
the data reported in Tables 6 and 7 demonstrated that rM IIN
7 was active against experimental micrometastases, we under
took experiments to determine whether this lymphokine would
also be active against spontaneous mÃ©tastases.The results of a
representative experiment, in which we used three schedules of
administration, are reported in Table 8. Mice were entered onto
this therapeutic protocol 24 h after resection of the primary
B16-BL6 footpad tumor. Mice that received excipient (Hanks'

balanced salts solution) injections developed a median of 152
spontaneous mÃ©tastases.However, mice treated with the posi
tive control, poly(I,C)-LC at 10 Mg/animal, had a median of 3.5
spontaneous mÃ©tastases.In contrast to treatment protocols
using rM IFN-7 at 10,000 or 100,000 U/animal, 50,000 U/
animal administered three times per week had significant ther
apeutic activity, reducing the median number of mÃ©tastasesto
one. After treating animals with 100,000 U/animal rM IFN-7

2566

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/10/2563/2427536/cr0470102563.pdf by guest on 19 M

ay 2023



THERAPEUTIC PROPERTIES OF IFN-f AND TNF

three times per week (median of 65.5 mÃ©tastasesper animal),
we observed no significant therapeutic activity, compared to
saline or 50,000 U/animal rM IFN-7 administered three times
per week; these results support the findings of our experimental
metastasis therapy studies (Table 7). In agreement with the
experimental metastasis assay shown in Table 6, 50,000 U/
animal administered twice a week had no therapeutic activity.
Therefore, rM IFN-7 appears to have a schedule- and dosage-
dependent optima of therapeutic activity at 50,000 U/animal
administered three times per week for the treatment of experi
mental and spontaneous mÃ©tastases.

Therapy of Experimental and Spontaneous MÃ©tastaseswith
rM IFN-7 Alone or in Combination with rH TNF. The results
of treating spontaneous mÃ©tastaseswith three times per week
i.v. injection of rH TNF are shown in Table 9. These animals
were treated with 1,000,000, 500,000, 50,000, 5,000, or 500
U/animal of rH TNF. When rH TNF was administered by i.v.
injection, 10 Â¿Â¿g/animalwas close to the maximum tolerated
dose; indeed this dose of rH TNF is the LD-50 when the agent
is administered by i.v. injection. We observed significant ther
apeutic activity when 50,000 or 5,000 U/animal rH TNF was
administered by i.v. injection, but none of the doses produced
significant activity when an i.p. route of administration was
used (Table 10). Unlike, rH TNF, daily i.p. injections of 50,000
U/animal rH IFN-7 had significant therapeutic activity. Inter
estingly, when 50,000 U/animal of rH TNF was admixed with
rM IFN-7 and administered daily by i.p. injection for 4 weeks,
we noted a significant increase in therapeutic activity compared
to the activity of rM IFN-7 alone (p = 0.01). In a similar study
of B16-BL6, spontaneous mÃ©tastaseswere treated with therapy
initiated 24 h after surgical resection of footpad tumors (average
diameter 1 cm). When we administered daily i.p. injections of

Table 9 Treatment of spontaneous metastasis with rH TNF
B16-BL6 tumor cells were injected into the left or right posterior footpad of

each mouse. When the tumors reached a 0.9 cm diameter, the tumor-bearing limb
was resected at midfemur to include the popliteal lymph node. Therapy was
initiated 1 day later with tiw (three times per week) i.v. injections for 4 weeks.
Necropsies were performed on day 29, 1 day after the last injection (N = 10
mice).

Metastasis

BRM Dose/animal MST Median (Range)

HBSSPoly(I,C)-LCrHTNFrHTNFrHTNFrHTNFrHTNF10/ig1,000,000

U500,000
U50,000

U5,000
U500

U>29>29317>29>29>29111000125(16-27)(0-4)(0-1)(0-65)(0-36)(0-36)(0-65)0.0000.0000.0270.0340.0200.496
' Probability of no difference in the number of nodules compared to mice that

received saline control, as determined using the Mann-Whitney U test.

rH TNF over a three-log dose range, no significant therapeutic
activity was observed (Table 11). In contrast, poly(I,C)-LC and
daily i.p. injections of 50,000 U/animal rM IFN-7 produced
significant therapeutic activity. However, we observed signifi
cant activity when i.p. injections of rM IFN-7 (50,000 U/
animal) and rH TNF (500,000 U/animal) were concomitantly
administered on a daily basis. Indeed, the administration of
these two cytokines together produced significantly more activ
ity than rM IFN-7 (P = 0.041). This increase in therapeutic
activity was suggested by the in vitro cytostatis studies reported
in Table 5. Therefore, it appears that at least part of the
therapeutic activity of these cytokines is associated with their
cytostatic properties. However, this is unlikely to be the com
plete mechanism of activity, because we found approximately
1,000 U/ml of serum TNF after the i.p. administration of
100,000 U/animal of rH TNF (Fig. 1). This level, which was
maintained for 10 min after i.p. administration, is sufficient in
vitro to produce cytostatic and cytotoxic activity against B16-
BL6 cells but only if maintained for 24 h. It is somewhat more
likely that any therapeutic activity achieved with rH TNF by
i.p. injection is associated with the immunomodulatory prop
erties of that agent. After i.v. administration of 100,000 U/
animal of rH TNF, TNF levels of approximately 10,000 U/ml
are obtained, which is sufficient to kill over 95% of B16-BL6
tumor cells in vitro (results not shown). However, this high
level of serum rH TNF activity was transient (30 min) and is
not maintained long enough to produce cytostatic activity
against B16-BL6 tumor cells. It seems likely therefore, that the
immunomodulatory properties of rH TNF also have a role in
its therapeutic activity.

DISCUSSION

The most challenging aspect of cancer treatment is the con
trol of mÃ©tastasesthat are present at primary tumor diagnosis
(33, 34, 36). Therefore, central to the application of a BRM to
clinical oncology is the systematic preclinical development of
protocols for the treatment of preexisting, well-established mÃ©
tastases. These studies can then be used as a guide for the design
of clinical protocols. Optimization of administration protocols
should be applicable to Phase Ib and/or Phase II clinical trials.
In addition to determining a maximum tolerated dose, preclin
ical models should be used to determine the optimal therapeutic
protocol that may subsequently be translated into clinical trials.
The optimal therapeutic property depends not only on dosage
but also on the schedule, duration, and route of administration.
In several preclinical and clinical studies of immunomodula-
tion, a bell-shaped dose-response curve has been observed (37,

Table 10 Treatment of experimental metastasis with rH TNF and rM IFN-y
C57BL/6 mice were injected i.v. with 5 x IO1 B16-BL6 tumor cells, and immunotherapy was initiated 2 days later. Therapy consisted of the injection of each

BRM for 4 consecutive weeks. Necropsies were performed 35 days following tumor challenge, and the extent of experimental mÃ©tastaseswas determined with the aid
of a dissecting microscope (N - 10).

MetastasisBRMSalinePoly(I,C)-LCrHTNFrHTNFrHTNFrHTNFrM

IFN-7rH
TNF/rM IFN-?Dose/animal10

Mg500,000
U50,000

U500,000
U50,000
U50,000
U50,000

URoutei.p.I.V.M>.l.p.l.p.I.V.i.p.i.p.Scheduledailytiw4dailydailydailydailydailydailyMedian5532629292471(range)(0->300)(0-17)(0-81)(5-141)(0-257)(6-88)(0-54)(0-5)%

of tumor-
bearingmice909090100901008070P"0.00120.070.350.160.0410.0030.009e

Â°Probability of no difference in the number of nodules compared to the mice which received the HBSS control as determined using the Mann-Whitney U test.
* tiw, three times per week.
' Probability of no difference in the number of nodules compared to the mice which received the -, II \ alone (/' < 0.01) as determined using the Mann-Whitney

U test.
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Table 11 Treatment of spontaneous metastasis with rH TNF and rM IFN-t
Syngeneic mice (C57BL/6) received footpad injections of 50,000 B16-BL6

tumor cells, and immunotherapy was initiated 2 days after resection of a 1-cm
diameter tumor. Therapy consisted of injections of each BRM for 4 consecutive
weeks. Necropsies were performed 35 days after tumor challenge, and the extent
of experimental metastasis was determined with the aid of a dissecting microscope
</V=10).

BRMSaline

Poly(I,C)-LCrHTNFrHTNFrHTNFrMIFN-rrM

IFN-7 + TNFDose/

animal10

fig500,000

U50,000
U5,000

U50,000
U50,000

USched-

Routeulei.p.

daily
i.v.tiw*i.p.

dailyi.p.
dailyi.p.
dailyi.p.
dailyi.p.

dailyMedian211

481481501957939(range)(12->300)(2-274)(16->300)(12->300)(10->300)(20-293)(3-207)f0.0450.2240.460.50.0470.019

" Probability of no difference in the number of nodules compared to mice that
received saline control, as determined using the Mann-Whitney U test.

* tiw, three times per week.

20000

o IV INJECTION-9.A IP INJECTION

30 40 50 60 70 80 90

TIME POST INJECTION Cmin)

Fig. 1. rH TNF was administered by either i.v. or i.p. injection at 100,000 U/
animal. At various times thereafter, mice were bled by the retinal orbital plexes,
and the serum was stored at -70'C. Samples were tested in a cytostatis activity
assay against L-929 cells for their TNF activity, and the pooled results from two
separate experiments were plotted.

38). These results suggest that if immunomodulation contrib
utes to the therapeutic effects of a BRM, therapeutic activity
may also follow a bell-shaped dose-response curve (36, 39).

IFN such as IFN-7 have shown little therapeutic activity
against solid tumors, including malignant melanoma, in most
clinical trials. In contrast, rM IFN-7 has consistently produced
significant therapeutic activity when directed against experi
mental and spontaneous B16-BL6 mÃ©tastases.Preclinical stud
ies with rM IFN-7 have shown that therapeutic activity depends
on dose, schedule, and route of administration. Biweekly
administration of rM IFN-7 produces therapeutic activity only
at doses of 100,000 U/animal or more. In contrast, rM IFN-7
produced activity when administered three times per week at
50,000 U/animal but not at 100,000 U/animal. Similarly, daily
injections of rM IFN-7 demonstrated less therapeutic activity;
when we directly compared triweekly and daily administration
of 50,000 U/animal (Table 7), the triweekly schedule produced
significantly stronger therapeutic activity than was achieved
with daily administration (p = 0.04). Intravenous administra
tion of rM IFN-7 resulted in significantly stronger therapeutic
activity than the i.m. (Table 7) or i.p. (data not shown) routes
of administration. This finding is presumably associated with
the higher peak serum levels achieved after the i.v. administra
tion of rM IFN-7 as compared to the lower levels associated
with i.p. or i.m. administration, which result in a more sustained
release. Thus, the i.m. injection of higher doses of rM IFN-7

may also result in similar therapeutic activity to compare i.v.
administration.

Because rM IFN-7 activity was strongly dependent on sched
ule and dose in these preclinical studies, it is logical that the
application of rH IFN-7 to clinical trials will be equally com
plex. To date, most clinical trials with rIFN have been predicted
on a "more is better" philosophy, such that most trials have

used doses relatively close to the maximum-tolerated dose.
However, the clinical trials undertaken by the Biological Re
sponse Modifiers Program, NCI-Frederick Cancer Research
Facility, against T-cell lymphoma have utilized lower doses of
rH IFN-Â«administered chronically and have achieved a con
sistent clinical effect (4). Clinical trials examining immuno
modulation with rH IFN have shown a bell-shaped dose-re
sponse curve for the activation of NK cell activity following
chronic or high-dose administration (38, 40-47). As in clinical
trials with rH IFN-7, we observed a hyporesponsive state of
NK cell activity following chronic administration of rM IFN-
7. This is a systemic hyporesponsive state occurring not only
in the spleen and peripheral blood but also in NK cells isolated
from the lung and the liver. Similar to immune monitoring
results from clinical trials, we have noted a bell-shaped dose-
response curve to rM IFN-7 in several but not all in vitro and
/// vivo immunomodulation studies (18). Because multiple in
jections of rM IFN-7 results in a NK cell hyporesponsive state,
it appears that they are unlikely to be the sole effector cell
responsible for rM IFN-7, therapeutic activity. The observation
is supported by other studies, in which therapeutic activity was
observed in animals receiving biweekly injections of antiasialo
GMI serum, which depressed NK cell activity.

In contrast to the significant and consistent therapeutic activ
ity of rM IFN-7, treatment protocols with rH TNF in the
present studies have not shown marked therapeutic activity.
When used as the sole therapeutic agent, rH TNF demonstrated
only modest therapeutic activity and only after i.v. administra
tion for the treatment of systemic disease. Fig. 1 illustrates the
serum levels of rH TNF after i.v. and i.p. administration. High
peak serum levels (20,000 U/ml) were achieved following i.v.
administration. In contrast, i.p. administration of rH TNF
results in less than 10 U/ml in serum following the injection of
50,000 U rH TNF (50,000,000 U/mg). Intramuscular injection
of rH TNF also produced serum levels of TNF that peaked
later than that observed following i.v. administration with a
slightly more sustained release of rH TNF. Therefore, it appears
that i.v. injection of TNF, as opposed to i.p. injection, is a
better route of administration for the treatment of systemic
neoplastic disease. However, when rH TNF has been directed
against experimental and spontaneous B16-BL6 mÃ©tastases,
only moderate therapeutic activity has been noted. This is in
contrast to the findings of studies examining the treatment of
Meth-A tumors at s.c. or intradermal sites (20-22, 24-26).
Meth-A sarcoma is very sensitive to TNF activity and to i.v.
administration of TNF, and this agent has showed marked
therapeutic activity against the Meth-A sarcoma (22, 24, 25).
Intralesional administration of TNF was also effective. How
ever, this route of administration is likely to be of limited value
for the majority of human cancer patients, because most tumors
are not readily accessible to intralesional injection. It should be
noted that B16-BL6 cells are sensitive to TNF in vitro at levels
that are easily achieved in the serum of animals after i.v.
injection of nontoxic doses of TNF. However, due to the
relatively brief serum half-life of TNF, it is possible that these
serum levels are not maintained long enough to result in ther
apeutic activity. In vitro cytostasis studies have revealed that
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several hours of continuous exposure to rH TNF is needed to
result in cytostasis (23, 48). A continuous infusion might be
used to advantage in clinical trials, but this method may also
increase toxicity.

Although our preclinical studies of rH TNF alone, directed
against metastatic disease, have produced disappointing results,
this compound has consistently demonstrated complementary
therapeutic activity when administered with rM IFN-7 when
both were administered i.p. It should be noted that rH TNF
was used in these studies and that greater activity might occur
with rH TNF. Most treatment protocols have involved i.p.
administration of rH TNF and rM IFN-7 to allow daily admin
istration. Additive therapeutic activity was observed in experi
mental and spontaneous metastasis models against B16-BL6
tumors. Similar results were observed against B16-BL6, M109,
and 3LL-M2 tumors located at an s.c. site (results not shown).
However, when rM IFN-7 was administered i.v. using an opti
mal therapeutic protocol, no significant increase in therapeutic
activity was observed with the incorporation of rH TNF, to the
protocol. Thus, the increased therapeutic activity requires
suboptimal rM IFN-7 protocols using either i.p. administration
or lower doses of the rM IFN-7 (10,000 U/animal administered
i.v.). However, the utilization of an optimal protocol of rH
IFN-7 within a clinical trial is at present unlikely and therapeu
tic synergism with rTNF and rIFN-7 compared to either alone
may be observed. The mechanism of this complementary effect
is not yet understood, although IFN-7 and rH TNF are additive
for the augmentation of macrophage-mediated tumoricidal ac
tivity (results not shown). An alternative, additional explanation
is that therapeutic activity may result from the additive cyto
stasis associated with IFN-7 and TNF (Table 5). This mecha
nism may involve an upregulation of receptors for TNF, a
phenomenon that has been suggested to occur after IFN-7
exposure (48). However, it is likely that both mechanisms of
action are involvedand that TNF acts as an immunomodulator
as well as a cytostatic or cytotoxic agent. In addition, rH TNF
appears to have numerous indirect effects on platelets and the
fibrin cascade and may also have toxic and therapeutic activity
via, this mechanism.4

In summary, the systematic preclinical study of immunomod-
ulatory and immunotherapeutic parameters can be very infor
mative. It remains to be determined whether such an approach
will facilitate the transition of an agent into clinical studies and
similar clinical trials will be required to determine the validity
of such an approach. A growing body of evidence suggests that
treating patients with IFN-7 at or near the maximum tolerated
dose may not always be optimal because therapeutic activity
may also be apparent at lower immunomodulatory doses. It is
important to stress that immunomodulators need to be chron
ically administered but in a defined manner. Unlike treatment
protocols using cytostatic or cytotoxic agents, BRMs must be
sequentially or continuously administered over a prolonged
period. Administering a moderate immunomodulatory dose of
IFN-7 three times per week over a prolonged period results in
an increased therapeutic response compared to the results ob
tained with higher dose therapeutic protocols. Unlike IFN-7,
immunotherapeutic protocols for rH TNF have yet to be opti
mized either preclinically or clinically. It appears that i.v.
injection is the most effective route of administration although
it is possible that continuous infusion i.v. may be superior to a
push i.v. administration. Preclinical studies suggest that the
optimal therapeutic response occurs after concomitant admin-

4J. E. Talmadge, H. R. Tribble, R. W. Pennington, H. Phillips, and R. H.

Wiltrout, manuscript in preparation.

istration of TNF and IFN-7 or some other agent that poten
tiates TNF therapeutic activity.
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