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ABSTRACT

The activation of tumoricidal murine macrophages by recombinant
human tumor necrosis factor (rH-TNF) alone or in combination with
recombinant murine -x-interferon (rM-IFN-7) was examined. When used
alone, rH-TNF ( 10 ' UP units/ml) did not induce macrophage tumori

cidal activity against TNF-insensitive P815 mastocytoma cells. Combin
ing rH-TNF with rM-ll V-> resulted in the synergistic induction of

tumoricidal activity in resident peritoneal macrophages. This synergistic
effect was not due to contaminating bacterial lipopolysaccharide. A
comparative study using recombinant murine tumor necrosis factor (rM-
TNF) showed that rM-TNF alone also could not stimulate murine
macrophages and there was no significant difference between effects of
rM-TNF and rH-TNF on macrophage activation in the presence of rM-
IFN-7. In experiments comparing sequential to simultaneous exposure
of macrophages to rH-TNF and rM-IFN-7, it was found that: (a) when
macrophages are primed with rM-IFN-7, rH-TNF serves only as a very
weak triggering signal for tumoricidal activation; and (b) marked activa
tion is obtained only when macrophages are exposed to the two cytokines
simultaneously. These results suggest that TNF has an autocrine regu
latory function in concert with lymphokines in macrophage-mediated host

defense against tumors.

INTRODUCTION

The participation of macrophages activated by MAP3 in host

defense against malignant neoplasia and infectious diseases is
well established (1, 2). MAP are a heterogeneous group of
lymphokines secreted by activated T lymphocytes and can affect
a great variety of macrophage functions including the killing of
tumor cells and microorganisms in vitro (3-6). Recent studies
on such T-cell-derived lymphokines have focused on IFN-7 as
an important MAP. The exposure of macrophages to IFN-7
can result in expression of new cell surface antigens, changes
in metabolic and secretory functions, as well as induction of
microbicidal activity (4, 7-10). Furthermore, IFN-7 is an effec
tive signal for activation of nonspecific tumoricidal macro
phages when combined with stimulatory agents such as LPS.
Several studies have demonstrated that IFN-7 acts to prime the
macrophages, making them more sensitive to triggering signals
of LPS (4, 11, 12).

TNF, a cytokine derived from monocytes/macrophages and
natural cytotoxic cells, was originally identified for its ability
to cause hemorrhagic necrosis of tumors in vivo and by its
cytocidal or cytostatic effects against certain transformed cell
lines in vitro (13-15). Recently, human TNF was purified to
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homogeneity (16), and its cDNA was cloned and expressed in
Escherichia coli (17, 18). The availability of recombinant TNF
has made it possible to assess the regulatory role of this mole
cule on a variety of biological systems, including several ini
munomodulatory effects on neutrophils, eosinophils, and
mononuclear cells (19-29). In addition, the antiproliferative
activity of TNF can be synergistically enhanced by combination
with IFN-7 (25). Finally, it has recently been shown in this
laboratory (30) that rH-TNF in combination with lymphokines
derived from Con A-stimulated spleen cells, induces activation
of tumoricidal macrophages from murine resident PEC. The
probable involvement of IFN-7, shown to be a component of
the LK, in this macrophage activation was suggested (30). These
observations raised the question of whether macrophage func
tions might be subject to modulation by TNF alone, or in
combination with IFN-7. In this report, it is shown that TNF
is a stimulator of macrophage activation in combination with
IFN-7.

MATERIALS AND METHODS

Mice. Specific pathogen-free female C57BL/6 (H-2b) mice were

obtained from Simonsen Laboratories, Gilroy, CA, and were used for
experiments at 8 to 12 weeks of age.

Culture Media. The P815 mastocytoma cells were cultured in Me
dium A which consisted of RPMI 1640 (GIBCO Laboratories, Grand
Island, NY) supplemented with 0.1 mg/ml gentamicin, 25 HIM 4-(2-
hydn>\yrih>I) 1-pipcra/ineetlianc-.iiHome acid buffer and 10% heat-
inactivated fetal calf serum (Hyclone Laboratories, Logan, UT). Me
dium A was also used for the culture of macrophages and for washing
the macrophage monolayers. For preparation of lymphokines, Medium
B (Medium A supplemented with 1 IBM L-glutamine, 0.1 HIMnones-
sential amino acids, 1 HIMsodium pyruvate, and 50 //M 2-mercaptoeth-
anol) was used. All tissue culture media and sera were endotoxin free
(less than 0.05 ng/ml of endotoxin), as determined by a Limulus
amebocyte lysate assay (M. A. Bioproducts, Walkersville, MD).

Peritoneal Macrophages. PEC were harvested by lavage from un
treated C57BL/6 mice with cold Ca++- and Mg+*-free Hank's Balanced

Salt Solution (GIBCO) supplemented with 25 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonicacid buffer. Resident macrophage monolay
ers were prepared as described previously (30) by seeding 0.1 ml of
PEC suspension in Medium A (1.25 x 10s PEC) into each well of 96-

well flat-bottom plates (No. 25860; Corning Glass Works, Corning,
NY). The cells were incubated for 2 h at 37"C in 5% CO2, washed three

times to remove nonadherent cells, and used immediately. The adherent
populations of cells were greater than 95% macrophages as determined
by morphology and staining for nonspecific esterase (Sigma Diagnostic
Kit; Sigma Chemical Company, St. Louis, MO) and the cell recoveries
were usually between 50 and 55% (30).

Assay for Macrophage-mediated Cytolytic Activity. Macrophage tu
mor cytolysis was measured by using an 18-h 51Cr-release assay as
described previously (30). Briefly, PEC or macrophages were preincu-
bated in 150 n\ of Medium A with or without the agents (TNF, IFN-7,
LK, etc.) for the periods indicated in Tables 1-3 and Figs. 1-3. After
removal of the cultured media and three washes of the cells, aliquots of
200 Â¿ilcontaining IO4 51Cr- (400 mCi/mgCr; Amersham Corporation,

Arlington Heights, IL) labeled P815 target cells were added to wells
containing washed macrophage monolayers. After 18 h of incubation,
"Cr release was determined in 100 n\ of supernatant after centrifugation

of cells at 300 x g for 5 min. Radioactivity was determined in a gamma
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TNF AND IFN-7-MEDIATED MACROPHAGE ACTIVATION

counter. Percentage of specific 5lCr release was calculated by the

following formula:

% Specific 51Cr release

_ (Experimental release â€”spontaneous release)
(Total release â€”spontaneous release) x 100

Experimental release is the radioactivity released in wells containing
activated macrophages and P815 target cells; spontaneous release is
the radioactivity released from target cells incubated in media alone;
total release is the radioactivity from target cells lysed with \% (v/v)
Triton X-100. The spontaneous release was less than 25% of the total
release. Each test group was assayed in triplicate or quadruplicate and
all experiments were repeated at least three times.

Depletion of Thy 1.2 and/or Asialo GMi-bearing Cells from Adherent
PEC. After adherence of PEC to wells in the microplate, Thy 1.2-
bearing cells were depleted by incubating the adherent PEC with
monoclonal anti-Thy 1.2 (1:100 final dilution; New England Nuclear
Co., Boston, MA) and rabbit complement (1:20 final dilution; Low
Tox-M; Cedarlane Laboratories, Ontario, Canada) at 37Â°Cfor 45 min.

The adherent cell monolayers were then washed four times, incubated
with TNF and/or IFN-7 for 24 h, and evaluated for their tumor cytolytic
activities. For the elimination of ASGM1 -bearing cells, the procedure
was as described above, except, rabbit antiserum against ASGM1
(Wako Pure Chemical Industries, Osaka, Japan) was used at a final
dilution of 1:20.

Since the rabbit complement preparation used in this study contained
a significant amount of LPS (more than 9 ng/ml of reconstituted
solution). Medium A containing polymyxin B (20 Â¿tg/ml)was employed
in the experiments.

Interferon Assay. A microtiter assay for antiviral activity was per
formed to assess murine IFN as described (31,32). Briefly, the reduction
of cytopathic effect of vesicular stomatitis virus infected L-cells was
evaluated following fixation and staining with mÃ©thylÃ¨neblue. The IFN
activity was expressed in terms of NIH reference units, with mouse
fibroblast IFN-a/ÃŸused as the reference standard (NIH standard G-
002-904-511). One unit of activity was defined as the amount of
interferon that cause 50% reduction of cytopathic effect.

Reagents. Recombinant human TNF (rH-TNF: E. coli derived, 2.3
x IO6 U/mg protein, lot No. L285811) (17) and mouse monoclonal
anti-rH-TNF antibody (III2F3, IgGl, lot No. 504-10) (33) were gen
erously supplied by Asahi Chemical Industry, CO, Tokyo, Japan.
Recombinant murine TNF (rM-TNF: E. coli derived, lot 04742) was
purchased from Genzyme Corporation, Boston, MA, and its specific
activity against LM cells in the absence of actinomycin D was deter
mined to be 4 x IO6 U/mg protein (33). Recombinant murine IFN-7
(rM-IFN-7: 1.9 x IO7U/mg protein) was provided through grant IFN-

18 awarded by the American Cancer Society. A rabbit antiserum against
murine IFN-7 was generously provided by Dr. Howard M. Johnson,
University of Florida, Gainesville, A.

Lipopolysaccharide (E. coli. 0111:B4) was purchased from Difco,
Detroit, MI; polymyxin B was purchased from Sigma; Con A and
Sephadex G-10 were obtained from Pharmacia (Uppsala, Sweden).

Lymphokine Preparation. Lymphokine-enriched culture supernatant
of Con A-stimulated mouse spleen cells was prepared as described (30).
Briefly, spleen cells from untreated mice were cultured in Medium B
(7.5 x IO6 viable cells/ml) containing 5 Â¿ig/mlCon A for 24 h. After

the incubation, the supernatants were harvested, centrifuged, and
treated with Sephadex G-10 (10 mg/ml) to remove residual Con A
from the LK. The LK was stored at 4Â°Cand its IFN activity was

determined to be 45 U/ml. The ability of the LK to lyse LM cells was
determined as a possible measure of TNF or other cytotoxins; the level
detected was less than 2 U/ml (33).

Statistical Methods. Data are expressed as mean and standard devia
tion of the mean. P Values were calculated by Student's i test.

RESULTS

y with that of rH-TNF and LK to activate murine resident

peritoneal macrophages to be tumoricidal against P815 target
cells. As shown in Fig. 1, rH-TNF alone, over the concentration
range of 10~'-10* U/ml, could not stimulate whole PEC (Fig.

IA) nor adherent PEC (Fig. IB). In contrast, the combination
of rH-TNF and rM-IFN-7 produced synergistic stimulating

effects on macrophages. The induction of tumoricidal macro
phages from resident PEC was completely dependent upon the
concentrations of both rH-TNF and rM-IFN-7 as shown in
Fig. 1 and 2, respectively. At equivalent rM-IFN-7 antiviral
titers, the treatment of whole PEC with rH-TNF plus LK

produced similar marked activation of macrophages compared
to that obtained with rH-TNF plus rM-IFN-7 (Fig-1^ and Fig.
2A). Under the experimental conditions employed, however,
adherent PEC (more than 95% of which were macrophages)
only marginally responded to rH-TNF plus LK stimulation as
reported previously (30), whereas the treatment of adherent
PEC with rH-TNF plus rM-IFN-7 induced high levels of tu
moricidal activity. The levels of activity, in fact, were compa

Â«?40 -

O IO'1 10Â°IO1 IO2 IO3 IO4 IO5 O IO'1 10Â°IO' IO2 IO5 IO4 IO*

TNF Concentration (U/ml)
Fig. I. Effect of rH-TNF, at various concentrations, on activation of tumori

cidal macrophages. Normal C57BL/6-derived whole PEC (1.25 x 10* cells/well,
A ) or adherent PEC (prepared from 1.25 x 105whole PEC/well, B) were incubated
with various concentrations of rH-TNF alone (D), rH-TNF plus splenic LK
(4.4%:v/v, equivalent with 2 U rM-IFN-7/ml (O) and rH-TNF plus recombinant
rM-IFN-7 (2 U/ml) (A) for 24 h. After the incubation, each well was washed and
macrophage-mediated tumor cytotoxicity was determined as described in "Ma
terials and Methods." Points, mean of triplicate values Â±SD.

IFN-y Concentration (U/ml)

0 0.55 I.I 2.2 4.4 8.8 0 0.55 I.I 2.2

LK Concentration (%, v/v)

4.4 8.8

Macrophage Activation by rH-TNF and rM-IFN-7. The ini
tial experiment compared the ability of rH-TNF and rM-IFN-

Fig. 2. Effect of varying rM-IFN-7 or LK concentration on activation of
tumoricidal macrophages. Whole PEC (1.25 x 10s cells/well,/)) or adherent PEC
(prepared from 1.25 x 10' whole PEC/well. B) were incubated with LK (â€¢),rM-
IFN-7 (A), LK plus rH-TNF (100 U/ml) (O) and rM-IFN-7 plus rH-TNF (100
U/ml) (A). The concentration of LK was adjusted to a concentration at which its
antiviral titer corresponded to the antiviral titer of rM-IFN-7 in the same assay.
After 24 h of incubation, each well was washed and macrophage-mediated tumor
cytotoxicity was determined as described in "Materials and Methods.â„¢Points.

mean of triplicate values Â±SD.
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TNF AND IFN-7-MEDIATED MACROPHAGE ACTIVATION

Table I Comparison between effects ofrH-TNF and rM-TNF on macrophage activation
Resident macrophages (adherent cells from 1.25 x 10* whole PEC/well) were incubated with various indicated concentrations of rH-TNF, rM-TNF, rH-TNF plus

rM-IFN-> (2 U/ml) and rM-TNF plus rM-IFN--y (2 U/ml) for 24 h. After the incubation, each well was washed and macrophage-mediated tumor cytotoxicity was
determined as described in "Materials and Methods."

TNFaloneConcentration

of TNF
(U/ml)0io-'IO-

IO1io210'

IO4%

Specific
rH-TNF11.1

Â±2.5
1.4 Â±1.4
0.4 Â±0.4
1.6 Â±0.9
0.5 Â±2.0
0.7 Â±0.9"Cr

release
rM-TNF.8

Â±0.4C

0.5 Â±0.8
1.2 Â±1.4
1.1 Â±0.7
0.4 Â±0.5
1.6 Â±0.5
0.9 Â±1.2/Â»Value'NS"

NS
NS
NS
NS
NSTNF

plusrM-IFN-f%

Specific
rH-TNF5.6

Â±
6.3 Â±I.I

11.4 Â±1.2
22.9 Â±1.6
42.8 Â±0.8
45.0 Â±1.1
47.2 Â±2.0"Cr

release
rM-TNF1.7

5.7 Â±1.2
10.2 Â±1.9
27.3 Â±3.2
42.4 Â±2.4
47.8 Â±0.9
47.2 Â±0.9P

Value*NS

NS
NS
NS

<0.05
NS

* Compared between tumor cytotoxicities obtained by treatments of macrophages with rH-TNF and rM-TNF at same concentrations.
*Compared between tumor cytotoxicities obtained by treatments of macrophages with rH-TNF and rM-TNF at same concentrations in the presence of rM-IFN--y.
' Mean Â±SD of triplicate wells.
'' NV not significant.

Table 2 Effect of heat, anti-rH-TNF antibody, anti-murine-IFN-i antiserum, or
polymyxin B on rH-TNF plus rM-IFN--?- and LPS plus IFN-y -mediated

macrophage activation
Resident macrophages (adherent cells from 1.25 x 10s whole PEC/well) were

treated with the indicated supplements for 24 h. After the incubation, each well
was washed and macrophage-mediated tumor cytotoxicity against MCr-labeled
P8I5 cells was determined in an 18-h assay as described in "Materials and
Methods." Similar results were also obtained at rM-IFN--y tiler of 1 U/ml.

GroupABCDEFcÂ¡111JKLMN0Supplements*NoneTNF*IFN-rTNF

-1-IFN-yHeated
TNF* +IFN->TNF

+ heatedIFN-yTNF
+ IFN-y +anti-TNFTNF
+ IFN--X+anti-IFN-xTNF
+ IFN-> + polymyxinBLPSLPS

+IFN-rLPS
-t-HeatedIFN-yLPS
+ IFN-7 +anti-TNFLPS
+ IFN--X-l-anti-IFN-rLPS
+ IFN-T + polymyxin B%

Specific
"Cr re
lease'3.9

Â±0.42.5
Â±0.96.3
Â±2.440.3
Â±4.33.4
Â±1.11.8

Â±0.93.5
Â±0.81.9
Â±1.240.8
Â±3.21.8

Â±0.840.3
Â±2.71.2
+0.439.5
Â±1.10.5
Â±0.65.3
Â±0.4P

Value'A<0.001<0.001<O.OOI<0.001<0.001<0.001<O.OOINS7B<0.001<0.001<0.001<0.001NS<0.001<0.001

'Concentrations were as follows: rH-TNF, 100 U/ml; rM-IFN--y, 2 U/ml;
anti-rH-TNF, 10 Â«ig/ml;anti-murine-IFN-Y, 1/600 diluted (v/v); polymyxin B,
20 ug/ml; LPS, I ng/ml.

Mean â€¢SD of quadruplicate wells.
' A, compared with group D; B, compared with group K.
* TNF. rH-TNF; IFN-7, iM-lFN-r, anti-TNF, anti-rH-TNF antibody; anti-

IFN-T, anti-murine IFN-> antiserum.
' rH-TNF and rM-IFN--y were heated at 100'C for 5 min.
'NS, not significant.

rabie to those observed with whole PEC populations (Fig. \B,
Fig. 2B).

Comparison between Effects of rH-TNF and rM-TNF on
Macrophage Activation. Recent reports have shown a certain
degree of species specificity for TNF in vitro and in vivo systems
(34-36). Thus, to determine whether the failure of rH-TNF
alone to activate murine macrophages is due to a lower potency
than that of murine TNF in this test system, the effects of rH
TNF and rM-TNF on murine macrophage activation were
compared. As shown in Table 1, the treatment of murine
macrophages with rM-TNF (10"'-IO4 U/ml) alone caused no

induction of tumoricidal activity against P81S cells and, as in
Fig. 1, no induction was seen with rH-TNF. At equivalent
concentrations [determined in the standard murine LM cell
killing assay for defining TNF activity (33)], rH-TNF and rM-
TNF could equally activate murine macrophages in the presence
of rM-IFN-7, suggesting the species cross-reactivity of human
TNF in this system.

Evaluation of the Possible Role of LPS in rH-TNF and rM-
IFN-7-mediated Macrophage Activation. To ensure that the
effect of rH-TNF was not due to bacterial LPS contamination,
the experiments shown on Table 2 were performed using heat-
denatured rH-TNF and rM-IFN-7, monoclonal anti-rH-TNF
antibody, rabbit anti-rM-IFN-7 serum, and polymyxin B. Anti-
rH-TNF antibody totally inhibited rH-TNF- but not LPS-
mediated macrophage activation (groups G and M). In contrast,
polymyxin B (20 Â¿Â¿g/ml)inhibited LPS-mediated activation
(group O), but did not inhibit the rH-TNF effect (group I).
Anti-rM-IFN-7 antiserum inhibited macrophage activation in
duced by rH-TNF plus rM-IFN-7 (group H) as well as that
induced by LPS plus rM-IFN-7 (group N). Normal rabbit serum
showed no effect on rH-TNF plus rM-IFN-7- and LPS plus
rM-IFN-7-mediated activation (data not shown).

Taken together, these data suggest that the stimulation of
macrophages by rH-TNF plus rM-IFN-7 is not due to LPS
contamination.

Effect of Depletion of Thy 1.2 and/or Asialo GMi-bearing PEC
on rH-TNF and rM-IFN-7-mediated Macrophage Activation.
Cells, within the PEC population, bearing Thy 1.2 and/or
ASGM1 surface markers were found to contribute to macro
phage tumoricidal activation by rH-TNF and LK (30). Cells
bearing these markers, therefore, were depleted from the ad
herent PEC population with antibodies plus complement treat
ment to ascertain their possible involvement in the TNF plus
IFN-7-mediated macrophage activation. As shown in Table 3,
the induction of tumoricidal macrophages by rH-TNF and rM-
IFN-7 was not altered by the pretreatment of adherent PEC
with anti-Thy 1.2 plus complement (group D), anti-ASGMl
plus complement (group F) or anti-Thy 1.2 and anti-ASGMl
plus complement (group H), although in other experiments
these treatments were shown to cause complete inhibition of
allospecific killer T-lymphocyte and natural killer cell activities
(30). These results suggest that rH-TNF and rM-IFN-7 act
directly on resident peritoneal macrophages to induce tumori
cidal activity.

Effect of Sequential Treatments of rH-TNF and rM-IFN-7 on
the Induction of Tumoricidal Macrophages. Macrophage acti
vation with IFN-7 plus LPS has been reported to proceed in
two steps, priming and triggering: IFN-7 primes macrophages
first, and then LPS serves as a triggering signal for IFN-7-
primed macrophages (11, 12). Thus, experiments have been
conducted to determine whether the effects of TNF and IFN-7
could be uncoupled, that is whether macrophage activation
could be induced by sequential treatments of these cytokines,
in a manner comparable with that of IFN-7 plus LPS. As
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TNF AND IFN-y-MEDIATED MACROPHAGE ACTIVATION

Table 3 Effect ofanti-Thy 1.2 or anti-ASGMl plus complement treatment of
adherent PEC on induction of tumoricidal activity by rH-NF and rM-IFN-y
Resident macrophages (adherent cells from 1.25 x 10' whole PEC/well) were

pretreated with the indicated antibody and complement as described in "Materials
and Methods," and then incubated with rH-TNF, rM-IFN-y, or rH-TNF plus
rM-IFN-y for 24 h. After the incubation, each well was washed and macrophage-
mediated tumor cytotoxicity was determined as described in "Materials and
Methods."

GroupABCDEFGHTreatment
of

adherentPECNoneC'Anti-Thy

1.2Anti-Thy

1.2 -)-C'Anti-ASGMlAnti-ASGMl

+C'Anti-Thy

1.2+Anti-ASGMlAnti-Thy

1.2+Anti-ASGMl
+ C'Stimulating

agents"NoneTNF*IFN-yTNF

+IFN-yIFN-yTNF

+IFN-yIFN-yTNF

+IFN-yIFN-yTNF

+IFN-yIFN-yTNF

+IFN-yIFN-yTNF

+IFN-yIFN-yTNF

+IFN-yIFN-yTNF

+ IFN-y%

Specific
"Cr

release'2.2

Â±1.10.6
Â±1.02.0
Â±3.349.6
Â±6.81.9

Â±2.555.5
Â±2.41.4
Â±1.352.4
Â±3.26.6
Â±3.657.5
Â±3.91.4

Â±0.758.2
Â±5.01.2
Â±1.950.9
Â±6.86.5
Â±2.057.2
Â±4.81.6
Â±1.649.7
Â±6.0P

Value'<O.OOI<O.OOI<O.OOI<0.001NS'<0.001NS<0.001NS<0.001NS<0.001NS<O.OOINS<0.001NS

Â°Concentrations were as follows: rH-TNF, 100 U/ml; rM-IFN-y, 2 U/ml.
* Mean Â±SD of quadruplicate wells.
' Compared with the tumor cytolytic activity of rH-TNF plus rM-IFN-y-

stimulated adherent PEC (group A).
Â¿TNF, rH-TNF; IFN-y, rM-IFN-y; C', rabbit complement.
' NS, not significant.

shown in Fig. 3, rM-IFN-7, rH-TNF, or LPS alone could not
induce macrophage-mediated tumor cytotoxicity under any
treatment schedule tested (groups B-G). Macrophage activa
tion with rM-IFN-7 and rH-TNF was only observed when these
two cytokines were applied simultaneously (group L) or when
rH-TNF was applied to rM-IFN-7-primed macrophages in the
presence of rM-IFN-7 (group J). The treatment of rM-IFN-7-
primed macrophages with rH-TNF in the absence of rM-IFN-
7, however, failed to activate macrophages (group H). Macro
phages which were treated with rH-TNF as a first signal also
could not respond irrespective of whether the second signal
(rM-IFN-7) was added in the presence or absence of rH-TNF
(groups I and K). In contrast, the sequential stimulation of
macrophages with rM-IFN-7 and LPS, as reported previously
by others (11, 12), could induce potent tumor cytolytic activity
(group H).

DISCUSSION

Recent studies of TNF have shown that this cytokine has a
variety of biological activities in addition to its antitumor effect
(19-29), and some of these findings suggested the possibility
that TNF may have a role as a regulatory mediator of immu-
nological responses to neoplasia and infections. Furthermore,
the synergistic enhancement of the activity of TNF with IFN-
7 has been observed not only in terms of its antiproliferative
effect on tumor cells (25) but also in terms of its differentiation-
inducing effect on human myeloid cell lines (37) and la-antigen
expression-inducing effect on a murine macrophage cell line
(38).

The data presented in this report constitute one of the first
direct demonstrations that TNF, a cytokine derived from mac-
rophages/monocytes, can also act as an autocrine signal in
combination with IFN-7 for tumoricidal murine macrophage
activation against TNF-insensitive target cells. Thus it was

A

B

C

D

E

F

G

H

I

J

K

L

iFN-r
TNF or LPS

tornio A^CWT TREATMENT OF % OF SPECIFIC 51Cr
GROUP AGENT MACRopHAGES RELEASE (Mean Â±S.D.)

( None or IFN- Tf alone )

1.8Â±0.4

1.7 Â±0.7

4.7 Â±1.7

3.7 Â±1.1
( TNF alone ) ( LPS alone)

1.1Â±1.5 0.6+0.9

2.9Â±0.1 1.4 Â±1.6

3.4Â±1.1 0.2+0.9

(TNF+- IFN-D( LPS-t- IFN-r)

3.3 +1.3 53.8Â±1.6

2.5 + 2.3 2.4 Â±0.8

52.9+1.2 59.2 + 2.5

3.4 +0.5 1.5Â±0.6

49.4+3.2 43.9 Â±0.8

IFN-r
TNForLPS

IFN-r
TNFor LPS

IFN-r

TNFofLPS
IFN-r

TNForLPS

IFN-r

TNFor LPS

0 16 32 48
Period of Treatment (hr)

Fig. 3. Activation of tumoricidal macrophages by sequential treatments of
rM-IFN-y and rH-TNF or LPS. Resident macrophages (adherent cells from 1.25
x 10*whole PEC/well) were incubated with Medium A, rM-IFN-y (4 U/ml), rH-
TNF (IO4 U/ml), or LPS (1 ng/ml). â€¢.agent present; D, agent absent. Macro
phages were exposed to media or rM-IFN-y alone (groups A-D), rH-TNF or LPS
alone (groups E-G), and combinations of rM-IFN-y and rH-TNF or LPS (groups
lili (the specific agents used in each case are indicated in parentheses). After
the incubation, each well was washed and macrophage-mediated tumor cytotox
icity was determined as described in "Materials and Methods." Values of %
specific "Cr release, mean of triplicate values Â±SD. Similar results were obtained
in this experiment with other concentrations of rH-TNF and LPS: namely IO2
and IO1 U/ml and 0.1 and 10 ng/ml. respectively. Furthermore, similar results
were obtained in separate experiments using other concentrations of rM-IFN-y
(2 and 8 U/ml) together with the same three concentrations of rH-TNF and LPS.

shown that rH-TNF in synergy with rM-IFN-7 '" vitro induces
tumoricidal activity in resident peritoneal mouse macrophages.
rH-TNF alone, in the concentration range tested (10~'-105 U/

ml), could not activate macrophages, however, the combined
treatment with rH-TNF plus rM-IFN-7 could induce macro
phage cytolytic activity against P815 target cells. For the assay
of macrophage-mediated cytotoxicity, P815 mastocytoma cells
were employed as the target cells since: (a) these target cells
are resistant to natural killer cells (39); and (b) TNF (rH-TNF,
approximately IO5 U/ml; rM-TNF, approximately IO4 U/ml)
and/or rM-IFN-7 (approximately 100 U/ml) did not have any
direct lytic effect on P815 cells during an 18-h assay (less than
5% specific lysis, data not shown). Therefore, the tumoricidal
effect of TNF plus IFN-7-treated macrophage may be regarded
as macrophage mediated.

Although the species cross-reactivity of human TNF has been
reported with respect to its la-antigen expression inducing effect
on a murine macrophage cell line (38), as well as its antitumor
activity against murine tumors in vitro and in vivo (17, 18, 25),
recent data have shown a certain degree of species specificity
for TNF (34-36). Therefore, to determine whether species
specificity is a factor in the interpretation of the results reported
herein showing that rH-TNF alone cannot activate murine
peritoneal macrophages, the effect of rM-TNF on murine mac
rophages was also examined in comparison to that of rH-TNF.
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The comparative experimental data showed that rM-TNF
(10~'-104 U/ml) also could not stimulate murine macrophages

by itself, and that its synergistic induction of tumoricidal mac
rophage activity with rM-IFN-7 was statistically equal to that
obtained by the combination of rH-TNF plus rM-IFN-7. These
results suggested that human TNF can act across species bar
riers in the system employed in this study, and that its effect
on murine macrophages is the same as that of murine TNF
when equivalent concentrations, based on the killing activity
against murine I \1 cells, are compared.

Although bacterial LPS has also been reported to be a potent
stimulator of IFN-7-primed macrophages (11, 12), the stimu
lation of macrophages by rH-TNF and rM-IFN-7 was not due

to LPS contamination (Table 2). Furthermore, the experimen
tal data indicating that the depletion of Thy 1.2 and/or
ASGM1-bearing cells from adherent PEC could not affect the
induction of tumoricidal macrophages by rH-TNF and rM-
IFN-7 suggest a direct action of these two cytokines on resident
peritoneal macrophages (Table 3).

The data reported here showing that neither rH-TNF or rM-
TNF can activate murine resident peritoneal macrophages is
basically consistent with recent observations by Talmadge et al.
(40), shown that the treatment of murine thioglycollate-elicited
peritoneal macrophages with concentrations up to 104 U/ml of

rH-TNF could induce only minimal tumoricidal activities
against B16-BL6 melanoma cells. In contrast to these data,
Philip and Epstein (41) have demonstrated that rH-TNF can
directly induce human monocytes to a tumoricidal state against
actinomycin D-treated WEHI-164 target cells. The actinomycin
D-treated WEHI-164 tumor is extremely sensitive to TNF
while the P815 tumor is insensitive, therefore, the differential
TNF sensitivities of employed target cell lines might be a factor
in these contradictory results. Recently, Decker et al. have
demonstrated that inflammatory murine peritoneal macro
phages are highly tumoricidal against the TNF-sensitive
WEHI-164 target but not against the TNF-insensitive P815
cells, and they showed that macrophage-mediated P815 cell
killing is completely independent of TNF molecules (42). Fur
thermore, these results together with other recent findings (43)
suggest the possibility that TNF can induce its own synthesis
and thus boost TNF-mediated cytotoxicity by macrophages
(41). Nevertheless, based on the results presented herein and
previously (30), it is unlikely that TNF alone can serve as a
sufficient signal to induce resident murine macrophages to
express tumoricidal activity against the TNF-insensitive target
cells (e.g., P815). In fact, for such expression to occur other
signals, such as IFN-7, are required. Further detailed experi
mentation will be required to verify the possibility that the
divergent observations may be the result of the TNF sensitivity
of employed target cells.

As reported previously (30), adherent PEC only marginally
responded to rH-TNF plus LK stimulation, whereas a high
level of tumoricidal activity could be induced by rH-TNF plus
rM-IFN-7 (Figs. 1 and 2). The reason for this differential
responsiveness of macrophages to rM-IFN-7 and LK is not
known at this time. The crude LK should contain a variety of
cytokines and factors other than IFN-7 and their effects on
TNF plus IFN-7-mediated macrophage activation have not yet
been characterized. Several studies have demonstrated that
factors inhibiting macrophage activation can be secreted by
tumor and normal cells including splenocytes (44, 45). Fur
thermore, certain growth factors have been recently reported to
interfere specifically with in vitro effects of TNF (46). Therefore,
the existence of such "inhibitory" factor(s) in the crude LK is a

possibility, and in this regard, studies of the effects of IFN-7-
depleted LK on macrophage activation are currently underway
in this laboratory.

In the stimulation of murine macrophages with IFN-7 and
LPS, IFN-7 has been reported to act to prime the macrophages,
making them more sensitive to the triggering signal provided
by LPS (11, 12). The experimental data from the studies of the
sequential treatment of macrophages with rM-IFN-7 plus rH-
TNF or LPS indicate that LPS could, but rH-TNF could not,
serve as a triggering signal for rM-IFN-7-primed macrophages
in the absence of rM-IFN-7. Furthermore, data obtained using
other concentrations of cytokines indicated that macrophages
which had been primed with rM-IFN-7 (8 U/ml; the highest
concentration tested) for 32 h, were only marginally stimulated
by the highest concentration of rH-TNF tested (IO4 U/ml)

showing a significant but low level of tumor cytotoxicity (11.9
Â±4.1% specific 5lCr release). In contrast, the full activation of
macrophages with rM-IFN-7 and rH-TNF (comparable to that
with LPS) was obtained through the simultaneous stimulation
with these two cytokines (groups J and L in Fig. 3). These data
suggest the possibility that the mode of TNF plus IFN-7-
mediated macrophage activation may be different from that
involved in the IFN-7 plus LPS stimulation. In a previous
report (30), it was shown that PEC cultured in medium before
rH-TNF and LK treatment rapidly lost their capacity to re
spond to those two factors, and that this irreversible loss of
responsiveness of cultured PEC could be prevented by the
addition of LK but not of rH-TNF. It is shown herein that
macrophages precultured with rM-IFN-7 retained their respon
siveness to the combined rM-IFN-7 and rH-TNF stimulation
while those precultured with rH-TNF did not (groups J and K
in Fig. 3). A similar loss of responsiveness of macrophages
cultured in medium to the stimulation of lymphokine and/or
LPS has been reported by others (47-49).

The synergism between TNF and IFN-7 has been previously
observed for antiproliferative effects on tumor cells (25), differ
entiation inducing effects on human myeloid cell lines (37) and
la-antigen expression inducing effects on murine WEHI-3 cell
line (38). Several researchers have shown that IFN-7 pretreat
ment increased the total number of TNF receptors in some
tumor cell lines (25, 50-52), and suggested the upregulation of
TNF receptors by IFN-7 might contribute to the enhancement
of TNF-mediated cytotoxicity after IFN-7 pretreatment. Such
an increase of TNF receptor expression may be one of the
factors for the synergistic effects between these cytokines, how
ever, other mechanisms are likely to play a role because of
observations by Ruggiero et al. showing significant synergistic
effects on certain cell lines in which increased expression of
TNF receptors could not be detected (52). While the mechanism
of the synergism between TNF and IFN-7 in induction of
macrophage tumoricidal activity is unknown, the experimental
data herein showing that pretreatment of macrophages with
rM-IFN-7 could not induce the synergistic enhancement of
macrophage activation by rH-TNF (Fig. 3, group H) also sug
gests that the synergy between TNF and IFN-7 cannot be
explained solely on the basis of an increased TNF receptor
expression.

The results of several independent studies (24, 26, 53-56)
have indicated that TNF and IFN-7 can induce various types
of cells including macrophages to produce II I. Dinarello et
al. (24) found that IFN-7 can synergistically enhance the TNF-
induced 111 production by human mononuclear cells. Re
cently, IL-1 has also been reported to induce macrophage/
monocyte-mediated cytotoxicity against certain tumor cell lines
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(41, 57). Based on these observations, therefore, it is possible
to propose the involvement of IL-1 produced by TNF and/or
IFN-7-stimulated macrophages in the induction of macrophage
cytotoxicity described here. In fact, the results of preliminary
experiments indicate that the combined treatment of murine
resident peritoneal macrophages with recombinant human IL-
lÃŸand rM-IFN-7 can also induce the activation of macrophages
to tumoricidal state against P81S cells, although recombinant
IL-10 alone cannot.4 While these results are consistent with the

recent observations showing the similarities in the biological
activities of TNF and IL-1 (58), they may also support the
hypothesis described above. Observations by Philip et al. (41),
showing that the stimulatory interaction between TNF and IL-
1 are bidirectional, suggest that a consideration of these com
plicated mutual interactions must be a part of any attempt to
understand the similarities in the pleiotropic biological activi
ties of TNF and IL-1. Therefore, further detailed studies will
be needed to determine the possible involvement of IL-1 in
TNF plus IFN-7-mediated macrophage activation and to delin
eate similarities or differences with LPS-induced effects in this
regard.

The participation of activated macrophages in host defense
against microorganisms and malignant neoplasia is well known
(1, 2). The activation of macrophage by TNF and IFN-7, as
reported here, suggests that TNF may play an integral role in
the modulation of macrophage function in concert with other
cytokines.
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