
The Tumor Necrosis Factor Receptor and Human Neutrophil Function
Deactivation and Cross-deactivation of Tumor Necrosis Factor-induced
Neutrophil Responses by Receptor Down-regulation
Boris Schleifenbaum and Jorg Fehr
Division of Hematology, Department of Internal Medicine, University Hospital, CH-8091 Zurich, Switzerland

Abstract

Despite numerous reports, the role of tumor necrosis factor
(TNF) in polymorphonuclear leukocyte (PMN) function re-
mains controversial. Wefound TNF to be a potent, pertussis
toxin-independent stimulator of PMNadhesion (ED5. 2.6
pM). TNF-stimulated PMNunder adherent conditions re-
leased up to 65% of their transcobalamine content (ED5. 3.9
pM) and increased their burst activity 10-fold (ED5. 3.2 pM)
as measured by the hexose monophosphate shunt, whereas
PMNheld in suspension hardly degranulated at all and only
little burst activity was demonstrable. However, preincubation
of PMNwith TNF in suspension led to a decrease in cellular
adhesiveness, degranulation, and burst activity in response to a
secondary stimulus of TNF under adherent conditions, al-
though cells remained fully responsive toward phorbol myris-
tate acetate. A concomitant dose-dependent decline of TNF
receptor numbers that correlated well with the inhibition of
PMNfunction (r = 0.91) suggests receptor down-regulation as
the mechanism of functional PMNdeactivation. Remarkably,
preincubation with other PMNstimuli such as N-formyl-me-
thionyl-leucyl-phenylalanine, platelet-activating factor, leuko-
triene B4, complement component fragment 5a (C5a)/C5a (de-
sarginated), and endotoxin also led to a reduction of TNF-spe-
cific PMNresponses (cross-deactivation) from 35% (LTB4) to
90% (endotoxin), corresponding with the down-regulation of
TNFreceptors. Deactivation and receptor down-regulation are
independent of pertussis toxin-sensitive Gproteins and protein
kinase C but seemed to depend on changes in calcium metabo-
lism. Granulocyte hyporesponsiveness towards TNF in sepsis
(with elevated blood levels of endotoxin and TNF) might be a
mechanism of self-protection or, to the contrary, might impair
a possibly central mode of host defense. (J. Clin. Invest. 1990.
86:184-195.) Key words: deactivation * function polymorpho-
nuclear leukocyte * receptor * tumor necrosis factor

Introduction

Tumor necrosis factor (TNF)' or cachectin, a glycoprotein of
17,000 mol wt, has, apart from its cytotoxicity towards certain

Address reprint requests to Dr. J. Fehr, Department of Medicine,
A-Hof-149, University Hospital, CH-8091 Zurich, Switzerland.

Received for publication 23 June 1989 and in revisedform 29 De-
cember 1989.

1. Abbreviations used in this paper: C5a and C5a desarg, complement
component fragment 5a and complement component fragment 5a,

tumor cells (1) and the suppression of lipoprotein lipase activ-
ity in adipocytes (2, 3), pleiotropic effects on a large number of
different cell types including fibroblasts (4), osteoclasts (5), and
endothelial cells, in which TNF induces procoagulant activity
(6), adhesion (7), and transmigration of granulocytes (8, 9). Its
role in the stimulation of polymorphonuclear leukocytes
(PMN), however, has been controversial. Someauthors found
TNFto be only a weak direct stimulus of the neutrophil respi-
ratory burst and degranulation and to act essentially as a
primer of PMNphagocytosis (10), antibody-dependent cellu-
lar cytotoxicity (ADCC [ 1 1]), or PMNresponses to secondary
stimuli such as N-formyl-methionyl-leucyl-phenylalanine
(FMLP [12]). In contrast, others presented data that showed
TNFto be a potent stimulus of the respiratory burst of neutro-
phils (13, 14). Starting out from the concept that PMNadhe-
sion strongly promotes neutrophil functional responses (15,
16), it was suggested that differences in incubation conditions
could explain these confficting results: whereas PMNin sus-
pension showed hardly any stimulation of degranulation or
respiratory burst, adherent PMNdid (with or without cyto-
chalasin B [17]).

Although it has proven to be difficult to isolate and charac-
terize the TNF receptor biochemically (18-20), there is good
evidence that TNF effects are mediated via a ligand-receptor
system. High-affinity binding sites on tumor cells are neces-
sary, although not sufficient for tumor cell sensitivity towards
TNF-induced cytotoxicity (4, 18, 20). On PMN, the expres-
sion of high-affinity binding sites for TNF could be demon-
strated as well and was correlated to PMNstimulation (21).
Possibly owing to the lack of unequivocal TNF-induced func-
tional data, there has been little interest in the further charac-
terization of the TNFreceptor on neutrophils, and the amount
of information on the TNF receptor on neutrophils has re-
mained relatively scarce compared to, for example, FMLPand
its receptor. Specific PMNdeactivation towards FMLP, i.e.,
cellular desensitization by preexposure to the same stimulus,
has been thoroughly investigated and has been attributed to a
reduction in receptor availability (22-24). Whether deactiva-
tion processes regulate PMNresponses toward stimulation by
TNF as well is unknown.

In confirming previous reports, we found TNF-induced
responses in PMNto be highly dependent upon the incubation
conditions: whereas PMNin suspension showed only little
degranulation and activity of their respiratory burst upon stim-
ulation with TNF, TNF was a most effective stimulus in ad-
herent granulocytes. However, this effect was largely sup-
pressed when cells were preincubated with TNF in suspension

desarginated; DAG, diacylglycerol; HIP, heat-inactivated plasma;
HMPS, hexose monophosphate shunt; PAF, platelet-activating factor;
TC, transcobalamine (vitamin B12 binding protein); TNF, tumor ne-

crosis factor.
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before receiving a secondary dose of TNF under adherent
conditions (deactivation). Similarly, preexposure of granulo-
cytes to various PMNstimuli also led to a reduction of TNF-
induced cellular functions (cross-deactivation). Both deactiva-
tion and cross-deactivation were specific and correlated with
down-regulation of the number of TNF receptors.

Methods

Compounds and reagents. Recombinant TNFwas the generous gift of
Dr. Frickel, Knoll/BASF AG, Ludwigshafen, Federal Republic of
Germany. Recombinant TNFhad a specific activity of 3.9 X 10' U/mg
(cytotoxicity assay on murine L929 cells) and was free of endotoxin as
determined by Limulus assay performed by the manufacturer. The
preparation appeared as a single band at 17,000 mol wt in silver-stains
of SDS-PAGE gels. Endotoxin strain R595 Salmonella minnesota,
prepared according to the method of Galanos reported by Dahinden et
al. (25), was purchased from SEBAKGmbH, Aidenbach, Federal Re-
public of Germany. FMLPwas purchased from Bachem AG, Buben-
dorf, Switzerland. The tripeptide was dissolved in dimethyl sulfoxide
(DMSO) and diluted in NaCl 0.15 M. Phorbol myristate acetate
(PMA, Sigma Chemical Co., St. Louis, MO) was dissolved in DMSO
and added to the reaction sample to give a dilution > 1:1,000. 1-0-
alkyl-2-acetyl-sn-glycerol-3 phosphatidylcholine (platelet-activating
factor, PAF) was obtained from Bachem AG. Bioactivity of leuko-
triene (LT) B4 (ICN Biomedicals, Eschwege, Federal Republic of Ger-
many) was always checked in a chemotaxis asay. Complement com-
ponent fragment 5a (GSa) was purified from human serum by the
procedure of Fernandez and Hugh (26), with minor modifications.
These modifications included the substitution of carboxymethyl-Seph-
arose for carboxymethyl-cellulose, the use of continuous gradients on
all ion-exchange columns, and use of the potent serum carboxypepti-
dase inhibitor described by Ondetti et al. (27). Actinomycin D, cyto-
chalasin B, cycloheximide, chloroquine, colchicine, monensin, and
polymyxin B were from Sigma Chemical Co. Pertussis toxin was from
List Biological Laboratories, Inc., Campbell, CA.

Monoclonal antibody (MAb) Mon 5005 (clone TNF2, IgGI) and
polyclonal antibody PS30 (rabbit), both directed against human TNF,
were purchased from Sanbio, Uden, The Netherlands. All other re-
agents were of analytical grade.

Iodination of TNF. Iodination was performed using the lodogen
procedure with slight modifications (28). 100 Ml of Na'25I in phosphate
buffer, 0.1 M, was added to an lodogen-coated (2 ug) reaction tube
(Treff AG, Degersheim, Switzerland) on ice and left to react for 10 min
at 4VC. Subsequently, the solution was transferred to a second reaction
tube containing 20 Mgof TNF in 10 ,ul of PBS and the iodination was
allowed to proceed for 10 min at 4VC, when it was stopped by the
addition of 1 ml of ice-cold PBS. The iodinated protein was separated
from free iodine by filtration over a PD 10 (Sephadex G-25M, Phar-
macia, Uppsala, Sweden) column that had been equilibrated with
PBS-A. Specific activity of '251-TNF was first estimated by the yield of
the iodination procedure and subsequently determined more accu-
rately by self-displacement analysis (29), which, in addition, provided
evidence for the similar affinity of iodinated and unlabeled TNF for its
receptor (data not shown). Calculations were corrected for the portion
of radiolabeled TNF (18-30%) that did not bind to its receptor as
estimated by extrapolation of the binding curve of a constant concen-
tration of 125ITNF (0.1 ng/ml) to an increasing concentration of cells
(1-20 X 106/ml [30]). Three independent iodinations yielded specific
activities between 23.8 and 34.2 MCi/Mg and iodinated TNF that was
biologically fully active as determined by PMNadhesion assay (see
below). '251-TNF was stable over at least 8 wk, when stored at -70°C.
Autoradiography of radioiodinated TNFon SDS-PAGEgels showed a
single band at 17,000 mol wt. Fractionation of both unlabeled TNF
and of 1251-TNF by gel filtration chromatography (Sephadex G 75)
provided a single peak with an apparent molecular weight of

53,000, suggesting a noncovalent trimer as the form in which the

glycoprotein occurs under nondenaturating conditions (19, 31). There-
fore, for calculations of receptor binding data and molarity, a molecu-
lar mass of 51 kD was assumed.

Preparation ofneutrophils. Venous blood from healthy human vol-
unteers was collected into 60-ml syringes containing preservative-free
sodium heparin (50 U/ml blood, Novo Industries, Copenhagen, Den-
mark) and PMNwere separated as described (> 98%neutrophils [25]).
Incubation medium consisted of autologous heat-inactivated plasma
(40 min, 560C; HIP) prepared from heparinized venous blood (3
U/ml). When necessary, PMNwere washed in PBS, pH 7.4, supple-
mented with albumin (ORHA 20/21, Behringwerke AG, Marburg,
Federal Republic of Germany) and glucose (138 mMNaCl, 2.7 mM
KCI, 8.1 mMNa2HPO4- 2H2O, 1.5 mMKH2PO4, 0.6 mM
CaC12 * 2H20, 1.0 mMMgCl2 * 6H20, 2.7 mMglucose, 5 mg/ml albu-
min; PBS-A).

Equilibrium specific binding of '25I-TNF to PMN. PMNin 1 ml of
HIP were incubated at 4VC in triplicates with increasing concentra-
tions of '25I-TNF (between 600 pg/ml and 10 ng/ml, if not indicated
otherwise) in reaction tubes and vortexed gently at regular intervals.
To terminate the assay and separate PMN-bound '251I-TNF from un-
bound ligand, 850 Ml of the cell suspension was laid over 500 Ml of
Dextran-T70 (Pharmacia, 10%, wt/vol in PBS) and centrifuged at
13,000 g, 4°C. This procedure allows separation of bound from un-
bound ligand within seconds. Reaction tubes were then frozen in an
isopropanol bath on dry ice, tips containing the cell pellet were cut off,
and radioactivity was quantitated in a -y-counter (Cobra model 5005,
Packard Instrument Co., Inc., Downers Grove, IL) with automatic
half-time correction and a counting efficiency of 80%. The assay was
found to be linear between 1 X 106 and 1 X 107 PMN/ml, when a
concentration of 600 pg/ml '25I-TNF was used (r = 0.986, P. 0.0001).
In standard assays, a cellular concentration of 5 X 106 PMN/ml was
used to provide for sufficient accuracy at the given specific activity of
radioiodinated TNF and yet keep the total receptor concentration
smaller than the Kd of the receptor ([RT] < Kd [32]). Nonspecific
binding was determined in parallel in duplicates by adding a 100-fold
excess of unlabeled TNF to a second set of matched reaction tubes.
Specific binding was defined as the difference between total bind-
ing and nonspecific binding, which was consistently < 10% of total
binding.

Adherence and suspension assays. PMNadhesiveness was tested as
outlined (25, 33), with slight modifications as to the quantification of
adherent neutrophils. Briefly, 1-ml aliquots of neutrophil suspensions
(4.0 X 106 PMN/ml) were incubated in 10 X 35-mm Petri dishes
(Falcon Labware, Becton, Dickinson &Co., Oxnard, CA) for 40 min at
37°C, 100% humidity/5% CO2. Immediately before plating, the adhe-
sion stimulus was added; dilution by stimulus solution was 1% (vol/
vol). After incubation, the dishes were washed thoroughly and nonad-
herent PMNwere removed by passing the dishes three times through
an air-fluid interface sequentially in four beakers containing NaCl
(0.15 M) at room temperature. The dishes were decanted and rest fluid
was dried. 1 ml of Zap-oglobin (Coulter Electronics Ltd., Luton, En-
gland) was added to each dish and the nuclei, which were set free by the
detergent counted in a Coulter flow cytometer (Model ZB1) in an
adaptation of the method of Nagakawara and Nathan (34). Quantifi-
cation of adherence, induced by various stimulants including FMLP,
endotoxin, PMA, and TNFand expressed as the percentage adherent
of totally added cells, correlated well with results obtained with ".'In-
labeled PMN(r = 0.994, P . 0.0001 [9]). All adherence experiments
were verified by phase-contrast microscopy.

In degranulation experiments with cells held in suspension, PMN
were incubated in overhead rotation (4-6 rpm; multi-purpose rotator
model 151, Scientific Industries, Inc., Bohemia, NY) in polypropylene
tubes (Falcon Labware) under otherwise identical conditions as used
for the adhesion experiments.

Granule exocytosis. Transcobalamine (vitamine B,2 binding pro-
tein; TC), an excellent indicator of secondary granule exocytosis,
which we measured by the relative absorption of 57Co-B12 (35), was
determined in supernatants of PMNstimulated to adherence on plas-
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tic dishes and of PMNheld in suspension after pelleting the cells by
centrifugation at 400 g, 40C.

Glucose oxidation via the hexose monophosphate shunt (HMPS).
Glucose oxidation via the HMPS,which yields NADPHnecessary for
the formation of oxygen radicals during the respiratory burst and thus
serves to quantify the activity of the respiratory burst, was determined
by measuring the generation of '4C02 from [1-_4C] glucose as described
(25). Cells were assayed either in suspension (dishes shaken on a IKA-
Vibrax [VXR7, IKA, Staufen, Federal Republic of Germany] at 600
rpm) or under adherent conditions.

Superoxide release. Superoxide release was determined by measur-
ing superoxide dismutase (10 gg/ml, Sigma Chemical Co.) inhibitable
cytochrome c (80 MM, horse heart type VI, Sigma Chemical Co.) re-
duction in a dual-wavelength spectrophotometer (model UV 160, Shi-
madzu, Seisakusho Ltd., Kyoto, Japan) at 550-nm wavelength, e
= 21.6 mM-' (36, 37).

Results

TNF is a potent stimulus of PMNfunction. TNF increased
PMNadhesiveness in a dose-dependent manner (Fig. 1). PMN
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responded to as little as 33 pg/ml (0.6 pM) TNFand showed
maximal responses at 1 ng/ml (20 pM), with an ED50 of
135±41 pg/ml (2.6±0.8 pM, n = 3). Under adherent condi-
tions, cells were induced by TNF to degranulate (ED50
= 200±28 pg/ml [3.9±0.6 pM], n = 3) and to activate their
respiratory burst (ED50 = 164±80 pg/ml [3.2±1.5 pM], n = 3)
to an extent comparable with that of PMA(100 ng/ml; see
Figs. 3 and 4 below). However, when PMNwere stimulated in
suspension under otherwise identical conditions as under ad-
herence, only slight increases in exocytosis or HMPSactivity
could be elicited even at concentrations of TNF up to 100
ng/ml (Fig. 2). Similar results were obtained for O2 release:
PMN(adherent) 0.43±0.86 nmol/106 PMNper 30 min; PMN
(in suspension), 0.10±1.72 nmol/106 PMNper 30 min; PMN
plus TNF(10 ng/ml; adherent), 8.06±1.82 nmol/106 PMNper
30 min; PMNplus TNF (in suspension), 0.33±0.40 nmol/106
PMNper 30 min (mean±SD of triplicates, n = 3).

In contrast to PMNactivation by FMLP (38), TNF-in-
duced cellular responses were insensitive to pertussis toxin as
preincubation (37°C, 2 h) with pertussis toxin (1 ,g/ml) re-
vealed the following inhibition profile (percent reduction
compared to control cells): FMLP (adhesion), 87.1±6.0%;
FMLP(TC release), 89.3±4.2%; PMA(adhesion), 8.3+6.6%;
PMA(TC release), 2.4±2.3%; TNF (adhesion), 9.4±7.4%;
TNF (TC release), 6.9± 1.1 %.

Remarkably, TNF (10 ng/ml)-induced release of transco-
balamine, both in adhesion and in suspension, was unaltered
by pre- and coincubation of PMNwith 5 gg/ml cytochalasin
B: adhesion (without cytochalasin B), 80.6%; (with cytochala-
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Figure 1. TNF-induced functions in PMNare dose dependent. PMN
were incubated with increasing concentrations of TNF for adherence
on HIP-coated plastic dishes (40 min, 370C, 5%C02). (A) PMNad-
herent after four sequential washes in 0.15 MNaCl were quantitated
by counting their detergent-released nuclei, and adherence was ex-
pressed as percent of the number of totally added cells. (B) TC re-
lease, as an indicator of secondary granule exocytosis, was deter-
mined by the relative absorption of [57Co]B12 in the supernatants
after pelleting contaminating cells. (C) Determination of 4C02
formed in the HMPSby oxidation of [1-'4C] glucose was used to
quantify respiratory burst activity. Mean±SDof triplicates are shown
(SD is shown only when greater than symbol). Three independent
experiments gave similar results.
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Figure 2. TNF-induced cellular responses depend upon PMNadher-
ence. PMNin HIP were stimulated by TNFand incubated for 40
min, 37°C either under adherent conditions (open bars) or in sus-
pension (gray bars). At the end of the incubation period (A) TC re-
lease and (B) HMPSactivity were determined as described for Fig. 1.
Bars denote mean±SDof triplicates (SD is shown only when greater
than symbol). Three independent experiments gave similar results.
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sin B), 77.7%; suspension (without cytochalasin B), 14.0%;
(with cytochalasin B), 16.8%.

Endotoxin contamination, as the source of the observed
effects, was ruled out by experiments, in which PMNwere
stimulated by TNF (10 ng/ml), pretreated either at 100'C, 30
min (79.9% inhibition of adhesion, compared to controls) or
with polymyxin B (10 Ag/ml, 3.7% inhibition).

Deactivation and cross-deactivation of TNF-induced re-
sponses in PMN. Because TNF proved to be such a powerful
activator of PMNfunction under adherent conditions, while
inducing only little functional activity as long as cells were held
in suspension, we proceeded to investigate whether preexpo-
sure of PMNto TNF in suspension might influence their re-
sponses under adherent conditions toward a second dose of
TNF, and we found that preincubation of PMNin suspension
resulted in a dose-dependent inhibition.of adherence, degran-
ulation, and HMPSactivity (Fig. 3) as well as superoxide pro-
duction induced under adherent conditions by a second dose
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Figure 3. Deactivation of TNF-induced responses by preexposure of
PMNto TNF in suspension. PMNin HIP were incubated with in-
creasing concentrations of TNF in suspension (2 h, 370C), subse-
quently either restimulated by TNF (10 ng/ml, *), or not (o), and let
to adhere (40 min, 370C, 5%CO2). (A) Adherence, (B) TC release,
and (C) HMPSactivity were determined as described for Fig. 1.
Control cells restimulated by PMA(100 ng/ml) instead of TNF were

fully responsive: adherence (99.2/98.5%), TC release (59.3/52.9%),
and HMPS(310.8/302.8 nM/ I7 PMNper 45 min, where the first
value corresponds to cells preincubated without TNF, the second
value to cells preincubated with 500 pg/ml TNF). Results depicted
in A and B are from the same experiment. Mean±½/2 range of dupli-
cates (shown only when greater than symbol) are shown. Three inde-
pendent experiments (each panel) yielded similar results.

of 10 ng/ml TNF: preincubation without TNF-without sec-
ondary TNF, 1.24±0.37 nmol/106 PMNper 30 min; with
secondary TNF (10 ng/ml), 8.56±1.99 nmol/ 106 PMNper 30
min; preincubation with TNF (500 pg/ml)-without second-
ary TNF, 2.73+1.10 nmol/106 PMNper 30 min; with second-
ary TNF (10 ng/ml); 4.32±0.58 nmol/ 106 PMNper 30 min). It
should be noticed, that the activity due to secondary TNFwas

regarded as the difference between total response (prestimulat-
ing TNF plus secondary TNF) and the response evoked by the
prestimulating dose alone. Inhibition (optimal after 2 h of
preincubation) was specific, as PMNwere fully vital (98% by
trypan blue) and showed undiminished responses, when PMA
(100 ng/ml, Fig. 3) or FMLP(2.5 uM, not shown) were used as
second stimuli. In other words, deactivation exists for TNFas
well as it does for FMLP. Probably owing to secondary meta-
bolic changes, PMN, which had been preincubated and not
restimulated by TNF, showed reduced functional responses
under adherent conditions compared with cells, which were

incubated for adhesion immediately after addition of the stim-
ulus (compare Figs. 1 and 3).

Surprisingly, preincubation of granulocytes with stimuli
other than TNF resulted also in a specific, dose-dependent
desensitization toward secondary stimulation by TNF with
respect to adherence, degranulation, HMPSactivity (Fig. 4),
and superoxide release (preincubation without LPS-without
secondary TNF, 1.28±0.26 nmol/106 PMNper 30 min; with
secondary TNF (10 ng/ml), 4.80±0.38 nmol/106 PMNper 30
min; preincubation with LPS (40 ng/ml)-without secondary
TNF, 2.46±0.31 nmol/ 106 PMNper 30 min; with secondary
TNF (10 ng/ml), 3.62±0.10 nmol/106 PMNper 30 min).
Again, it must be emphasized that the response due to the
secondarily added TNF is equivalent to the difference between
the total response (prestimulus plus secondary TNF) and the
response elicited by the prestimulus alone. In the case of en-

dotoxin, this response elicited by the prestimulus alone was

generally greater at maximally deactivating doses than with
TNF (Figs. 4 and 5). In the experiment depicted in Fig. 4 C,
cellular activity due to secondary TNF approximated zero,
whereas in other experiments (Fig. 4, A and B) a considerable
rest activity remained. In contrast to these at least partly
donor-specific variations in the degree of cross-deactivation,
particularly in the case of endotoxin and FMLP, the degree of
tachyphyllaxis caused by TNF itself varied only little between
experiments. Stimuli so different in origin, chemical structure,
and pattern of biological functions as LTB4, C5a, C5a desarg,
endotoxin, and FMLP caused specific cross-deactivation to
TNF (Fig. 5).

In contrast, preincubation with PMA(5 ng/ml), a direct
activator of protein kinase C, was without effect, indicating
that deactivation and cross-deactivation of TNF-induced re-

sponses in human granulocytes are not mediated by protein
kinase C (Fig. 5). This concentration of PMAwas chosen,
because 5 ng/ml PMAstimulates PMNadhesion, degranula-
tion, and respiratory burst, whereas heavy aggregation, which
is commonwith higher concentrations of PMA, is avoided.

Characterization of high-affinity binding sites for TNFon

neutrophils. Before the question could be addressed, whether
alterations in receptor-ligand binding might be responsible for
deactivation and cross-deactivation, high-affinity binding of
TNFto PMNin our system had to be characterized (Fig. 6). At
370C, '25I-TNF binding to PMNpeaked early (10 min) to
decrease relatively fast thereafter, whether azide (0.1%) had
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Figure 4. Cross-deactivation of TNF-induced responses by preexpo-

sure of PMNto endotoxin in suspension. PMNin HIP were incu-
bated with increasing concentrations of endotoxin in suspension (2
h, 370C), subsequently either restimulated by TNF (10 ng/ml, *), or

not (o), and let to adhere (40 min, 37°C, 5%C02). (A) Adherence,
(B) TC release, and (C) HMPSactivity were determined as described
under Fig. 1. Control cells restimulated by PMA(100 ng/ml) instead
of TNFwere fully responsive: adherence (97.5/99.1%), TC release
(54.9/62.2%), and HMPS(295.4/319.7 nM/107 PMNper 45 min),
where the first value corresponds to cells preincubated without endo-
toxin, the second value to cells preincubated with 33 ng/ml endo-
toxin). Results depicted in A and B are from the same experiment.
Mean±l/2 range of duplicates (A and B), or mean±SDof triplicates
(C) are shown. Three independent experiments (each panel) gave
similar results.

been added to the cell suspension or not (Fig. 6 A). At 370C,
'251I-TNF bound to its receptor appears to be rapidly internal-
ized and then intracellularly degraded at a steady rate: PMN
incubated at 4°C for 2 h showed only little 125I -TNF binding,
which could not be dissociated by low pH (Fig. 6 B [31, 39]),
and hence had to be regarded as internalized. When cells that
had 1251I-TNF bound to their cell surface receptors at 40C were

reincubated after three washes (PBS-A) in HIP at 37°C, sur-

face-bound 1251I-TNF was rapidly internalized and hence was

no longer dissociable at low pH (Fig. 6 B). Furthermore, when
PMNthat were preincubated with 1251-TNF at 370C for 60
min were reincubated after three washes (PBS-A) in HIP at
370C, concomitant with the gradual decrease of PMN-asso-
ciated radioactivity, an increase in radioactivity in the super-
natant could be detected, most of which was non-TCA-precip-
itable (Fig. 6 C). Taken together, these results suggest that at
370C PMNinternalize '251I-TNF via its receptor and degrade it
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Figure 5. Cross-deactivation of TNF-induced functions in PMNby
various stimuli. PMNin HIP (0) were stimulated by LTB4 (250
ng/ml), C5a (250 ng/ml), C5a - (C5a desarg, 250 ng/ml), endotoxin
(E, 40 ng/ml), FMLP(0.1 M), or PMA(5 ng/ml) and incubated in
suspension (2 h, 370C). Subsequently cells were restimulated by TNF
(10 ng/ml, gray bars) or not (white bars) and let to adhere (40 min,
370C, 5%C02). (A) Adherence and (B) transcobalamine release were
determined as described for Fig. 1. Control cells restimulated by
PMA(100 ng/ml) instead of TNFwere fully responsive (not shown).
Values depicted in A and B are from the same experiment. Bars de-
note mean±1/2 range of duplicates (only shown when greater than
symbol). Three independent experiments gave similar results.

thereafter. They explain the rapid rise and gradual decline of
cell-associated radioactivity when cells are incubated with l25J.
TNFat 370C (Fig. 6 A).

In contrast to incubations at 370C, binding at 4VC reached
equilibrium after 8 h (Figs. 6 and 7). Consequently, these con-
ditions were used for all receptor binding studies. The Koff at
4°C was remarkably low, so that after three washes (PBS-A)
over 45 min, only little dissociation of '251I-TNF from PMN
could be detected (Fig. 7 A). Moreover, the rate of dissociation
was hardly influenced by the addition of a 100-fold excess of
unlabeled TNF (Fig. 7 A). The possibility that 1251I-TNF might
become internalized even at 4°C was excluded by experi-
ments, which showed that '251-TNF bound to PMNat 4°C
could be dissociated by exposure to low pH (98% vitality, no
reduction in cell numbers; Fig. 7 B).

In Scatchard plots (40) of saturation binding experiments,
carried out under the conditions described above, only a single
class of TNF receptors could be detected on PMN: receptor
number (N) = 516±94; n = 28 (iodination 1,557±90 [n = 9];
iodination 2,522±80 [n = 14]; iodination 3,426±91 [n = 5]),
Kd = 11.7±2.9 pM; n = 28). When receptor assays were per-
formed in PBS-A similar values were obtained (N = 637±54;
Kd = 9.3±0.1 pM; n = 2, figures denote mean± 1/2 range).

Deactivation and cross-deactivation of PMNtoward TNF
are correlated to a reduction in TNFsurface receptors. When
PMNwere preincubated with TNF or FMLP in exactly the
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Figure 7. At 40C, '251-TNF is bound to PMNin a saturable manner,

and once bound, is not dissociable by excess unlabeled TNF, but is
not internalized. (A) PMNin HIP (6.6 X 106/ml) were incubated
with '251I-TNF (1 ng/ml) at 40C. At the indicated times, samples were

taken and PMNwere either directly pelleted through Dextran (total
binding, dashed line) or subsequent to a 60-min exposure to a 100-
fold excess of unlabeled TNF (-). A third batch was washed three
times (PBS-A, o) over 60 min and cell-bound radioactivity was deter-
mined as described for Fig. 6. Symbols denote mean of triplicates,
normalized to 5 X 106 PMN, SD(< 12%) are not shown for the sake
of clarity. Two independent experiments yielded similar results. (B)
PMNin HIP (5 X 106/ml) were incubated with TNF (4 ng/ml) at
4VC. At the indicated times, samples were taken, washed twice in
PBS-A, and either directly pelleted (e) or first exposed to pH 3.0 (gly-
cine buffer, 50 mMin 0.1 MNaCl, o) for 3 min. After neutralizing
pH by PBS-A dilution, cells were centrifuged and cell-associated ra-

dioactivity was determined. Mean±SDof triplicates, normalized to 5
X 106 PMN, are shown. Two independent experiments yielded simi-
lar results.

noise. Three cell washes proved to be optimal to remove cold
TNFbefore the equilibrium studies. Whenstimuli (other than
TNF) were added to the controls during the receptor assay, no

competition with 1251I-TNF for the receptor could be detected
(not shown).

Preincubation of PMNat 370C, without the addition of
stimulus, did not alter TNF receptor expression, when com-

pared to cells held at 40C.
The role of calcium, protein kinaseA, protein kinase C, and

pertussis toxin-sensitive G proteins in signal transduction
leading to TNF-specific deactivation/cross-deactivation of
PMN. Pertussis toxin inhibited TNF-specific deactivation only
with such stimuli as FMLP (Fig. 10 B), which cause PMN
adhesion, degranulation, or chemotaxis via pertussis toxin-
sensitive G proteins (38), whereas deactivation by TNF and
lipopolysaccharide (LPS), which activate PMNindependently
from pertussis toxin-sensitive Gproteins (see above), was left
uninfluenced (Fig. 10, A and C). Neither TNF or LPS nor

pertussis toxin-sensitive G protein-linked FMLPseemed to

E
0.
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Time (min)

)0)o/
)o.....

0 40 80 120 160
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Figure 6. 125I-TNF binding to PMNunder different conditions. (A)
PMNin HIP (3 X 106/ml) were incubated for varying periods of
time with '251-TNF (I ng/ml) at 40C (0.1% azide, o), at 370C (0.1%
azide, o) in suspension, or at 370C in suspension without the addi-
tion of azide (-). At the indicated times, triplicate samples were

taken, and the receptor assay performed as detailed in Methods.
Counts were normalized to 1 X 106 PMN. (B) After incubation in
HIP (5.0 X 106/ml) with 125I-TNF (4 ng/ml) for 2 h at 4VC PMN
were washed three times with PBS-A, resuspended in HIP, and rein-
cubated at 370C. At the indicated times, samples were taken, washed
twice in PBS-A, and finally exposed to pH 3.0 (glycine buffer, 50
mMin 0.1 MNaCI) for 3 min to detach surface bound ligand. After
neutralizing pH by PBS-A dilution cells were pelleted and cell-asso-
ciated radioactivity was determined as described above. (C) PMNin
HIP (6.3 X 106/ml) were incubated with '25I-TNF (10 ng/ml) in sus-

pension for 60 min at 370C, washed three times in PBS-A, and fi-
nally resuspended and reincubated in HIP (2.4 X 106/ml). At the in-
dicated times, triplicate samples were taken, layered onto Dextran-
T70 (10%, wt/vol) in 1.5-ml reaction tubes, and separated by
centrifugation. Cell-associated radioactivity (not normalized, *) was

determined as described above. Additionally, after Dextran centrifu-
gation supernatant was taken, and total (o) and non-TCA-precipita-
ble radioactivity (o) was measured. Values were corrected for differ-
ent sample volumes. Mean±SDof triplicates are shown.

same way as described for functional deactivation and cross-

deactivation experiments, and were subsequently examined
for equilibrium receptor binding, they showed a strong reduc-
tion in the number of TNFreceptors together with a concomi-
tant decrease in apparent receptor affinity (Figs. 8 and 9, Table
I). Notably, on PMNpreincubated with 500 pg/ml TNF, spe-

cific binding was too low to be differentiated from background
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Figure 8. TNF receptor down-regulation caused by preexposure of
PMNto TNFand FMLP. After preincubation at 370 in suspension
with (A) TNF (100 pg/ml, *), (B) FMLP(0.1 uM, *), or (C) PMA(5
ng/ml, .), PMNwere either submitted directly (B and C), or after
three washes in PBS-A (A), to the receptor binding assay as described
under Fig. 6 (8 h, in HIP at 40C). In each experiment, unstimulated
cells, treated otherwise exactly the same as stimulated cells, were as-

sayed as controls (o). (A) In experiments, where cells had to be
washed, results were finally normalized to a cell count of 5 X 106/ml.
Symbols denote mean±SDof triplicates (not shown, if smaller than
the symbol). Three independent experiments (each panel) yielded
similar results. (B and C) In additional experiments, FMLPor PMA
were added to the controls during the receptor assay to exclude direct
receptor competition.

cause TNF-specific deactivation via the phospholipase C-de-
pendent generation of diacylglycerol (DAG) and activation of
proteinkinase C, inasmuch as preincubation of PMNwith
PMA left both functional responses toward TNF and TNF
receptors unaltered (Fig. 5, Table I). Forskolin (l0' to 10'
M) and isoprenalin, which activate adenylate cyclase either
directly or via adrenergic receptors, led to no significant re-

duction of TNF receptor numbers (85.9-96% of original re-

ceptor numbers), making protein kinase A unlikely to be the
secondary messenger of TNFdeactivation. However, preincu-
bation of PMNwith the ionophore ionomycin resulted in a

dramatic reduction of TNF receptors on the cellular surface
(Table I). Testing ionomycin in functional deactivation of
PMNwas not possible because the ionophore caused by itself
77% adhesion at 5 ,uM with no response at 1 pM (in HIP). It
thus appears that changes in granulocyte calcium metabolism
might be involved in TNF receptor down-regulation and
functional deactivation/cross-deactivation.
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r=s0.98; p 0.0007

r=0.99; p00.0001
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Figure 9. TNF receptor down-regulation caused by preexposure of
PMNto TNFand FMLP. Data as depicted in Fig. 8 plotted accord-
ing to the method of Scatchard. (A) Preincubation with TNF (100
pg/ml, *): N= 194, Kd = 29.1; controls (o): N= 454, Kd = 11.6 pM
pM. (B) Preincubation with FMLP(0.1 AM, *): N= 162, Kd = 19.7
pM; controls (o): N= 598, Kd = 12.2 pM. (C) Preincubation with
PMA(5 ng/ml, e): N= 521, Kd = 17.5 pM; controls (o): N= 465,
Kd = 9.3 pM.

The degree of deactivation caused by increasing concen-

trations of TNF correlated well with the degree of receptor
down-regulation (Fig. 11 A). Similarly, TNF cross-deactiva-
tion due to either LPS (Fig. 11 B) or FMLP (r = 0.95) was

highly correlated to a reduction in TNF receptor number. The
functional relevance of this statistical correlation is under-
scored by the fact that, all stimuli, which caused cross-deacti-
vation of PMNtoward TNF, induced a reduction of TNF
surface receptors, whereas PMA, which had been without ef-
fect in cross-deactivation studies, also failed to down-regulate
TNFreceptor surface expression (Table I). Moreover, pertussis
toxin influenced deactivation or cross-deactivation and TNF
receptor numbers always in parallel (Fig. 10).

Possible mechanisms of TNF receptor down-regulation.
TNF receptor down-regulation induced by TNF itself can be
explained by internalization of the receptor-ligand complex
(Fig. 6) and insufficient replacement of receptors either by de
novo synthesis or by receptor recycling. The mechanism of
TNF receptor reduction due to preincubation with different
stimuli such as FMLP and endotoxin, however, was not so

straightforward to evaluate.
These stimuli probably do not act through the induction of

TNFsynthesis in PMN, which in turn might have bound to its
receptor, inasmuch as inhibitors of protein synthesis (actino-
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Table I. Down-regulation of TNFReceptors in Response
to Preincubation of PMNwith Various Stimuli

pM

PAF(I X 10-4M) 306±27 21.9±4.9
(597±33) (11.2±2.6)

LTB4 (250 ng/ml) 384±75 16.3±3.2
(516±19) (12.4±2.0)

C5a (250 ng/ml) 363±61 17.3±5.0
(521±58) (11.4±3.5)

C5a desarg (250 ng/ml) 156±21 33.2±12.8
(510±62) (9.8±0.6)

FMLP(100 nM) 167±6 26.4±4.9
(555±114) (11.7±0.6)

Endotoxin (40 ng/ml) 222±76 57.7±39.4
(565±117) (13.0±1.1)

TNF (100 pg/ml)* 19 1±2 23.6±4.0
(407±81) (13.7±4.9)

lonomycin (1 X IO-' M) 73±4 49.4±0.1
(598±110) (14.0±1.1)

PMA(5 ng/ml) 564±49 13.9±2.6
(543±65) (9.5±0.1)

After preincubation in suspension for 2 h, PMNwere either directly
(stimuli other than TNF) or after three washes in PBS-A (TNF) as-
sayed for receptor binding (8 h, in HIP at 40C). In each experiment,
unstimulated cells, treated otherwise exactly the same as stimulated
cells, served as controls (in parentheses). Cell counts were always
checked before incubation with 125I-TNF and subsequent calcula-
tions corrected accordingly (of importance only when cells had to be
washed after preincubations with TNF itself). Number of receptors
and Kd were derived from Scatchard plots.
* N, number of receptors.
$ On PMNpreincubated with 500 pg/ml TNF, specific binding was
too low to be differentiated from background noise. Valuesdenote
mean±SDof three experiments in each set.

mycin D, cycloheximide) did not abolish the down-regulation
of receptors (Table II). Furthermore, pretreatment of TNF
(100 pg/ml), but not of FMLP (10 nM), with anti-TNF-di-
rected MAbs Mon 5005 (2:1) reversed receptor down-regula-
tion (control, 2,739±222 cpm; TNF alone, 841±101 cpm;
TNFwith MAb, 2,476±112 cpm; FMLPalone, 467±27 cpm;
FMLPwith MAb, 311±50 cpm; mean±SDof triplicates).

The possibility that TNF receptors were enzymatically
cleaved by proteases set free from activated granulocytes was
tested by preincubating cells with the filtrate of sonication-
lysed PMNat a concentration of lysosomal proteases equiva-
lent to 10% of total cellular contents. This free concentration
of lysosomal contents, which is higher than any concentration
induced by the relevant stimuli in suspension, did not alter
TNF receptor expression at all (102.9±13.1% of controls, n
=4).

Interference with the integrity of the cytoskeleton is said to
interfere with endocytosis (41). However, the disruption of
microtubules and actin filaments by colchicine and cytochala-
sin B did not affect receptor down-regulation, whether induced
by TNF or by endotoxin (Table II), although at least TNF
elicits receptor endocytosis of its own receptor. However,
agents which are known to inhibit receptor recycling (monen-
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Figure 10. Pertussis toxin sensitivity of deactivation/cross-deactiva-
tion and TNF receptor down-regulation by various stimuli. PMN
were first incubated with or without pertussis toxin (1,000 ng/ml, 2
h, 37°C), then the prestimulus (A) TNF (500 pg/ml), (B) FMLP(0.1
MM), or (C) LPS (40 ng/ml) was added and cells were reincubated (2
h, 37°C). Finally PMNwere either washed twice before testing for
TNF receptor binding using '25I-TNF (5 ng/ml, gray bars) or were
restimulated in an adhesion/degranulation assay (40 min,
37°C)±TNF 10 ng/ml. Adherence (black bars) due to restimulation
alone was calculated as the difference between the total responses of
restimulated cells and the responses induced by the prestimulus
alone. Control cells restimulated by PMA(100 ng/ml) instead of
TNFwere in all cases fully responsive (not shown). TC release
showed the same pattern of pertussis toxin sensitivity as adhesion
and TNFreceptor binding. Values depicted in A and B are from the
same experiment. Bars denote mean± 1/2 range of duplicates (only
shown when greater than symbol). Three independent experiments
gave similar results.

sin) or the degradation of the receptor-ligand complex (NH,
chloroquine), seemed to reinforce receptor down-regulation
(Table II). These findings would support the contention that
receptor down-regulation by stimuli other than TNF is me-
diated by endocytosis as well.

Discussion

Confirming the results of others (42), we could show that re-
combinant human TNF is a very efficient and potent stimulus
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Figure 11. TNF receptor down-regulation and deactivation or cross-
deactivation of PMNtowards TNFare closely correlated. (A) PMN
in HIP were incubated with increasing concentrations of TNF
(33-500 pg/ml) in suspension (2 h, 37°C). Then, cells were either di-
rectly restimulated by TNF (10 ng/ml) and let to adhere (= deactiva-
tion assay), or washed three times in PBS-A and tested for receptor
binding. Adhesion and TC release were determined as described for
Fig. 1. Functional responses due to restimulation alone were calcu-
lated as the difference between the total responses of restimulated
cells and the responses induced by the preincubation dose alone. Re-
sults are expressed as percentage of original adhesion/receptors (no
TNFadded during preincubation). Results of three independent ex-
periments are shown. Transcobalamine release and TNF receptor ex-
pression were similarly correlated (r = 0.89; P . 0.0001). (B) PMN
in HIP were incubated with increasing concentrations of LPS
(0.5-20.0 ng/ml) in suspension (2 h, 37°C). All other procedures
were as described under A with the exception that PMNwere not
washed before receptor binding. TC release and TNF receptor ex-
pression were similarly correlated (r = 0.95; P . 0.001).

of neutrophil adhesion, degranulation, and respiratory burst in
vitro, when tested under adherent conditions. In suspension,
however, hardly any exocytosis or activation of the respiratory
burst was induced, whether cytochalasin B was added to the
cells or not. This probably explains divergent reports of a lack
of direct granulocyte activation by TNF, when these cells were
tested in suspension (10, 12).

Although TNF has been shown to increase pertussis
toxin-dependent GTP-'y-S binding and GTPase activity in
isolated membranes of HL-60 cells (the authors provided no
data for whole HL-60 cells [43]), we found TNF to induce
PMNresponses independently from a pertussis toxin-sensi-
tive G protein, consistent with a recent report that showed
TNFpriming of PMNto be pertussis toxin-insensitive (44).

Table II. Failure to Inhibit TNFReceptor Down-regulation

Preincubation stimulus

TNF Endotoxin
(100 pg/ml) (40 ng/ml)

cpm

Cycloheximide (100 sg/ml) 0±25* 36±71
Actinomycin D (10 ,g/ml) 39±15 165±53
NH (10 mM) 90±18 174±43
Chloroquine (100 AsM)t 0±21 84±11
Monensin (25 tiM) 6±7 90±15
Colchicine (100 ,g/ml)t 115±29 322±39
Cytochalasin B (20 ,g/ml)* 195±52 158±41
Control I (stimulus, no inhibitor) 265±65 448±147
Control II (no stimulus, no inhibitor) 2164±39 2878±131

All inhibitors, with the exception of actinomycin Dand cyclohexi-
mide (45 min), were added to the cells at 370C 10 min before the re-
spective stimulus. After preincubation in suspension for 2 h at 370C,
PMNwere washed three times in PBS-A, resuspended in HIP, and
assayed for receptor binding (8 h, at 4QC). Cell counts were always
checked before incubation with 125I-TNF (1 ng/ml) and results nor-
malized to 5 X 106 PMN/ml. * Specific binding values are given as
mean±SDof triplicates. t Chloroquine (25 ,uM), colchicine (10
Ag/ml), and cytochalasin B (5 Ag/ml) were tested at lower concentra-
tions as well, with similar results.

TNF mediates its effects by coupling to high-affinity re-
ceptors (Kd 11.7 pM), of which only 520 were found per cell.
The higher number of TNFreceptors found by others on PMN
(14) and HL-60 cells (45) might well be explained, if these
authors used the molecular weight of the monomer as the basis
for the calculation of receptor number and K4 (since gel filtra-
tion chromatography suggested that TNFnormally occurs as a
noncovalent trimer, we calculated our data assuming a molec-
ular mass of 51 kD; for details, see Methods). The same con-
siderations hold true for the apparent Kd, which others, with
the exception of Kull et al. (3 pM 118]), have generally found
one order of magnitude higher than we did (4, 14, 45, 46). In
addition, errors may arise from the failure to correct for non-
binding radiolabeled TNF, different methods of estimating
specific activity of iodinated TNF, or failure to let the system
reach equilibrium (8 h at 4°C, in the present study). Finally, a
possible interference of nonspecific binding might lead to
overestimation of the apparent K&. It must be assumed that the
dissociation constant, as calculated by us from Scatchard plots,
still overestimates the true Kd, since the ED5O observed for
adhesion, degranulation, and HMPSwas well below the Kd.

Preexposure to TNF caused functional deactivation of
PMNtoward restimulation by TNF, which was highly corre-
lated to a concomitant loss of TNFsurface receptors by recep-
tor endocytosis, similar to the observations made with FMLP
(22, 23, 47). Although Scatchard plots demonstrated a loss of
apparent receptor affinity in parallel to the reduction of TNF
receptor number, these results should be viewed with caution.
The reduction of receptor expression causes a decrease in total
receptor concentration [RT], which should yield an apparent
K4 closer to its true value and therefore lower (32). However, at
receptor densities of 120 per cell, as found in some of our
experiments after receptor down-regulation, interference from
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nonspecific binding gains in relative importance. This, in turn,
would lead to overestimation of the Kd (32). In addition, it
seems hard to conceive of the biological significance even of a
fourfold rise in 1( for functional deactivation and cross-deac-
tivation, when PMNare restimulated with doses of TNF that
correspond to 20-fold the apparent 4.

Cross-talk between receptors has been recognized for some
time: in priming, stimulation of PMNvia one class of recep-
tors increases their responses to a second stimulus due either to
an increase in receptor number or to modulation of its affinity
(12, 48-50). Down-regulation of one class of receptors in re-
sponse to cellular activation by a second class of receptors has
been reported, but either the functional relevance of this re-
ceptor modulation was not examined (51), or this loss of sur-
face receptors was not accompanied by a specific deactivation
of the cells towards the respective ligand but, surprisingly and
rather difficult to interpret, subsequent responses were even
enhanced (52, 53). Wehave shown that preexposure of granu-
locytes to a range of stimuli, endogenous such as C5a, PAF, or
LTB4 or exogenous such as endotoxin or FMLP, down-regu-
lated the number of TNF receptors on granulocytes and in all
cases concomitantly and statistically highly correlated inhib-
ited PMNadherence, degranulation, and respiratory burst in
response to secondary exposure to TNF. In contrast, PMA,
which did not alter receptor number, had no effect on TNF-
induced functional PMNresponses. Moreover, pertussis toxin
influenced deactivation or cross-deactivation and TNF recep-
tor numbers always in parallel (Fig. 10). This allows us to
conclude that not only in TNF deactivation, similar to the
results found for FMLP(47), but in cross-deactivation due to
stimuli such as endotoxin or FMLP as well, is the loss of
TNF-inducible function causally related to a reduction in the
number of TNF receptors.

Others found a similar decrease of TNF receptors on mac-
rophages, which had been preexposed to endotoxin, but failed
to demonstrate inhibition of specific binding for PMN(54;
results given in percent original binding). The discrepancy be-
tween these results and ours is possibly due to the different
media used (Krebs-Ringer-phosphate buffer/10% FCS). FCS,
which most likely contains C5a and C5a desarg and probably
endotoxin, might cause TNF receptor down-regulation and
cross-deactivation before the actual start of the experiment,
and hence, cross-deactivation due to the addition of prestimuli
would become impossible to evaluate. On the other hand,
macrophages, cells which in contrast to PMNcan be cultured
in vitro, may be less sensible to the culture media used.

A final pathway commonto the various stimuli that cause
TNF-specific deactivation/cross-deactivation and TNF recep-
tor down-regulation by various stimuli does not include a per-
tussis toxin-sensitive G protein inasmuch as pertussis toxin
inhibited cross-deactivation only with those stimuli, such as
FMLP (Fig. 10 B), that cause PMNadhesion, degranulation,
or chemotaxis via pertussis toxin-sensitive G proteins (38),
whereas deactivation by TNF or LPS, which activates PMN
independently from pertussis toxin-sensitive G proteins, was
left uninfluenced (Fig. 10, A and C). Furthermore, TNF-spe-
cific deactivation appears to be independent of phospholipase
C-generated DAGand activation of protein kinase C, in that
preincubation of PMNwith PMAleft both functional re-
sponses toward TNF and TNF receptors unaltered (Fig. 5,
Table I). Discrepancies with previous reports, which showed
down-regulation of TNF receptors upon incubation with PMA

(55, 56), may be explained by the different cell systems used.
In contrast, the dramatic down-regulation of TNFreceptors as
seen in preincubation experiments employing the ionophore
ionomycin suggest that changes in granulocyte calcium metab-
olism might be involved in TNFreceptor down-regulation and
functional deactivation/cross-deactivation.

Down-regulation of TNF receptors (and hence deactiva-
tion) induced by TNF itself was shown to result from receptor
endocytosis, in agreement with studies carried out on various
cell lines (31, 39, 57). However, the nature of the mechanism
for the reduction of receptors owing to preincubation with
stimuli other than TNF(cross-deactivation) can only be specu-
lated on: unspecific damage to the cells could be excluded,
inasmuch as PMNremained vital and fully responsive towards
PMA. Receptor digestion by proteases or oxidative metabo-
lites from activated granulocytes is very unlikely, because (a)
all experiments were carried out in scavenger-rich autologous
plasma, (b) preincubation of PMNwith filtrates of cell lysates
caused no alterations in TNF binding, and (c) PMA, which
even at 5 ng/ml causes the strongest degranulation and activa-
tion of the respiratory burst in suspension of all stimuli tested,
left TNFreceptor number and affinity unchanged. None of the
effective prestimuli competed with TNFfor its receptor. Inhib-
itors of protein synthesis abolished neither down-regulation
induced by TNF nor by endotoxin. As cytochalasin B and
colchicine left both endotoxin and TNF-induced receptor
down-regulation unaltered, of which the latter was shown to
occur by receptor internalization, the negative results obtained
with these inhibitors, similar to the ones seen by Peetre et al.
(45), cannot be interpreted. The enhancement of receptor
down-modulation seen with inhibitors of receptor recycling
for both TNFand endotoxin, however, may point to receptor
endocytosis as the mechanism of non-TNF-induced receptor
reduction. Although electron microscopy and subcellular frac-
tionation techniques are faced with formidable difficulties in
view of the low receptor density on PMN, these studies are
planned to investigate further into the mechanism of non-
TNF-induced modulation of TNF receptors on PMN.

Many of the deleterious consequences of endotoxin in sep-
tic shock have been shown to be mediated by TNF (58-60),
and elevated serum levels of TNF, as found in gram-negative
septicemia, were correlated to poor clinical prognosis (61, 62).
Aided by the lack of response induced by TNF in suspension,
endotoxin- or TNF-induced down-regulation of receptors to
this potent stimulus of PMNdegranulation and respiratory
burst activation in sepsis may thus serve as a self-protective
mechanism of the organism to limit the harm infficted by
raised levels of TNF. Under circumstances, however, in which
TNF-mediated killing of microorganisms might be of central
importance (63, 64), deactivation and cross-deactivation of
granulocytes could decisively impair host defense. The ques-
tion of whether deactivation and cross-deactivation of PMN
toward TNF are beneficial or harmful to the organism will
have to be answered by future in vivo studies using suitable
animal models.
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