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Abstract

The clonogenic growth of myeloid leukemia cell lines was inhib-
ited by recombinant tumor necrosis factor (rTNF) at 1-15 pM
concentration. However, wild type (promyelocytic) HL-60 cells
were highly resistant to growth inhibition, but responded with
differentiation into monocyte-like cells at 100 pM rTNF. The
clonogenic growth of fresh acute myeloid leukemia cells was
inhibited by 50% at '-15 pMrTNF. The growth of normal gran-
ulocyte-macrophage progenitors (CFU-GM) was also inhibited
(by 50 pM rTNF), as was the growth of erythroid progenitors
(BFU-E) (by 150 pMrTNF). A synergistic antiproliferative ef-
fect was demonstrated between rTNF and recombinant inter-
feron-'y. Use of radioiodinated rTNF enabled us to detect 1,500-
2,100 binding sites on myeloid cell lines at 4VCwith Kd of -300
pM. At 370C, the transfer of bound ligand to lysosomes was
followed by degradation, inhibited by NH4'. No correlation was
observed between the number of binding sites or affinity at 4°C
and antiproliferative response to the addition of rTNF.

Introduction

Biologically active polypeptides such as lymphokines and
monokines may be of use in fighting leukemia because of their
ability to inhibit proliferation and induce differentiation. We(1,
2) and others (3, 4) have demonstrated that T-lymphocytes can
produce polypeptides called differentiation-inducing factors
(DIF)' that induce differentiation of the promyelocytic HL-60
cell line. In addition, DIF caused a primary growth inhibition
of other hemopoietic cell lines (Gullberg U., E. Nilsson, M. G.
Sarngadharan, and I. Olsson, submitted for publication.).
Therefore we have now investigated whether the cytotoxic and
cytostatic factor, tumor necrosis factor (TNF), has similar prop-
erties, and we have tried to relate the effects observed to TNF
binding to the cell surface of hemopoietic cells.
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1. Abbreviations used in this paper: AML, acute myeloid leukemia;
BFU-E, erythroid progenitor, CFU-GM, granulocyte-macrophage pro-
genitor; DIF, differentiation-inducing factor, FBS, fetal bovine serum;
IFN-'y, interferon-y; NBT, nitroblue tetrazolium; rTNF, recombinant
tumor necrosis factor, SDS-PAGE, sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis; TNF, tumor necrosis factor.

TNF, detected in serum of mice and rabbits injected with
bacillus Calmette-Guerin and endotoxin (5), is produced by
macrophages (6). Also lymphotoxin, produced by some Epstein-
Barr virus-transformed B cell lines after exposure to a phorbol
ester, is active in the classical tumor necrosis assay (7). The pro-
myelocytic HL-60 (8, 9) and the monoblastic U-937 (8) cell
lines secrete TNF when stimulated with phorbol esters. TNF
was purified, and synthetic oligonucleotides corresponding to a
partial amino acid sequence were used for isolation and cloning
of TNF cDNA (9-1 1). As a result, human recombinant TNF
(rTNF) was produced in Escherichia coli (8-11). The gene that
encodes TNF was identified in a genomic library (11, 12). It
seems that TNFbelongs to a family of polypeptides with similar
biological activities. Thus the gene coding for the cytotoxic factor
lymphotoxin was cloned, and the sequence comparison revealed
extensive homologies (13) between TNF and lymphotoxin. A
factor called cachectin, which is produced in macrophages and
specifically suppresses the enzyme lipoprotein lipase in adipo-
cytes, may be identical with TNF (14). Cachectin inhibits the
activity of fat-producing (lipogenic) enzymes in cultured adi-
pocytes (15). It may play a role in the development of cachexia
in chronic inflammatory disease.

The proliferative response to TNF was reported to vary
among carcinoma and sarcoma cell lines (16) and did not cor-
relate to the number of binding sites per cell. High-affinity re-
ceptors for TNF have been demonstrated on HeLa and lym-
phoblastoid cells, which are sensitive to TNF-mediated growth
inhibition (17, 18). Preincubation of cells with interferon-y in-
creased the number of TNF receptors (19). Effects of TNF on
normal and leukemic hemopoietic cells have not been reported.
Therefore we investigated growth inhibitory and differentiation
effects on myeloid leukemic cell lines, fresh leukemic progenitor
cells, and normal hemopoietic progenitors. The data show vary-
ing sensitivity of these cells to the antiproliferative effects of
rTNF. Some cell lines that were resistant to growth inhibition
at picomolar concentration of rTNF responded with differen-
tiation at higher concentrations. Wealso related these effects to
cell surface binding, internalization, and degradation of endo-
cytosed rTNF.

Methods

Cell lines. Wild type HL-60 (20), a subclone of HL-60 (HL-60-10), U-
937 (21), K-562, (22), and KG-I (23) cell lines, were maintained in
suspension culture in RPMI 1640 medium with 10% fetal bovine serum
(FBS). The same medium was used for assays of differentiation and
growth inhibition. All experiments were performed with cells in a log-
arithmic growth phase.

Tumor necrosis factor and interferon--y (IFN-,y). Recombinant human
TNF (produced by Genentech, Inc., San Francisco, CA) was supplied
by Boehringer Ingelheim, Vienna, Austria. The IFN-'y produced by re-
combinant technology was obtained from the same company. The activity
of TNF assayed on L-929 fibroblast cells in the presence of I jig/ml of
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actinomycin D (13) was 38 X 106 U/mg (646 U/pmol). The IFN--y con-
tained 20 x 106 U/mg of protein.

Assays for differentiation and growth inhibition. For differentiation
assays, 1-ml aliquots 2 X 105/ml wild type HL-60 (passage 20-45) were
incubated with rTNF. After 4 d, the cell number, viability, number of
nonspecific esterase-positive cells with a-naphthyl butyrate as substrate
(24), and number of cells with a capacity to reduce nitroblue tetrazolium
(NBT) were determined (2).

The growth-inhibitory effect of TNFon cell lines was determined by
use of agar culture. In the latter, 2,000 cells were seeded in 1 ml of 0.3%
agar on top of 1 ml of 0.5% agar in 35-mm tissue culture dishes. Colonies
were counted after 10 d.

Assay for granulocyte-macrophage progenitors (CFU-GM). Human
marrow cells (10) with d <1.077 g/ml, obtained by centrifugation in
Ficoll-Hypaque was grown in 1 ml of 0.3% agar on top of I ml of 0.5%
agar in growth medium with 15% FBS in 35-mm tissue culture dishes.
As a source of colony stimulating activity, human placenta-conditioned
medium was used after partial purification by chromatography on Se-
phadex G-75 (Pharmacia Co., Sweden). The plates were scored after 7,
10, and 14 d. The effects of TNF on colonies counted on day 10 are
documented in Fig. l.

Assayfor clonal growth of acute myeloid leukemia (AML) cells. Bone
marrow cells from 10 patients with untreated AMLwere cultured in
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Figure 1. Proliferation-inhibitory effects on clonal growth in agar of
myeloid cell lines HL-60 (.), K-562 (A), KG-l (v), HL-60-10 (o), and
U-937) (o). Experiments were performed four to six times on each cell
line; bars indicate SEM. Also included are data on proliferation-inhib-
itory effects on normal hemopoietic stem cells, BFU-E (n = 5) (.), and
CFU-GM(n = 5) (a), as well as on fresh AMLcells (n = 10) (o); bars
indicate SEM. For assays of effects on cell lines (top) the following
TNF concentrations were used: 0.15, 0.75, 1.5, 3.0, and 7.5 pM. For
assays of the effects on hemopoietic progenitors and AMLcells (bot-
tom) the following concentrations were used: 1.5, 7.5, 15, 75, and 150
pM, except for assays of the effect on BFU-E, where the highest con-
centration was 300 pM. Colony-forming units are given as percent of
control after 10 d of culture for the cell lines, after 20 d for BFU-E,
after 10 d for CFU-GM, and after 7 d for AMLcells. The plating effi-
ciency was 30% for wild type HL-60, 40% for K-562, 15% for KG-1,
30-50% for HL-60-10, and 40-50% for U-937. Control incubations
without TNF contained 86±50 (SD) BFU-E, 140±56 (SD) CFU-GM,
and 487±284 (SD) clonogenic AMLcells.

agar as described above for CFU-GM. Cell aggregates containing more
than three cells were scored at day 7 and taken to represent clonogenic
cells. According to the Fab classification (25), there were 5 M2patients,
1 M3 patient, 3 M4patients, and I M5 patient.

Assay for erythroid progenitors (BFU-E). Mononuclear blood cells
from healthy individuals were separated from heparinized blood by cen-
trifugation on Ficoll-Hypaque. Cells, 2 X 10' in l-ml vol in 35-mm petri
dishes, were grown in 0.8% methyl cellulose in Iscove's modification of
Dulbecco's medium with glutamine and Hepes. The following additions
were made: 30% FBS, 10% conditioned medium from the Mo-cell line
(kindly provided by Dr. David Golde, Department of Oncology-He-
matology, University of California, Los Angeles, CA), 20 mMglutamine,
50 MMfl-mercaptoethanol, I U/ml of human urinary erythropoietin
(kindly provided by Dr. Miloslav Beran, M. D. Anderson Hospital,
Houston, TX), 1.7% (wt/vol) bovine serum albumin (BSA), 1.6 AMFeCl3,
and 4.5 MMtransferrin saturated with FeCl3. The plates were incubated
for 20 d at 5%Pco2 in a fully humidified incubator. Erythropoietic bursts
consisting of several individual colonies were counted as described (26)
after 20 d. The single compact colony type composed a minority of the
erythroid growth from peripheral blood mononuclear cells. These were
also counted as BFUJ-E as described (26). Both types of BFU-E consisted
of more than 500 cells. Control incubations without TNF contained
86±49.7 (SD) BFU-E/dish.

Iodination of TNF. Iodination was performed using the two-phase
method described by Tejedor and Ballasta (27). Borate buffer (50 Ml, 50
mM, pH 8.4), KI (10 Ml, 0.125 mMin borate buffer) and 1 mCi of
carrier-free 1251 (Amersham International, Amersham, Buckinghamshire,
England) were mixed with 2 Ag rTNF containing 0.05% Tween 20. Io-
dination was performed as described (27). A Sephadex G-25 column
was used for isolation of the 1251-rTNF. 125I was incorporated into rTNF
without loss of biological activity, as judged by its ability to inhibit the
clonogenic growth of HL-60-l0. The specific activity of '25I-rTNF was
determined by self displacement analysis (28). For this analysis, it is
assumed that the binding characteristics of labeled and unlabeled rTNF
are the same.

The iodinated rTNF was subjected to sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) as described previously (2).
After electrophoresis gels were dried on filter paper, they were exposed
to x-ray film (X-Omat S, Eastman Kodak Co., Rochester, NY) for
12 h.

Binding of '25I-rTNF to cells. Washed cells were incubated with ra-
dioiodinated rTNF in binding buffer (RPMI, 2%heat-inactivated FBS,
and 1%BSA) in a total volume of 200 Ml in 1.5-ml Eppendorf centrifuge
tubes. After incubation by rotation, cells were centrifugated for 10 s at
8,000 g, and the pellet was resuspended and washed twice in ice-cold
binding buffer to separate free and membrane-bound '25I-rTNF. The
radioactivity of the cell pellet was measured in a y-counter. Specific
binding was defined as the difference between total binding and the bind-
ing that occurred in the presence of a 20-fold excess of unlabeled rTNF
(nonspecific binding). In the range of 2 X I06-20 X 106 cells, the assay
was proportional to the number of cells added. In standard assays, 5
X 106 cells were used per incubation.

The occurrence of degradation products of 125I-rTNF in the incubation
medium upon binding and internalization of 125I-rTNF was also deter-
mined. The incubation medium was precipitated with 10%trichloroacetic
acid. The radioactivity of the supernatant was determined and taken as
a measure of degraded 1251I-rTNF.

Subcellular fractionation. Before homogenization of labeled cells, 5
X 10' unlabeled carrier cells were added. Homogenization was at a con-
centration of 108 cells/ml in 0.34 Msucrose/5 mMHepes (pH 7.3)/0.5
mMEDTA (homogenization medium) with 40 strokes of a Dounce
glass homogenizer (Kontes Glass Co., Vineland, NJ). The homogenate
was diluted with the same solution and unbroken cells and nuclei were
recovered by centrifugation at 700 g for 10 min. For density gradient
separations, 6 ml of 12% Percoll (density 1.069 g/ml), in Hepes/sucrose
adjusted to give a final concentration of 15-mM Hepes, pH 7.4, and
0.25 Msucrose, was layered on top of a 1-ml cushion of saturated sucrose.
A 2.0-ml aliquot of the 700 g supernatant of the cell homogenate was
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layered on top of the Percoll. Centrifugation was performed at 32,000 g
for 60 min at 4VC in a Sorvall RC-5B centrifuge using the SE-12 rotor
(E.I. Du Pont de Nemours & Co., Inc., Newtown, CT). Fractions were
collected with a peristaltic pump. The gradient was collected in 19 frac-
tions, and the cytosol was collected in fraction 20. Galactosyl transferase
(marker for Golgi elements) (29) and fl-hexosaminidase (marker for ly-
sosomes) (30) were determined as described. The distribution of plasma
membranes was determined by labeling the cell surface at 0C with 25I-
wheat germ lectin (31) before homogenization and assaying for 1251I activity
of the fractions obtained from the gradient.

Results

Differentiation induction of HL-60. After addition of rTNF to
wild type HL-60 cells, there was an increase in cells that reduced
NBTwhen stimulated with phorbol ester (Fig. 2). There was an
increase in a-NBE-positive cells too, indicating maturation along
the monocyte-macrophage pathway, which was supported also
by alterations in cell morphology with the appearance of irregular
nuclei and disappearance of cytoplasmic granulation. These
changes occurred at 2-4 d of incubation at 100-600 pM con-
centration of rTNF. The maturation changes took place without
inhibition of growth during the first 4 d of incubation (data not
shown).

Proliferation inhibition of myeloid cell lines. One subclone
of HL-60 (HL-60- 10) was highly susceptible to the antiprolifer-
ative effect of rTNF in a clonal assay (agar culture). 1 pMrTNF
inhibited growth 50% (Fig. 1). TNF did not induce visible dif-
ferentiation of HL-60-10 cells; judging from the fact that no
NBT-positive cells were formed. In separate experiments (data
not shown), we investigated if the growth inhibitory effect on
HL-60- 10 was reversible or not in suspension culture. Wefound
that if rTNF was removed from the cells by washing within 24
h of addition, the effect was partly reversible. In contrast to wild
type HL-60, subclones, e.g., HL-60-l0, sensitive to TNF-induced
growth inhibition, were a-NBE-positive. In this respect the sub-
clones are similar to the monoblast-like U-937 cell line, which
was also highly susceptible to rTNF-induced growth inhibition,
with 50% inhibition at a concentration of rTNF below 1 pM
(Fig. 1). The myeloblast-like KG- 1 cell line was also highly sus-
ceptible to rTNF, while the proerythroid K-562 line was less
susceptible.

Proliferation inhibition of normal hemopoietic cells andfresh
AMLcells. Fig. 1 shows that normal CFU-GMresponded with
growth inhibition to the addition of rTNF with 50% inhibition
at 50 pM rTNF. BFU-E were less susceptible than CFU-GM.
Clonogenic cells (all aggregates with more than three cells

o- NBE
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d -NBE

>)80 NBT

Figure 2. Differentiation induction
A of wild type HL-60 with rTNF. (A)

Cells were incubated with different
concentrations of TNF for 4 d and
the %NBT-positive (o) and a-
NBE-positive (-) cells are shown.
(B) Cells were also incubated for
different time periods with 600 pM

B rTNF before analyzing NBT- and
a-NBE-positive cells. In these ex-
periments rTNF produced no
growth inhibition of HL-60 and
the number of cells at 4 d was sim-
ilar in incubations with rTNF and
control incubations without rTNF.

counted on day 7) from 10 patients with AML responded to
rTNF with 50% reduction of clonogenic growth in agar at 15
pM rTNF. Similar results were obtained in AMLby scoring
small clusters (3-20 cells), large clusters (20-40 cells), or colonies
at 7, 10, or 14 d of culture (data not shown).

Synergistic antiproliferative effect of rTNF and rIFN-,y. The
combined effect of rTNF and rIFN-y on the clonogenic growth
of HL-60-10 was investigated (Fig. 3). rIFN-'y, 100-500 U/ml,
did not significantly inhibit growth. However, additions of 100-
500 U/ml of rIFN-'y clearly potentiated the antiproliferative effect
of rTNF, thus indicating a synergistic action between rTNF and
rIFN-'y. This result is consistent with results from a previous
report on synergism between rTNF and rIFN-'y for proliferation
inhibition on human carcinoma cell lines (16).

Binding of 25I-rTNF to hemopoietic cells. TNFwas iodinated
with a two-phase labeling system (27). When iodinated rTNF
was subjected to SDS-PAGE, a major Mr 17,000 component
was visible on the fluorogram (Fig. 4). The specific activity was
determined by self-displacement analysis (Fig. 4) of HL-60-10
cells. This method gives an estimate of the specific radioactivity
of the TNF molecules that actually bind to the target cells in
the assay. The parallel displacement curves for the total rTNF
and unlabeled rTNF (Fig. 4) indicated that the binding affinity
of iodinated and native TNF molecules was similar. This was
obvious also from titration experiments where the growth-in-
hibitory effects of iodinated rTNF and unlabeled rTNF were
compared (data not shown). The self-displacement analysis gave
an estimate of the specific activity of 2.1 X 106 cpm/pmol.

The competition for '25I-rTNF binding to hemopoietic cell
lines by unlabeled rTNF is shown in Fig. 5. All cell lines tested,
HL-60, HL-60-l0, KG-1, and K-562, showed binding, competed
for by unlabeled rTNF. HL-60 cells induced to differentiate into
granulocyte-like cells with retinoic acid (32) and into monocyte-
like cells with Ila,25 dihydroxycholecaliferol (33) retained bind-
ing sites for rTNF (data not shown).

Binding, internalization, and degradation of 25I-rTNF. The
binding of '25I-rTNF to HL-60-10 cells was measured at both
40, 230, 37°C. Maximum binding was observed after 2 h at 40C,
and after 10 min at 37°C (Fig. 6). Maximum binding was ob-
served after 20 min at 23°C (data not shown). Incubation at
37°C resulted in a decrease with time of cell-associated rTNF,
possibly indicating degradation of '25I-rTNF. Actually the de-
crease in cell-associated '25I-rTNF after -2 h was accompanied
by the release of a corresponding amount of acid-soluble material
into the medium (Fig. 6), indicating degradation at 370C but
not at 40C. Whenbinding experiments at 370C were performed
in the presence of 10 mMNH4CI, no decrease with time was
seen for cell-associated rTNF. Furthermore the occurrence of
acid-soluble material in the medium was considerably decreased,
indicating that NH4+ protected against degradation of rTNF.
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Figure 3. Synergistic
growth-inhibitory effects be-
tween rTNF and rIFN-'y.
HL-60-10 cells were cul-
tured in agar at different
concentrations of rTNF for

plus IFN-y 1O d without (o) and with
100 U/ml (o), or with 500
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Figure 4. Determination of specific activity of '25I-labeled rTNF by
self-displacement analysis. (A) B/F ratios are plotted against total ra-
dioactivity added (o) and against amount of unlabeled rTNF added
(.). (B) The total radioactivity added is plotted against amount of un-
labeled rTNF (D). These data are obtained from the portions of A in
which B/F ratios are the same for both curves. Specific activity corre-
sponding to 2.1 x 106 cpm/pmol is determined from the slope of the
line. In B, electrophoretic analysis of '25I-rTNF by SDS-PAGEis also
shown, with position of molecular weight markers indicated to the
left. The picture of the gel is reduced to 38% of the original gel.

The finding of a temperature-dependent degradation of cell-
associated 125VIrTNF suggested that rTNF may be degraded after
receptor-mediated endocytosis and fusion of receptosomes with
lysosomes. Using a Percoll density gradient system, we attempted
to determine if bound rTNF resided either within a vesicular

HL-60- 10
4-- KG-1

4- K-562

4- HL-60

I i~~~~~IAnd~~~~~~&-

Figure 5. Binding of 1251_
rTNF to myeloid cell lines
HL-60 (o), HL-60-IO (.),
KG-l (A), and K-562 (A).
The competition for '25W-la-
beled rTNF binding by var-
ious concentrations of unla-
beled rTNF added was in-
vestigated. These binding
experiments were per-
formed at room tempera-
ture for 60 min, and the re-
sults are expressed as cpm
'251I-rTNF bound to the cells
and is plotted against the
concentration of unlabeled
rTNF added.

Incubation time, hours

Figure 6. 25I-rTNF binding to HL-60-10 cells at 4VC (.) and at 370C
(o) as a function of time of incubation. Incubations were also per-
formed in the presence of 10 mMNH4' (c). All values are corrected
for nonspecific binding obtained at a 20-fold excess of unlabeled
rTNF. The occurrence of degradation products of '25I-rTNF in the in-
cubation medium was determined by precipitation with 10% trichloro-
acetic acid (TCA) in ice and measuring the radioactivity of the super-
natant. Data are given for TCA supernatants obtained from binding at
370C in the absence (o) and presence (o) of 10 mMNH4'. These data
are corrected for radioactivity of TCAsupernatants obtained from
binding studies at 4VC. The latter showed no increase in radioactivity
of TCA supernatants with time, thus indicating that no degradation
occurred at 4VC.

compartment in the cell or remained bound to membrane. The
gradient system allowed separation of lysosomes from Golgi and
plasma membrane fractions. The positions of these fractions
were determined by marker enzymes (Fig. 7 A). Cells were loaded
with '251-rTNF at 40 or 370C. After loading at 40C for 60 min,
cells were homogenized at 0Cand added to Percoll for gradient
centrifugation at 4VC. The 1251I-rTNF was present in a fraction
that corresponded exactly with the localization of plasma mem-
branes (Fig. 7 B). No delivery to denser organelles was seen.
However, loading for 30 min at 370C resulted in the occurrence
of labeled material in the most dense fractions corresponding
to the distribution of lysosomes and a clear decrease of plasma
membrane-associated 125I-rTNF. Increased loading times re-
sulted in an increase in radioactivity in the most dense fractions
and a decrease in the light fractions. These data demonstrate
that 125I-rTNF is internalized, and it is also degraded at least in
part, according to data of Fig. 6.

Weattempted to obtain more detailed information on in-
ternalization and degradation of '25I-rTNF by modulating these
processes by several means (Fig. 7 C). Internalization was not
blocked by 10 gM colchicine, which disrupts microtubules.
Moreover 10 gg/ml cytochalasin B, which disrupts microfila-
ments, did not block internalization either (data not shown).
Thus internalization does not require an intact cytoskeleton.
Monensin, a monocarboxylic proton ionophore that exchanges
Na' ions for protons and raises the normally acidic pH of en-
docytic vacuoles (34), did not interfere with internalization (Fig.
7 C). 10 mMNHICl did not block internalization either (Fig.
7 C). In contrast to NH4', incubation with monensin and chlo-
roquine did not inhibit the degradative pathway resulting in the
intracellular accumulation of intact ligand without release of
acid-soluble degradation products to the medium (data not
shown).
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-1.080 A of -300 pM with 1,500-2,100 binding sites per cell. Table I

summarizes data for HL-60 and HL-60-10 at various temper-
-1.070 atures. Wild type HL-60 showed homogeneous binding at 40,

230, and 370C, whereas HL-60-10 showed bimodal binding at
higher temperatures. Thus a small number of "very high" affinity

-1.060 m (Kd = 5-15 pM) binding sites (20-40 per cell) was observed on
HL-60-l0 at elevated temperatures. Similar very high affinity

-1.050 binding was also seen on K-562, U-937, and KG-l at elevated
temperature (data not shown). This very high affinity binding
observed at elevated temperature may be an expression of a

B temperature-dependent receptor or the result of ligand inter-
nalization. Investigations on isolated membranes are needed to
clarify this point further.

Thus the number of high affinity sites was similar in various
cell lines at 4VC, and the binding sites had a similar affinity for
the ligand in various cell lines, whereas the growth-inhibitory
effect of TNF varied considerably (Fig. 1). Obviously the anti-
proliferative effect on the cell lines was not reflected in variations
of the number of binding sites or affinity of the receptor at 40C.
However, the "very high" affinity binding demonstrated at el-
evated temperature was not observed in wild type HL-60 cells,

c which were highly insensitive to the antiproliferative effect.
Percoll density gradient centrifugation of cell homogenates

revealed that internalization of bound ligand occurred equally
well in wild type HL-60 and HL-60- 10 (data not shown). Thus
differences in internalization rates do not explain the different
cellular response in wild type HL-60 and HL-60-I0.

Discussion

0 ~~~1,0 20
Fraction no.

Figure 7. Demonstration of internalization of bound '25I-rTNF in HL-
60-10 cells by use of centrifugation of cell homogenates in a Percoll
density gradient. Fraction No. 20 represents the cytosol. (A) The dis-
tribution in the gradient of '25l-lectin, as a marker for plasma mem-

brane (0); galactosyl transferase, as a marker for Golgi elements (.);
and jl-hexosanminidase as a marker for lysosomes (o), is shown, as well
as the density of fractions (-----). (B) Distribution in the gradient of
'25I-rTNF of homogenates prepared after incubation of intact cells
with 1251-rTNF for 5, 30, and 60 min at 370C (e) or 60 min at 4VC
(o). (C) Distribution in the gradient of '251-rTNF of homogenates pre-
pared after incubation of intact cells with '25I-TNF for 60 min at 370C
in the presence of 10 mMNH4Cl, 10 1M colchisin, I gM monensin
(e), or no addition (o) (control).

Wealso demonstrated (data not shown) that the cells inter-
nalized '25I-rTNF at 20'C, but without degradation. Results of
Percoll separations of homogenates from cells loaded at 20'C
showed that labeled material accumulated in organelles with a

density intermediate between plasma membranes and lysosomes.
Thus endocytosis continued at 20'C, but fusion of receptosomes
with lysosomes might not have occurred, because degradation
did not occur.

Equilibrium binding constants, receptor numbers, and cellular
response. The kinetics for binding of '251-rTNF to various my-
eloid cell lines was subjected to Scatchard analysis (35). Disso-
ciation constants and maximum number of binding sites were

calculated from the best fit equations. The binding of '251I-rTNF
to cell lines HL-60, HL-60-10, K-562, KG-1, and U-937 was

homogeneous at 4VC, with a single dissociation constant (Kd)

This work has demonstrated that rTNF has a profound anti-
proliferative effect on some myeloid leukemia cell lines with
50% inhibition of clonal growth at -1 pM concentration of
rTNF. However, the susceptibility to rTNF varied among

different clones of HL-60. Someof these were highly susceptible
to growth inhibition, but wild type HL-60 was resistant. Actually
wild type HL-60 was induced to differentiate into monocyte-
like cells at high concentrations (100-600 pM) of rTNF. Thus
rTNF displays different actions on clones from the same cell
line, and target cells resistant to the antiproliferative effect at
low concentrations may respond with differentiation at higher
concentrations of rTNF. The final result in both cases is inhi-
bition of the self renewal capacity of clonogenic cells. Similar
effects have been demonstrated for a T-lymphocyte-derived DIF
(1, 2). However DIF and TNF are distinctive polypeptides as

they have different biochemical characteristics (2). Moreover, a

neutralizing anti-TNF rabbit antiserum did not neutralize the
DIF effect (unpublished data), but both DIF and TNFmay be-
long to a family of polypeptides with similar biological activities.

The fraction of cells with clonal self renewal is high in im-
mortalized cell lines but low among fresh leukemia cells from
patients with acute myeloid leukemia. For natural reasons the
patients investigated were selected because their marrow cells
had a relatively high plating efficiency, which correlated with a

less favorable prognosis (36). Therefore we were convinced that
in such cases the majority of the clonogenic cells that grow in
agar are leukemic and not normal cells, and that the results
reflect the effect of rTNF on leukemic cells.

The antiproliferative effect of rTNF was not specific for
leukemic cells. Also normal hemopoietic progenitors were sus-

ceptible, though less so than leukemic cells. Recent data dem-
onstrated that the molecules responsible for the cytotoxic or
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Table I. Dissociation Constants and Receptor Numbers of 125I-rTNF Binding
to HL-60 and HL-60-10 Cells and Growth Inhibition by rTNF

High affinity receptor "Very high" affinity receptor

Incubation Number of receptors Dissociation Number of receptors Dissociation 50% growth
Cell temperature per cell constant per cell constant inhibition

pM pM pM

HL-60 40C 1,400 350 0 -
230C 1,500 170 0
370C 6,300 170 0 750

HL-60-10 40C 2,100 -310 0
230C 2,800-3,500 270 0-20 1.2
370C 1,200-2,200 330-600 19-43 5-15 1

Binding studies were performed as described in Methods. Incubations were for 2 h at 4VC, 1 h at 230C, and 20 min at 370C to reach steady state.
The cells were incubated at 22 different concentrations (5-800 nM) of '25I-rTNF in the absence or presence of excess unlabeled rTNF to correct
for unspecific binding. When more than one experiment was performed, the range of data obtained is given.

cytostatic effect of supernatant from natural killer cells on CFU-
GMare antigenically, functionally, and biochemically similar
to or identical with TNFproduced by monocytes (37). Our data
showed that CFU-GMwere more sensitive to rTNF than BFU-
E. This is consistent with data of a recent abstract on the effect
of TNF on human bone marrow hemopoietic progenitor cells
(38). However, some human cancer cell lines (16-18) and some
of the myeloid leukemia cell lines of this report were extremely
sensitive to TNF. The mechanism for this potent and selective
effect is unknown. A synergistic cytotoxic interaction between
TNF and IFN-y reported for human cancer cell lines (7) and
hematopoietic progenitors (37, 38) was shown for the myeloid
cell lines too.

The present data also show binding of rTNF to myeloid
cells. Receptor expression was not influenced by cellular differ-
entiation, as uninduced and induced HL-60 cells both demon-
strated saturable binding of TNF. Binding of radioiodinated re-
combinant TNF to myeloid cell lines such as HL-60- I0 and U-
937 at 4°C was saturable, reversible, and of high affinity (Kd
= 300 pM). The surface-bound ligand was internalized at ele-
vated temperature. Intracellular rTNF was degraded into tri-
chloroacetic acid-soluble material. Whenbinding studies were
performed at elevated temperature, the Scatchard plot of the
binding data was biphasic. In addition to binding sites detectable
at 4°C, the presence of a small number of very high affinity
binding sites was suggested. However, this result could also be
a consequence of ligand internalization that took place at elevated
temperature but not at 4°C. It remains to be determined if pu-
rified plasma membranes have two classes of binding sites or
not. A similar result was reported for rINF-'y, but isolated plasma
membranes bound ligand in a unimodal manner at either 4° or
370C, indicating that only one class of high-affinity receptor was
present for IFN-y (39).

Our data demonstrate that low temperature preferentially
inhibited rTNF degradation while endocytic uptake continued
at 200C. The results from subcellular fractionation indicated
that at 20°C, unlike at 37°C, internalized rTNF did not reach
the lysosomes but remained in receptosomes. This agrees with
data for the asialoglycoprotein receptor system for which en-
docytosis also continued at 20°C while lysosomal degradation
was completely inhibited (40, 41). On the other hand endocytic
uptake of insulin in adipocytes is more temperature-sensitive
than intracellular processing and release of internalized insulin
(42). Thus differences may exist in mechanisms of uptake and
degradation of various ligand receptor systems.

Internalization of rTNF was independent of an intact cy-
toskeleton, as agents that disrupt microfilaments or microtubules
did not inhibit the internalization. Transport of ligand to lyso-
somes seemed to be independent of acidification of endocytic
vacuoles, as transport was not blocked by NH4, or monensin.
The latter agent, which exchanges Na+ ions for protons, disrupts
an ion gradient necessary for the budding of vesicles from the
Golgi apparatus and also blocks the movement of newly syn-
thesized plasma membrane proteins from the Golgi to the plasma
membrane (34). Monensin can also block receptor recycling (43).

TNF receptors have now been found in human and murine
carcinoma cell lines (16, 18, 19), some lymphoblastoid cell lines
(17), and myeloid cells of the present study. Comparable numbers
of receptors (2,000-6,000) with similar binding affinities at 4°C
(Kd = 200-300 pM) were present on carcinoma lines and myeloid
leukemia lines. However, we cannot definitely conclude that a
single type of TNF receptor is present on different cells. The
presence of TNF receptors was not found to be correlated with
TNF sensitivity (18) and thus did not provide a predictive test
for the antiproliferative response to TNF. As to various myeloid
cell lines, there was no correlation between receptor numbers
or affinity at 4°C and cellular response at 37°C to the addition
of TNF.
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