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tetradecanoylphorbol-13- acetate. The PKC inhibitor Staurosporine (Sigma Chemical Co., St. Louis, MO) as well as
protease inhibitors can completely prevent G-CSF receptor downmodulation. Thus, it appears TNF may act as a regulator
of G-CSF receptor expression in myeloid cells and shut off G-CSF dependent hematopoiesis. The regulatory ability of
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Abstract

Tumor necrosis factor (TNF) inhibits granulocyte-colony-
stimulating factor (G-CSF)-induced human acute myeloid leu-
kemia (AML) growth in vitro. Incubation of blasts from three
patients with AMLin serum-free medium with TNF (103 U/
ml), and subsequent binding studies using '25I-G-CSF reveal
that TNF downregulates the numbers of G-CSF receptors by

- 70%. G-CSF receptor numbers on purified blood granulo-
cytes are also downmodulated by TNF. Downregulation of G-
CSF receptor expression becomes evident within 10 min after
incubation of the cells with TNF at 37°C and is not associated
with an apparent change of the dissociation constant (Kd). The
TNF effect does not occur at 0°C and cannot be induced by
IL-2, IL-6, or GM-CSF. TNF probably exerts its effect
through activation of protein kinase C (PKC) as the TNFeffect
on G-CSF receptor levels can be mimicked by 12-O-tetrade-
canoylphorbol-13-acetate. The PKC inhibitor Staurosporine
(Sigma Chemical Co., St. Louis, MO)as well as protease inhibi-
tors can completely prevent G-CSF receptor downmodulation.
Thus, it appears TNFmay act as a regulator of G-CSF receptor
expression in myeloid cells and shut off G-CSF dependent he-
matopoiesis. The regulatory ability of TNF may explain the
antagonism between TNF and G-CSF stimulation. (J. Clin.
Invest. 1991. 87:838-841.) Key words: AML(cells)- granulo-
cytes * TNF * downmodulation * PKCactivation

Introduction

Tumor necrosis factor a (TNFa)' is a nonglycosylated protein
with a mol wt of 17,350 (1) synthesized by activated mononu-
clear phagocytes (2). It has an important role in regulating he-
matopoiesis. It may induce the release of certain hematopoietic
growth factors from diverse cells, e.g., granulocyte macro-
phage-colony-stimulating factor (GM-CSF) (3) and granulo-
cyte-colony-stimulating factor (G-CSF) (4) from human lung
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1. Abbreviations used in this paper: AML, acute myeloid leukemia;
CSF, colony-stimulating factor; G-CSF, granulocyte-CSF; GM-CSF,
granulocyte macrophage-CSF; M-CSF, monocyte-CSF; PKC, protein
kinase C; TNFa, tumor necrosis factor a; TPA, 12-O-tetradecanoyl-
phorbol- 13 acetate.

fibroblasts, monocyte colony-stimulating factor (M-CSF) from
human monocytes (5), and interleukin- 1 from endothelial
cells (6).

The role of G-CSF in controlling the survival, proliferation,
differentiation, and functional activation of granulocytes and
their precursors has been established (7). Further, G-CSFstimu-
lates the proliferation of acute myeloid leukemia (AML) in
culture (8-10) and it may also induce maturation of myeloid
leukemia (1 1-13). In previous reports, it has been shown that
TNF acts antagonistically with the proliferative effects of G-
CSFon AMLblasts in vitro (14, 15), and thus appears to be a
negative regulator of the G-CSF-induced proliferation of AML
cells.

In this study we have addressed the question whether the
mechanism of TNF suppression of G-CSF-mediated growth
may occur at the level of G-CSF membrane receptors. The
results of the experiments reported here show that TNFa
downregulates G-CSF receptor expression on AMLblasts, sug-
gesting that the antagonistic effect of TNF is accomplished
through G-CSF receptor downmodulation. A similar down-
regulation of G-CSF receptor expression is also evident when
blood granulocytes are incubated with TNF. Additional experi-
ments suggest that activation of protein kinase C (PKC) and
release of proteases that cleave off the receptors are crucial
events in the rapid downregulation of G-CSF receptors.

Methods

Purification of AMLblasts and normal granulocytes. AMLcells were
isolated from the peripheral blood and the bone marrow of eight adult
untreated AMLcases that were classified as Ml (n = 2), M2(n = 1), M4
(n = 2), and M5 (n = 3) (16, 17). The AMLcells were separated by
Ficoll-Isopaque centrifugation and subsequent removal of E-rosette-
forming cells (18), and then cryopreserved in 7.5% DMSOand 20%
inactivated FCS. The cell preparations were also depleted from mono-
cytic cells by plastic adherence. The viability of the cells after thawing
was always > 90%. Morphological examination of cytospin slides of the
thawed cells after depleting the monocytic fraction revealed that . 98%
of the cells were blasts. Normal peripheral blood granulocytes were
obtained from the heparinized blood of healthy volunteers following
sedimentation in 0.1% methylcellulose, and subsequent Ficoll-Iso-
paque centrifugation. The resultant cell fractions consisted of 92%-
96%neutrophils, 2%-5%eosinophils, and 3%-5%monocytes/lympho-
cytes. The latter cell preparations were used fresh.

Hematopoietic growth factors. Recombinant human GM-CSF(a
gift from Dr. S. Clark from Genetics Institute, Cambridge, MA) at 200
U/ml, IL-2 (Cetus Corp., Emeryville, CA) at 50 U/ml, IL-6 (Central
Laboratory of the Netherlands Red Cross Blood Transfusion Service,
Amsterdam) at 103 U/mI, and TNFa (Dr. Adolf, Boehringer Institute,
Vienna, Austria) at 103 U/ml were applied for incubation of cells prior
to binding studies. These concentrations supported optimal AMLcell
proliferation under serum-free conditions (10, 11, 15, 19). Recombi-
nant human G-CSF (Amgen Biologicals, Thousand Oaks, CA) was
used for radiolabeling purposes.
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Treatment of the cells with 12-0-tetradecanoylphorbol-13-acetate
(TPA), Staurosporine, and protease inhibitors. To study the mecha-
nism of action of TNF, granulocytes were incubated in serum-free me-

dium (SFM) for 60 min at 37°C with TPA (Sigma Chemical Co., St.
Louis, MO) at 50 ng/ml. The cells were pretreated with the protein
kinase C(PKC) inhibitor Staurosporine (Sigma) at 0.1 M. The cells (1
ml end vol) were also pretreated with 20 ,1 mixture of protease inhibi-
tors (mixture: 2%gelatin in 0.15 MNaCI, 1 mg/ml Aprotinin, 1 mg/ml
Leupeptin, 1 mg/ml iodoacetamide, 1 mg/ml Bacitracin, and 1 mM
PMSF). This pretreatment was applied 30 min before the direct addi-
tion of TNF or TPA.

Preincubation of the cells with TNF. Before the binding experi-
ments, the AMLcells or granulocytes were washed twice in HBSS, then
incubated in SFM(20) for 10-60 min at 37°C, without or with TNF
(103 U/ml). Finally, the cells were washed twice in HBSS to remove

residual TNF.
Binding of radiolabeled G-CSF to AML blasts and granulocytes.

Purified rhG-CSF was radiolabeled according to the method of Bolton
and Hunter (21) as described (22). Radiolabeling of rhG-CSF resulted
in a protein that had a specific binding capacity of 50-60%, and a sp act
of 20,000 cpm/ng. The cells (4-8 x 106 per point) were incubated for 1

h at 37°C in 100 ,u a-minimal essential medium with 10% FCS and
with 1 and 2 nmol/liter 125I-G-CSF (for preliminary binding estima-
tions) or 20-4,000 pmol/liter '251-G-CSF (for the complete binding
assay) in the presence or absence of excess nonlabeled G-CSF (i.e., 200
nmol/liter) exactly as described (22). Specific binding was determined
as the difference between the amount of radioactivity bound in the
absence, and the amount of radioactivity bound in the presence of
nonlabeled G-CSF. Experiments were conducted in duplicate. Recep-
tor numbers and binding affinity were derived following Scatchard
analysis (23). In calculations, the maximal binding capacity was used to
correct for the free counts.

Results

TNFdownregiilates the nlumber of high affinity G-CSF recep-

tors on AML blasts. In previous experiments (22), we have
demonstrated that AMLblasts frequently show low levels of
specific binding of 251I-G-CSF, so that in practice it is difficult
to assess a suppressive TNF effect on G-CSF receptor expres-

sion. The cells from cases 1, 2, and 3 were selected for the
complete binding studies because of relatively high G-CSF spe-
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Figure 1. Downregulation of '25I-G-CSF specific binding to AMLcells
by TNF. (A) Labeling curve: Cells (4.9 x 106) of AMLcase 1 were

preincubated with (+) or without (o) TNF (103 U/ml) in serum-free
medium for I h, and then subjected to radioreceptor studies with
titrated concentrations of '25I-G-CSF as described in Methods. Label-
ing curves have been corrected for nonspecific binding. (B) Scatchard
plots of '25I-G-CSF binding to AMLcells, i.e., with (+) or without
(o) TNF. Each point represents the mean of duplicate estimations.

Table I. Effect of TNFon Binding of '25I-G-CSF to AMLBlasts

Without TNF With TNF

Receptors Receptors
Case no. per cell Kd per cell Kd

pmot/liter pno//liter

1 577±48 546±106 123±37 357±64
2 357±65 472±83 114±28 302±46
3 243±18 386±129 96±21 317±93

Receptor numbers (mean per cell±SD) and Kd (mean±SD) were de-
rived from binding experiments and subsequent analysis according
to Scatchard. Aspirated bone marrow cells (2-5 x 106) were obtained
from three cases with AMLand used, in duplicate, for each point of
analysis.

cific binding as became evident from preliminary '251-G-CSF
binding experiments (data not shown).

Complete binding assays with titrated concentrations of
'251-G-CSF and subsequent Scatchard analysis for cases 1 (Fig.
1), 2, and 3 revealed that TNF reduced the average numbers of
G-CSF receptors on the cells of the three cases by - 70% (Ta-
ble I). To exclude the possibility that these effects were caused
by direct competition between TNFand G-CSF, specific bind-
ing of '251-G-CSF to AMLblasts (case 1) was determined in the
presence of excess TNF (400 nmol/liter) at 0°C for 6 h. Under
these conditions, TNF did not inhibit specific binding of 125I-
G-CSF.

TNFdownregulates the nuimber of high affinity G-CSF re-
ceptors on blood granulocvtes. In comparison, we have also
determined the effect of TNFon G-CSFreceptor expression on
granulocytes. Preliminary '25I-G-CSF binding experiments us-
ing granulocytes from the blood of four donors demonstrated
that preincubation with TNF reduced specific binding of 125_
G-CSF by 70-90%. Complete binding experiments (Fig. 2) re-
vealed that TNF reduced the numbers of G-CSF receptors on
granulocytes from 1,969± 186 per cell (Kd 667±109 pmol/liter)
to 342±47 per cell (Kd 638±76 pmol/liter). The down-
regulatory effect of TNF was already apparent within 10 min
after addition of TNF to granulocytes (Fig. 3 A). This inhibi-
tory effect did not become apparent when the cells were incu-
bated under identical conditions with other recombinant cyto-
kines, i.e., IL-2, IL-6, GM-CSF(Fig. 3 B).
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Figure 2. Downregulation of '25I-G-CSF specific binding to granulo-
cytes by TNF. Granulocytes (8.8 x 106) were incubated with (+) or

without (o) TNF (103 U/ml) for 1 h. For explanation see Fig. 1.
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Figure 3. (A) Downregulation of G-CSF receptors by TNF as a func-
tion of time. Granulocytes (3 x 106) were incubated with (solid bars)
or without (open bars) TNF (103 U/ml) for 0, 10, 30, or 60 min.
Specific binding of "5I-G-CSF (using 1 nmol/liter "5I-G-CSF) was

subsequently determined as described in Methods. Values have been
corrected for nonspecific binding and represent the means of triplicate
estimations in cpm±SD. (B) Downregulation of G-CSF receptors:
specific ability of TNF. Granulocytes (2 x 106) were incubated with
TNFand comparative cytokines, i.e., GM-CSF, IL-2, and IL-6, for
1 h at 37°C and specific G-CSF binding was assessed (see A).

G-CSF receptor downregulation dependent on protein ki-
nase C. G-CSF receptor downregulation could also be achieved
following exposure of granulocytes to the PKCactivator TPA
(Fig. 4). Complete binding experiment (Fig. 5) using titrated
concentrations of 125I-G-CSF revealed that TPA reduced the
numbers of G-CSF receptors on granulocytes from 1,332+124
per cell (Kd 614±98 pmol/liter) to 487±53 per cell (Kd 645±132
pmol/liter). To further investigate whether the mechanism of
action of TNF might depend on activation of PKC, we have
determined the effect of TNF or TPA (PKC activator) on spe-

cific binding of '251-G-CSF to granulocytes following pretreat-
ment with Staurosporine (PKC inhibitor). Staurosporine re-

versed the inhibitory effect of both TNF and TPA (Fig. 4). A
cocktail of protease inhibitors could also abolish the effect of
TNFunder the same conditions (Fig. 4).

Discussion

This study was carried out to investigate the possibility that
antagonistic effects between TNF and G-CSF on AML cell
proliferation are accomplished at the level of G-CSF mem-

5 Figure 4. Downregula-
0 tion of G-CSF receptors:

x 4l effect of TPA, Stauro-
E t _ T 1 sporine, and protease
O inhibitors. Granulocytes

.0 3- (5 x 106) were incu-
bated with no supple-

,L 2 ment (-), Staurosporine
Cl) (STSP) (0.1 ,uM), or

protease inhibitors (PI)
_T1-. 1T for 30 min at 37°C.
Nr l Then, TNF (103 U/ml)

0 _l_ _I. or TPA (50 ng/ml) was

.non -TNF TPA - TNF TPA - TNF added for 60 mm at
incub. STSP PI

37°C. The specific

binding of "5I-G-CSF was assessed (see Fig. 3 A). A control experi-
ment was also done with nonincubated cells.
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Figure 5. Downregulation of '25I-G-CSF specific binding to granulo-
cytes by TPA. Granulocytes (8.3 x 106) were incubated with (+) or

without (o) TPA (50 ng/ml) for 1 h, and then subjected to radiore-
ceptor studies. For explanation see Fig. 1.

brane receptors. The results reveal that incubation of the cells
with TNF decreases G-CSF receptor numbers both on AML
blasts and blood granulocytes considerably, i.e., by - 70% of
the initial mean receptor number. Suppression of G-CSF re-

ceptor binding by TNF could not be attributed to direct cross

competition between G-CSF binding and TNF binding be-
cause this phenomenon does not occur at 0°C. It is likely that
the negative effect of TNF on the level of G-CSF receptor ex-

pression may contribute to the antagonistic relationship be-
tween the two factors. A reduction of the mean receptor density
on the cells may reflect the loss of receptors of a proportion of
G-CSF reactive cells and thus these cells may become nonre-

sponsive to G-CSF. The loss of G-CSF stimulability of AML
blasts and granulocytes as controlled by TNFmay represent an

important regulatory function in hematopoiesis (24, 25).
G-CSF receptor downregulation by TNFcan be character-

ized by the following features: G-CSF surface receptors disap-
pear relatively rapidly (within 10 min), suppression occurs at
37°C, but not at 0°C, maximal suppression is attained at 60
min (data not shown), and finally it involves a loss of G-CSF
binding sites without an apparent change in receptor affinity.
The fact that the reduction in G-CSF receptor density by TNF
in AMLcells and granulocytes is not complete (70%), raises the
possibility of functionally different subsets of G-CSF receptors.
Wehave found that TPA can also downregulate G-CSF recep-

tors under the same conditions (Fig. 4) and that the G-CSF
receptor inhibitory effect due to TNF or TPA can be reversed
by Staurosporine (PKC inhibitor) or protease inhibitors (Fig.
4). It is possible that in analogy with the observation of Down-
ing et al. (26), who showed that the M-CSF receptor is down-
modulated by its ligand as well as by TPA, TNF acts through
activation of PKC. PKC, in turn, activates the release of pro-
teases that specifically cleave off the ligand-binding domain
from the receptor.

It remains unclear what the physiological significance of
receptor downregulation by TNF in AMLcells is. However, it
is conceivable that a higher concentration of G-CSF is required
to excite the same number of receptors after TNF exposure,
and thereby rendering the cells less susceptible to G-CSF. The
fact that TNF upregulates on the same cell type, receptors for
IL-3 and GM-CSF(both early acting factors) (27) suggests that
TNF acts as a response modulator. By increasing the suscepti-
bility for IL-3 and GM-CSFand at the same time decreasing
the susceptibility for G-CSF, TNF elicits a more immature re-

sponse pattern to these three CSFs.
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The observation that the survival of neutrophils in vitro can
be increased by G-CSF (28) is interesting in view of the down-
regulation of G-CSF receptors on neutrophils by TNF. Possibly
TNF acts as a shut-off signal for granulocytes in circulation.
However, more research needs to be done to elucidate the bio-
logical meaning of this phenomenon.
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