Jpn. J. Cancer Res. 84, 1174-1180, November 1993
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In this study, we analyzed the mechanism(s) of lenkemic cell lysis by human macrophages. Peripheral
blood monocyte-derived macrophages were activated with recombinant interferon-y and lipopoly-
saccharide and their lytic activity against two lenkemic cell lines (K562 and HL-60 cells) was assessed
by an "UIn releasing assay. Activated macrophages lysed these leukemic cells, and the lytic activity
against leukemic cells was almost completely inhibited by anti-tumor necrosis factor (TNF) antibody,
The macrophage-lysate prepared from activated macrephages also exhibited significant lytic activity
against leukemic cells; this lytic activity was inhibited by anti-TNF antibody. The leukemic cells that
we used for the cytotoxicity assays were resistant to recombinant TNF. The cultore supernatant of
activated macrophages did not show any Iytic activity. These findings suggest that cell-associated TNF

plays a role in macrophage-mediated cytotoxicity against leukemic cells.
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Macrophages, which play an important role in host
defense against microbes,' also have antitumor activity
when activated. Many agents, such as bacterial lipo-
polysaccharide (L.PS),” interferon-y (IFN-7),*® granulo-
cyte-macrophage colony-stimulating factor,”'” macro-
phage colony-stimulating factor,’”'2 and interleukin-2
(IL-2)"'» have been shown to activate these cells.

In general, activated macrophages preferentially de-
stroy tumor cells but not normal cells." *'® The macro-
phages seem to discriminate between tumor cells and
normal cells when they come into contact. Therefore cell-
to-cell contact is considered to be an important event in
macrophage-mediated tumor cytotoxicity. The binding
between macrophages and tumor cells is known to in-
volve integrins and lectin-like receptors.!®-2"

Several substances have been reported to be respon-
sible for the lysis of tumor cells, including oxygen
metabolites,”” neutral protease,™ complement C3a,29
arginase,” tumor necrosis factor (TNF),%% [L-1,2
nitrogen metabolites,**** and so on. TNF was first de-
scribed as a cytotoxic factor for certain tumor cells.’
TNF-sensitive tumor cells are usually sensitive to TNF
secreted by macrophages. However, the membrane-
associated TNF has also been shown to be involved in the
lysis of some TNF-sensitive tumor cells.2®)

We have recently reported that activated human
macrophages destroyed lenkemic cells.’® But little is
known about the mechanism(s) by which leukemic cells
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are lysed by human macrophages. Accordingly, in this
study, we investigated the machanism(s) by using
macrophage lysate in order to examine whether the cell-
agsociated TNF participates in the leukemic cell killing,

MATERIALS AND METHODS

Reagents Human recombinant IFN-y (rIFN-7)(2 <107
U/mg) which was kindly provided by Shionogi & Co.,
Ltd. (Osaka) and LPS (E. coli 026:B6) from Difco
(Detroit, MI) were used to activate the macrophages.
Anti-TNF antibody (2.6 X 10° neutralizing units/ml) was
purchased from Hayashibara Biochemical Laboratories,
Inc. (Okayama). Human recombinant TNF (rTNF)
(3X10° JRU/mg) was kindly provided by Dainippon
Pharmaceutical Co., Ltd. (Osaka). All materials that we
used contained less than 20 pg/ml LPS, the concentra-
tion of which was measured by use of the Limulus test.
Preparation of macrophages Human peripheral blood
monocyte-derived macrophages were prepared as previ-
ously described with modifications.”® Briefly, mono-
nuclear cells were isolated from heparinized peripheral
blood on Percoll gradients. To enhance the purity of the
monocytes, the cells were loaded into a Beckman elutriz-
tion centrifuge (J6-MC, JE-5.0, standard chamber, Beck-
man, Tokyo). The monocyte-rich fraction (purity more
than 95%, determined by Giemsa staining) was obtained
at a speed of 3000 rpm and at a flow rate of 36-40 ml/min.
The cells were suspended in RPMI 1640 {GIBCO, Grand
Island, NY) containing 5% human heat-inactivated



AB serum (HIABS), 50 U/ml penicillin, and 50 z#g/ml
streptomycin (complete medium) at a concentration of
1.5 X 10° monocytes/ml. The monocytes (1.5 X 10°/well)
were plated on 96-well flat-bottomed microplates
(Falcon 3072, Becton Dickinson, New Jersey). For the
preparation of the macrophage lysate, 3.0X 10¢ mono-
cytes were plated on 35 mm culture dishes (Falcon 3001).
After incubation for 2 h in a 5% CQ, incubator, plates
or dishes were washed twice vigorously to eliminate
nonadherent cells and were incubated in a CO, incu-
bator after addition of complete medium. On day 5 of
culture, more than 98% of the adherent cells were macro-
phages, as estimated by staining of non-specific esterase
and surface marker (CD 14, Becton Dickinson). The
number of cells on the microplates on day 5 was around
1 X 10°/well, After macrophage monolayers were washed
with complete medium, rIFN-y (50 U/ml) and/or LPS
(10 ng/ml) were added. A cytotoxicity assay was per-
formed after 48 h of incubation,

Target cells Two leukemic cell lines, K562 (erythro-
leukemia cell line)*® and HL-60 (acute myelocytic leu-
kemia cell line)”*® were used as target cells of the
cytotoxicity assay of macrophages. These cells were
maintained in complete medium and passaged three times
weekly. Cultures were checked periodically for myco-
plasma, and confirmed to be free from contamination. In
some experiments, lymphocytes obtained by counterflow
centrifugal elutriation were also used as target cells.
Cytotoxicity assay Cytotoxic activity of macrophages
towards target cells was assayed as previously de-
scribed.®® Briefly, on day 7 of culture of macrophages,
U1y Jabeled target cells (5 X 10°) were added to each well
containing macrophages with or without treatment. The
total reaction volume was 0.2 ml. After 48 h of incuba-
tion in a CO, incubator, the microplates were centrifuged
for 5 min at 250g and 0.05 ml of supernatant was taken
for counting of radioactivity. The percent specific lysis
was calculated as follows:
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experimental release — spontaneous release % 100%
. (el
maximum release — spontaneous release ’

where the maximum release was that obtained from
target cells exposed to 19 sodium dodecyl sulfate (Sigma
Chemical Co., St. Louis, MO), and spontaneous release
was that obtained from target cells cultured in
macrophage-free medium. All assays were performed in
triplicate. The spontaneous release was always less than
15% of the maximum release.

Preparation of macrophage lysate Macrophages cultured
for 7 days were washed with phosphate-buffered saline
(PBS) containing 5% HIABS (PBS with HIABS), then
collected by scraping with a rubber policeman. The cells
were suspended in PBS with HIABS at a concentration
of 2X10"/ml and sonicated for 15 s three times at a
power setting of 40 W (Ultrasonic) at 4°C. The superna-
tant was obtained after centrifugation for 10 min at
150g, and used as macrophage lysate in this study. Its
protein concentration was around 2.0 mg/ml by Lowry’s
method when the number of cells was 2X 107/ml in the
lysate preparation. In the assays of cytotoxic activity of
the macrophage lysate, round-bottomed microplates
(Falcon 3077) instead of flat-bottomed microplates were
used.

Nitrite measurement The concentration of nitrite in the
culture supernatant and macrophage lysate was deter-
mined by a microplate assay method as described by
Ding et al.*®

RESULTS

Cytolysis of leukemic cells by macrophages Untreated
macrophages did not show any lytic activity against
leukemic cells. Macrophages treated with rIFN-y or LPS
exhibited lytic activity against leukemic cells of K562 and
HL-60 cell lines (Fig. 1). Macrophages treated with both
rIFN-y and LPS showed higher lytic activity against both

Leukemic cell lysis by human macrophages.

Fig. 1.
ﬁ Human macrophages were treated with IFN-y and/or

LPS and their cytolytic activity towards K562 or HL-
60 cells was assessed after an additional 48 h of incu-
bation at the macrophage-to-target cell ratio of 20:1.
The values represent the meantSEM of five separate
experiments.
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of the leukemic cell lines (Fig. 1). The cuiture superna-
tant of macrophages activated with rIFN-y and LPS did
not exhibit any lytic activity against either leukemic cell
line (data not shown),

Role of TNF in the macrophage-mediated cytotoxicity
against leukemic cells To investigate the mechanism(s)
of leukemic cell lysis by the macrophages, the effect of
anti-TNF antibody on the lytic activity of the macro-
phages was examined. Anti-TNF antibody almost com-
pletely inhibited the macrophage cytolytic activity
agatnst K562 and HL-60 cells (Fig. 2), while mouse IgG,
as 2 control had no effect on macrophage cytolytic ac-
tivity. The inhibitory effect of anti-TNF antibody was
concentration-dependent (Fig. 3). Therefore, TNF was
considered to play a role in the leukemic cell lysis by the
macrophages. We examined whether TNF itself had Iytic

activity on the leukemic cells. However, rTNF could not
destroy K562 and HL-60 cells at all even at a concentra-
tion of 10° U/ml (data not shown). Here, U937 (histio-
cytic lymphoma cell line) cells, which are regarded as
TNF-sensitive cells, were lysed by TNF (10° U/ml) by
25.6+3.2%, and this lytic activity was blocked by anti-
TNF antibody (2.6 X 10* neutralizing units/ml) (n=3)

Cytolysis of leukemic cells by macrophage lysate The
macrophage lysate was examined for lytic activity against
leukemic cells. As shown in Fig. 4, the lysate from un-
treated macrophages did not lyse any leukemic cells.
However, lysate from activated macrophages had signifi-
cant Iytic activity. The lytic activity increased with the
amount of lysate used in the assay as shown in Fig. 5.
Maximum activity was obtained at the concentration of
1 mg/ml. A time course study demonstrated that the
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macrophages were treated with IFN-7 and LPS. Anti-
£ TNF antibody (2.6 X10° neutralizing units/ml) or
ERRIE mouse IgG, (control} was added to the macro-
2 phages 20 min before leukemic cells were added,
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Fig. 3. Concentration dependence of anti-TNF antibody
action. The inhibitory effect of anti-TNF antibody was ex-
amined at various concentrations as in Fig. 2. The values
represent the mean =SEM of three separate experiments.
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Fig. 4. Cytolysis of leukemic cells by macrophage lysate.
Macrophage lysate was prepared from untreated or treated
macrophages as described in “Materials and Methods.” Cyto-
toxic activity towards K562 or HL-60 cells was assessed after
48 h of incubation. The values represent the mean+ SEM of
four separate experiments. % P<0.01.
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Fig. 5. Cytotoxic activity of lysate prepared from activated

macrophages. Leukemic cells (K562} were incubated with the
lysate at the indicated concentrations. The values represent
the mean - SEM of three separate experiments.
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Fig. 6. Time course of leukemic cell lysis by macrophage
lysate. Leukemic cells (K562) were incubated with the lysate
for the indicated period. The values represent the mean+
SEM of two separate experiments.

macrophage lysate had significant lytic activity against
K562 cells after 48 h of incubation (Fig. 6). A similar
result was obtained using HL-60 cells as target cells (data
not shown). The inhibitory effect of anti-TNF antibody
was examined in the reaction with macrophage lysate.
Anti-TNF antibody abrogated the cytotoxic activity
against K562 and HI-60 cells almost completely (Fig. 7).
Normal lymphocytes as target cells To examine whether
or not the lytic activity of macrophages was specific for
leukemic cells, normal lymphocytes were used as target
cells. Activated macrophages did not show any lytic
activity against normal lymphocytes (Table T). Similarly,
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Fig. 7. Effect of anti-TNF antibody on the cytotoxicity of
lysate towards leukemic cells. Macrophage lysate prepared
from IFN-y plus LPS-treated macrophages exhibited cytotoxic
action against leukemic cells, K362 and HL-60 cells. Anti-
TNF antibody (2.6 10° neutralizing units/ml) inhibited this
activity almost completely. * P<0.025 (n=3).

Table I Cytotoxic Activity of Human Macrophages
towards Normal Lymphocytes

Treatment of macrophages®

Target cells

(—) fIFN -+ LPS
% Cytotoxicity®
Normal allogeneic lymph —4.8+1.8 —71X1.6
autologous lymph ~ —6.0x1.0 —8.2+1.5
K562 cells —1.5£06 20313

a) Macrophages were untreated or treated with rIFN-7 plus
LPs.

b) The cytotoxic activity of the macrophages towards target
cells was assayed after cocultivation for 48 h at the macro-
phage-to-target cell ratio of 20:1. Results are expressed as the
mean =SEM of three separate experiments.

Table II. Cytotoxicity of Macrophage Lysate to Normal
Lymphocytes

Treatment of macrophages?

Target cells

(=) rIFN-y + LPS
% Cytotoxicity?
Normal allogeneic lymph —1.6+x14 —23+1.8
autologous lymph  — 1.1 1.6 —1.8£0.9
K562 cells —0.31£0.4 75%1.1

@) Macrophage lysate was prepared from macrophages un-
treated or treated with IFN-y plus LPS.

By The cytotoxic activity against target cells was assessed
after 48 h of incubation. The values show the meantSEM
for three experiments.
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Table III. Production of Nitrite by Human and Murine

Macrophages®

Source of P t' Treatment of macrophages

macrophages  © oPeranon (-) rIFN-y + LPS

(nmol/10¢ ceils)

Human Supernatant 25104 2.810.3
Lysate 1.5+0.4 1.7x£0.5

Murine Supernatant 2.110.3 40.2+1.3

a) Supernatant and lysate were prepared from the macro-
phages cultured in the same conditions as for the cytotoxicity
assay, and the content of nitrite was determined. Murine
macrophages were obtained after injection of LPS (50 He)
into the peritoneum, and these were untreated or treated with
rTFN-y and LPS for 48 h. The values show the mean =SEM
of three experiments.

the lysate from activated macrophages did not show any
lytic activity against normal lymphocytes (Table ID.
Measurement of nitrite We could hardly detect nitrite
in culture supernatant or lysate of human macrophages
whereas murine macrophages produced a significant
amount of nitrite (Table IIT).

DISCUSSION

Activated macrophages are believed to destroy tumor
cells effectively. However, the mechanism of tumor cell
lysis by macrophages has not been fully elucidated. In
the present study, we analyzed the mechanism(s) of
leukemic cell lysis by activated human macrophages. We
treated human macrophages with IFN-y and LPS, since
the combined treatment with these agents is considered
to be optimal for activation of macrophages.*” We pre-
pared the macrophage lysate to pursue the effector mole-
cule(s) involved in leukemic cell lysis, The macrophage
lysate had significant lytic activity against leukemic cells,
although the extent of lytic activity was lower than that
of intact macrophages (Figs. 1 and 4). The method used
to evaluate the lytic activity, an '"'In-releasing assay,*”
was sufficiently sensitive to quantitate the low activity
of human macrophages. Leukemic cell lysis by intact
human macrophages was almost completely inhibited by
anti-TNF antibody (Fig. 2). However, the leukemic cells
that we used in this study were so-called TNF-resistant
cells since TNF added exogenously did not exhibit any
cytolytic activity against them. The culture supernatant
of the activated macrophages did not exhibit any lytic
activity against leukemic cells. A similar observation was
reported by Klostergaard et al, who showed that the
cytotoxicity of activated macrophages against TNF-
resistant cells (EMT-6) was partially inhibited by anti-
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TNF antibody,* although the experimental conditions
were different from ours, since they used murine macro-
phages and the macrophages were activated with BCG.
The lytic activity of the macrophage lysate was also
inhibited by anti-TNF antibody. These findings suggest
that cell-associated TNF is involved in human macro-
phage-mediated cytotoxicity towards leukemic cells.
Membrane-associated TNF was shown to be present on
the surface of human monocyte-derived macrophages
and alveolar macrophages*” when these cells were ac-
tivated. The membrane-associated TNF of murine
macrophages has been reported to be responsible for the
lysis of some TNF-sensitive tumor cells.”® We further
demonstrated that the membrane-associated TNF of
human macrophages was also involved in lysis of TINF-
resistant cells. It is, however, unclear why only mem-
brane-associated, but not secreted TNF of human
macrophages had lytic activity against leukemic cells.
Almost all cells, including K562 and HL-60 cells,* are
considered to have TNF receptors on their surface. How-
ever, the mechanism of signal transduction of the TNF
receptor remains unclear.

Activated macrophages exerted significant lytic activ-
ity against leukemic cells but not normal lymphocytes.
Many investigators have also reported that macrophages
destroy tumor cells but not normal cells. In this study,
the macrophage lysate also exhibited significant cytolytic
activity against leukemic cells but not normal lympho-
cytes. Two explanations are possible. First, substances
produced by macrophages selectively react with leukemic
cells. Second, these substances react with both leukemic
cells and normal lymphocytes, but are lethal only to
leukemic cells, While TNF has cytotoxic activity towards
TNF-sensitive cells, it has diverse (but not cytotoxic)
activities towards normal cells. Effector molecule(s) of
activated human macrophages in this study might have a
function similar to TNF.

TNF was involved in the cytotoxicity of activated
human macrophages towards leukemic cells. However,
other factor(s) must also be involved since these leu-
kemic cells were resistant of TNF. Therefore, we exam-
ined the involvement of nitric oxide (NO) by determin-
ing nitrite, since it was recently shown to play an impor-
tant role in tumor cell lysis in the murine system.’®3» Ag
to the production of NO in human macrophages, there
are conflicting reports. Denis and others detected nitrite
in culture supernatant of human macrophages®
whereas James et al. and others did not.** We quan-
titated nitrite in culture suernatant or lysate of activated
macrophages, and it was less than one-tenth of that in the
culture supernatnat of activated mouse macrophages
(Table III). Furthermore, addition of NSY-monomethyl-
L-arginine (an inhibitor of NO production) had no effect
on the cytolysis of leukemic cells (data not shown). Thus



L-arginine-dependent reactive nitrogen intermediates
might not be involved in leukemic cell lysis by human
macrophages.

The mechanism of macrophage-mediated cytotoxicity
towards tumor cells has been shown to differ markedly
depending on the source of macrophages, the method of
activation, and the kind of target cells. The present study
has partially elucidated the mechanisms of leukemic cell
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