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Ceramide does not mediate the effect of tumour necrosis factor « on
superoxide generation in human neutrophils

Fumi YANAGA* and Steve P. WATSON

Department of Pharmacology, Oxford University, Mansfield Road, Oxford 0X1 3QT, UK.

The effect of tumour necrosis factor « (TNFa) on superoxide
generation in human neutrophils was investigated using the
Nitro Blue Tetrazolium reduction assay. TNFa stimulated super-
oxide generation in a time- and concentration-dependent fashion.
The maximally effective concentration of TNFa for superoxide
generation was 10 nM and maximal response was obtained after
15-20 min. The monoclonal antibody (mAb), utr-1, which was
raised against the 75 kDa receptor and behaves as an antagonist,
had no effect on superoxide generation, but partially inhibited
the response to TNFa. mAb htr-9, which was raised against the
55 kDa receptor and behaves as an agonist, mimicked the effect
of TNFa, but with a lower maximal response. As it has been
reported that ceramide might act as a second messenger to
mediate many of the effects of TNFa, the effects of exogenous
sphingomyelinase and the cell-permeable ceramide analogue, C,-

ceramide, on production of superoxide anions, induction of
priming in response to formylmethionyl-leucyl-phenylalanine,
and cell-shape change were examined. Neither sphingomyelinase
nor C,-ceramide mimicked the effect of TNFa. Ceramide is
converted into ceramide 1-phosphate by ceramide kinase and we
have measured levels of this metabolite to clarify the effect of
TNFa on sphingomyelinase activity in neutrophils. Although
exogenous sphingomyelinase increased the amount of ceramide
1-phosphate in a time-dependent manner, and C,-ceramide was
rapidly converted into C,-ceramide phosphate, TNFa had no
effect on the level of ceramide 1-phosphate. These results suggest
that TNFa stimulates superoxide generation through both the
55 kDa and 75 kDa receptors, but that ceramide does not act as
an intracellular mediator for TNFa in human neutrophils.

INTRODUCTION

Neutrophils are granulocytic white blood cells which function in
the killing of micro-organisms and in inflammatory responses [1].
The cytokine tumour necrosis factor « (TNFa) has an important
physiological role in the regulation of neutrophils stimulating
chemotaxis, adhesion, priming, phagocytosis, shape change,
release of inflammatory mediators and generation of superoxide
anions [2-6]. Two major types of receptor for TNFa have been
identified with approximate molecular masses of 75 kDa and
55kDa [7,8]. The signalling pathways utilized by these two
receptors and their role in the activation of neutrophils by TNFa
are not known.

Recently, we and others have shown that TNFa activates
sphingomyelinase in the leukaemia cell line HL-60, to generate
ceramide, a novel lipid second messenger [9-11]. It has been
suggested that ceramide mediates many of the effects of TNFa,
including cell growth and differentiation [11,12], programmed
cell death (apoptosis) [13], activation of the nuclear factor (NF)-
«B [14] and phosphorylation of the epidermal-growth-factor
receptor [9]. The role of the sphingomyelinase pathway in the
activation of neutrophils by TNFa«, however, is not known.

In this study, we have investigated the role of ceramide in the
activation of superoxide generation and shape change in neutro-
phils by TNFa and have examined the subtype of TNF receptor
which mediates these responses.

MATERIALS AND METHODS
Materials
[**P]P, (9000 Ci/mmol) and [y-**PJATP (3000 Ci/mmol) were

from New England Nuclear. Monoclonal anti-(TNF« receptor)
antibodies, utr-1 and htr-9, were generously provided by Dr.
M. Brockhaus (Roche, Basel, Switzerland). Monoclonal anti-
CD32 antibody and monoclonal anti-CD13 antibody were
generously provided by Dr. K. Pulsord and Dr. K. Micklan
(Dept. of Pathology, John Radcliffe Hospital, Oxford University,
Oxford, U.K.). TNFa was a kind gift from Dr. R. Foulkes
(Celitech, Slough, Berks, U.K.). The cell-permeable ceramide
analogue, C,-ceramide, was a kind gift from Dr. Y. A. Hannun
(Dept. of Medicine and Cell Biology, Duke University, Durham,
NC, U.S.A)) Silica-gel 60G plates were purchased from Merck.
Type-3 ceramide, sphingomyelinase, cardiolipin, superoxide
dismutase, formylmethionyl-leucyl-phenylalanine (fMLP), fatty-
acid-free BSA, Nitro Blue Tetrazolium (NBT) and cytochalasin
B were from Sigma. Diacylglycerol kinase was from Lipidex.
HL-60 cells were generously provided by Dr. C. Madin (Dept. of
Pathology, Oxford University, Oxford, U.K.). RPMI 1640
medium was from Gibco.

Isolation of human neutrophils

Human neutrophils were isolated from healthy adult donors as
described previously [15]. Briefly, 50 ml of blood was collected
into heparin (10 units/ml of blood) and neutrophils were isolated
from erythrocytes by sedimentation with 0.6 %, dextran in normal
saline (1 vol. dextran solution: 3 vol. blood) for 30 min at 37 °C.
The leucocyte-rich supernatant was collected and centrifuged at
300 g for 10 min at room temperature. The pellet was resuspended
with 5ml of 4 °C lysis buffer (0.82% NH,Cl, 5mM KClJ) to
remove erythrocytes and adjusted to pH 7.4 with 4.4 %, NaHCO,
and left on ice for 5 min. After centrifugation (300 g, 5 min, at

Abbreviations used: TNFa, tumour necrosis factor a; fMLP, N-formylmethionyl-leucyl-phenylalanine; mAb, monoclonal antibody; NF-«B, nuclear

factor-xB; NBT, Nitro Blue Tetrazolium; BSS, balanced salt solution.
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4 °C), the pellet was washed in a buffer containing 137 mM
NaCl, 5.4 mM KCl, 5.5 mM glucose and 10 mM Hepes, pH 7.4,
and resuspended with 4 ml of the same buffer. The cell suspension
was layered on 6 ml of Ficoll-Paque and spun at 300 g for
40 min at room temperature. The pellet was washed with BSS
(balanced salt solution: 137 mM NaCl, 54 mM KCl, 1 mM
CaCl,, 1 mM MgCl,, 5.5 mM glucose and 10 mM Hepes, pH 7.4)
and finally resuspended with BSS containing 0.1 9%, BSA.

Cell culture

HL-60 cells were maintained in RPMI 1640 medium containing
109% (v/v) fetal-calf serum, 2 mM glutamine, 19, (w/v) non-
essential amino acids, 1 mM sodium pyruvate, penicillin
(100 units/ml) and streptomycin (100 units/ml) at 37 °C under
5% CO, in air as described previously [11].

NBT-reduction assay

To estimate superoxide generation, the NBT-reduction assay
was used [16]. Neutrophils (5 x 108 cells/ml) suspended in BSS
containing 0.1 % BSA and 1 mg/ml of NBT were incubated with
various agonists at 37 °C for the indicated period with or without
superoxide dismutase and the reaction was terminated by ad-
dition of an equal volume of 0.59%, glutaraldehyde. Differential
interference-contrast microscopy was used to score positive cells
containing dark deposit formazan (reduced NBT).

Shape-change assay

Neutrophils were incubated with various agonists at 37 °C for
20 min and then were fixed with 0.259, glutaraldehyde. Cells
were examined under 200-fold magnification and scored for
shape change [17].

Assay of ceramide 1-phosphate production

Neutrophils and HL-60 cells were labelled with 0.5 mCi/ml of
[**P]P, for 1.5h at 37°C and then twice washed with BSS
containing 0.1 % BSA. The cells were resuspended in 150 xl of
BSS containing 0.1 % BSA and incubated with various agonists
at 37 °C. At the end of the incubation 560 ul of chloroform/
methanol/HCI (50:100: 1, by vol.) was added and phases were
separated by adding 190 xl of chloroform and 190 xl of water.
The lower organic phase was taken and subjected to mild
alkaline hydrolysis to remove glycerophospholipids as described
previously [18]. This involved mixing 200 xl of lower organic
phase with the same volume of 0.1 M methanolic KOH and
incubating for 1 h at 37 °C. After the incubation, 150 xl of 1 M
HCI, 2 ml of ether and 1 ml of water were added and the upper
phase dried for lipid analysis. The lipids were separated using
chloroform/methanol/acetic acid (65:15:4, by vol.) on silica-gel
60G t.lc. plates. After the autoradiography, the spot corre-
sponding to ceramide 1-phosphate was scraped and counted for
radioactivity following addition of scintillant.

Preparation of ceramide 1-phosphate and C,-ceramide phosphate
standards

Ceramide 1-phosphate and C,-ceramide phosphate standards
were prepared enzymically as described [19,20]. Briefly, type-3

ceramide (0.5mg) and C,-ceramide (0.5 mg) were solubilized
in a solution of 1mM cardiolipin/7.5% (w/v) octyl g-
glucopyranoside/1 mM di-ethylenetriaminepenta-acetic acid by
sonication. The mixture was diluted to 100 xl with a reaction
mixture (50 mM sodium phosphate buffer, pH 7.5, 50 mM NaCl,
12.5 mM MgCl,, 1 mM EGTA) containing diacylglycerol kinase
(0.4 unit/ml). The reaction was started by addition of 1 mM
ATP containing 1 mCi/ml of [y-32P]ATP and left at 37 °C for
60 min before being stopped with 370 xl of chloroform/
methanol/HCI (50:100:1, by vol.). Phases were separated by
addition of 130 xl of chloroform and 130 ul of water. The
organic phase was dried down and resuspended in chloroform.
Samples were resolved by t.l.c. on silica-gel 60G plates using
chloroform/methanol/acetic acid (13:3:1, by vol) [20].
Ceramide 1-phosphate and C,-ceramide phosphate were identi-
fied by autoradiography as single spots.

Data analysis

Results are expressed as mean + S.E.M. of at least three separate
experiments performed in duplicate or triplicate. Statistical
significance was evaluated using Student’s ¢ test.

RESULTS
Effect of TNFx on superoxide generation

TNFa stimulated the generation of superoxide anions in a time-
and concentration-dependent manner. The half-maximally and
maximally effective concentration of TNFa for generation of
superoxide were 0.3 nM and 10 nM respectively (Figure 1a), and
the maximal response was obtained after 15-20 min with approx.
609, of cells scoring positive for NBT reduction (Figure 1b).
Superoxide dismutase inhibited NBT reduction induced by TNF«
and fMLP over a similar concentration range, confirming that
the assay was dependent on generation of superoxide anions.
The half-maximally effective and maximally effective concentra-
tions of superoxide dismutase for inhibition of NBT reduction by
both stimuli were 25 ug/ml and 200 xg/ml respectively (results
not shown).
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Figure 1 Effect of TNFx on superoxide generation

(a) Concentration dependence. Human neutrophils were incubated with various concentrations
of TNFe for 20 min. (b) Time course. The cells are stimulated with (@) or without (O) 10 nM
TNFe for the indicated time. Superoxide generation was measured using the NBT reduction
assay as described in the Materials and methods section. The results are the mean + S.E.M.
of three experiments, performed in duplicate.
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Figure 2 Effect of mAbs utr-1 and hir-9 on superoxide generation

(a) and (b) show time courses and (¢) and (d) concentration dependence. (a) Neutrophils
pretreated with (A, A) or without (O, @) mAb utr-1 (5 zg/ml) for 10 min at 37 °C were
incubated with (closed symbol) or without (open symbol) 10 nM TNF for the indicated period.
(b) The cells were stimulated with 10 nM TNFa (@), 5 #g/ml mAb htr-9 (), or without
stimulant (Q). () Neutrophils pretreated with various concentrations of utr-1 for 10 min at
37 °C were incubated with 10 nM TNFa for 20 min. (d) Neutrophils were incubated with
various concentrations of htr-9 for 20 min at 37 °C. The results are the mean + S.E.M. of three
experiments, performed in duplicate.

Table 1 Effect of mAbs utr-1 and hir-9 on TNFa-induced superoxide
generation

The cells were incubated with or without various stimuli for 20 min at 37 °C in the presence
of 1 mg/ml NBT. The results are the mean+S.EM. of three experiments, performed in
duplicate. Asterisk (*) denotes a significant difference from TNFa (10 nM) by Student's ¢ test
(P < 0.01).

NBT-positive cells

Stimuli (% of total)
Control 6.540.8
TNFe (10 nM) 59.44+2.6
TNFee (100 nm) 60.1+2.8
utr-1 (5 gg/ml) 73108
TNFe (10 nM) +-utr-1 (5 ug/ml) 44.5+3.3
TNFa (100 M) + utr-1 (5 pg/ml) 64.545.2
htr-9 (5 xg/ml) 46.243.7*
TNFa (10 nM) +htr-9 (5 pg/ml) 59.043.0

Effect of monoclonal antibodies (mAbs) utr-1 and htr-9 on
superoxide generation

Two major types of receptor for TNF with apparent molecular
masses of 75kDa and 55 kDa have been identified [7,8]. To

Table 2 Effect of exogenous sphingomyelinase and C,-ceramide on
superoxide generation

Cells pretreated with or without 5 #M cytochalasin B for 10 min were incubated with various
stimuli for 10 min and then stimulated with or without 10 nM tMLP for a further 10 min. The
results are the mean & S.E.M. of three experiments, carried out in duplicate.

NBT-positive cells

(% of total)
Cytochalasin B fMLP
(5 M) treatment Stimuli Stimulation ... None (10 nM)
(=) Control 31407 453+3.9
TNFee (10 nM) 51.3+4.2 77.2+54
Sphingomyelinase (1 munit/ml) 3.240.7 48.643.2
C,-ceramide (30 xM) 24404 48.8+5.1
(+) Control 244+0.6 45447.0
TNFee (10 nM) 54405 94.3+1.0

Sphingomyelinase (1 munit/ml)
C,-ceramide (30 xM)

21404 46.3+4.9
21405 45.7+6.3

clarify whether one or both of them mediate stimulation of
superoxide generation, we used two different mAbs, utr-1 and
htr-9.

The mAb utr-1 was raised against the 75 kDa receptor and
behaves as an antagonist to TNFa at this receptor [21,22].
Although utr-1 (5 xg/ml) alone had no effect on superoxide
generation (Figure 2a), it partially inhibited the effect of TNF«
(10 nM) in a concentration-dependent manner with a maximal
inhibitory effect of approx. 359%, at 5 ug/ml (Figure 2c). This
concentration of utr-1 had no effect on the response to fMLP
(results not shown). The inhibitory effect of 5 ug/ml utr-1 could
be completely overcome by raising the concentration of TNFe to
100 nM, showing that utr-1 behaves as a competitive antagonist
(Table 1), consistent with previous reports [21].

The mAb htr-9 was raised against the 55 kDa receptor and
behaves as an agonist at this receptor [22,23]. Htr-9 (5 ug/ml)
stimulated NBT reduction in a concentration-dependent manner
but with an approx. 259%, lower maximal response to that
induced by TNF« (Figures 2b and 2d). However, when maximally
effective concentrations of htr-9 and TNF« were co-administered
the response was not significantly different from that induced by
TNFe. This demonstrates that htr-9 is not acting as a partial
agonist at the 55 kDa receptor and that therefore the generation
of superoxide anions induced by TNFa is mediated through both
the 55 and 75 kDa receptors.

To confirm the specificity of utr-1 and htr-9, the effect of two
mAbs of the same class (IgG1) were examined. One mAb was
raised against the external domain of CD32, and the other was
raised against the external domain of CD13. Neither mAb
induced superoxide generation or altered the response to TNFa
(results not shown). ,

Effect of sphingomyelinase and C,-ceramide on superoxide
generation

Recently, TNFa has been shown to activate a sphingomyelinase
to generate ceramide and it has been suggested that this has an
important role in TNFa-receptor signalling [9-14]. We therefore
examined the effect of sphingomyelinase and C,-ceramide, a cell-
permeable analogue of ceramide, on superoxide generation to
clarify whether or not ceramide mediates TNFa signalling in
human neutrophils.

TNFa induced the formation of superoxide anions measured
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Figure 3 Effect of pretreatment with sphingomyelinase and C,-ceramide on
TNFx concentration dependence for superoxide generation

The cells were pretreated with or without 1 munit/ml sphingomyelinase or 30 #M C,-ceramide
for 10 min and stimulated with various concentrations of TNFa for 20 min. The results are the
mean+S.EM. of two experiments, performed in duplicate. @, TNFx, A; TNFa+
sphingomyelinase, Il ; TNFo + C,-ceramide.

Table 3 Effect of TNFa, utr-1, htr-9, sphingomyelinase and C,-ceramide on
cell-shape change

The cells were incubated with or without various stimuli for 20 min at 37 °C and fixed with
0.25% of glutaraldehyde and analysed for shape change as described in the Materials and
methods section. For the experiments using utr-1, cells were pretreated with utr-1 for 10 min
at 37 °C and then incubated with or without TNFee. The results are the mean + S.E.M. of three
experiments, carried out in duplicate. Asterisk (*) denotes significant difference from TNFa
(10 nM) by Student's ¢ test (P < 0.01).

Shape-changed cells

Stimuli (% of total)
Control 6.6+0.8
TNFa (10 nM) 87.0+1.6
utr-1 (5 gg/mi) 74405
utr-1 (5 pg/ml) + TNFee (10 nM) 64.7+1.4"
htr-9 (5 gg/mi) 64.24+1.3*
Sphingomyelinase (1 munit/ml) 6.0+0.7
C,-ceramide (30 M) 5.5+0.6
fMLP (10 nM) 90.0+1.4

using the NBT assay and this was partially additive with fMLP
(Table 2). In contrast, neither sphingomyelinase (1 munit/ml)
nor C,-ceramide (30 M) had a significant effect on superoxide
generation or altered the response to fMLP. Furthermore, the
concentration-dependence curve of TNFa was not altered by
pretreatment with sphingomyelinase (1 munit/ml) or C,-
ceramide (30 xM) (Figure 3). In the presence of cytochalasin B,
TNFa only induces priming of the superoxide response to other
stimuli e.g. fMLP, and this is exemplified in Table 2. In contrast,

Ceramide 1-phosphate

C,-ceramide phosphate

Figure 4 Effect of TNFx, sphingomyelinase, and C,-ceramide on the
production of ceramide 1-phosphate and C,-ceramide phosphate

The cells were labelled with [*2P)P, stimulated with agonists for 5 min and lipids extracted as
described in the Materials and methods section. Lane 1, control; lane 2, TNFa 10 nM; lane 3,
sphingomyelinase 1 munit/mi; lane 4, C,-ceramide 30 xM. Ceramide 1-phosphate and C,-
ceramide phosphate were indicated using standards prepared as described in the Materials and
methods section. The data are representative of five experiments.

neither sphingomyelinase nor C,-ceramide altered the response
to fMLP in the presence of cytochalasin B. These results suggest
that sphingomyelinase activation does not mediate the direct or
priming effect of TNFa on superoxide generation.

Effect of TNFx, sphingomyelinase and C,-ceramide on shape
change in neutrophils

TNFa (10 nM) and fMLP (10 nM) induced a change in shape of
89.8+0.7% and 90.0+1.49% of cells respectively, during a
20 min incubation (Table 3); in contrast, neither sphingo-
myelinase nor C,-ceramide induced a change in cell shape. Thus,
sphingomyelinase and C,-ceramide are also unable to mimic the
effect of TNFa on another functional response, cell-shape change.
The effect of mADbs utr-1 and htr-9 on shape change in neutrophils
was also examined. While utr-1 (5 xg/ml) alone had no effect on
shape change, it partially inhibited the effect of TNF« (Table 3).
The mAb htr-9, at a concentration that was maximally effective
for the generation of superoxide anions (5 ug/ml), mimicked the
effect of TNFa (10 nM) although with a lower response (Table
3). These results demonstrate that the two mAbs affect shape
change in a similar manner to superoxide generation.

Effect of TNFx, sphingomyelinase and C,-ceramide on production
of ceramide 1-phosphate and C,-ceramide phosphate

The enzyme sphingomyelinase acts on sphingomyelin to produce
ceramide, which is then converted into ceramide 1-phosphate by
ceramide kinase [20]. Measurement of [**P]ceramide 1-phosphate
can be used to monitor the effect of TNFa on sphingomyelinase
activity in neutrophils. Exogenous sphingomyelinase and C,-
ceramide increased the amounts of ceramide 1-phosphate and
C,-ceramide phosphate respectively (Figure 4); the level of these
metabolites increased steadily over a 20 min incubation (Figure
5 and not shown). In contrast, TNFa (10 nM) had no effect on
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Figure 5 TNFax- and sphingomyelinase-induced formation of ceramide
1-phosphate

Cells (5 x 10° cells/tube), prelabelled with [2P)P, were stimulated with 10 nM TNFe or
1 munit/ml  sphingomyelinase. (a) Neutrophils, (b) HL-60 cells. The results are the
mean £ S.E.M. of three experiments. O, control; @, TNFa 10 nM; A, sphingomyelinase
1 munit/ml.

the level of ceramide 1-phosphate in neutrophils over a period of
10 s—20 min (Figures 4 and 5a).

As we and others have previously reported that TNF«
stimulates metabolism of [*H]sphingomyelin in HL-60 cells, a
human leukaemia cell line, we examined the effect of TNFa on
[**P]ceramide 1-phosphate formation in this system. The kinetics
of production of ceramide 1-phosphate in HL-60 cells are shown
in Figure 5(b). Exogenous sphingomyelinase and TNFa increased
the amount of ceramide 1-phosphate over a 20 min period. Thus,
TNFa stimulates sphingomyelinase activity in HL-60 cells but
not in human neutrophils.

DISCUSSION

In an attempt to clarify whether the 75 kDa or 55 kDa types of
receptor mediate the action of TNF« in human neutrophils, the
effect on superoxide generation of mAbs raised against these two
receptors were examined. The mAb utr-1, which was raised
against the 75 kDa receptor and behaves as an antagonist, had
no effect on its own but partially inhibited the number of NBT-
positive cells induced by TNF« on superoxide generation. The
mADb htr-9, which was raised against the 55 kDa receptor and
behaves as an agonist, mimicked the effect of TNFa but with a
lower maximal effect. These results suggest that TNFa stimulates
superoxide generation in human neutrophils through both types
of receptor. It is unclear, however, whether these results reflect
‘cross-talk’ between the signalling pathways linked to the 55 and
75 kDa receptors or the presence of two populations of neutro-
phils which express either the 55 or 75 kDa receptor types.
Recently, it has been reported that the 55 kDa receptor mediates
stimulation of phospholipase A, and sphingomyelinase, induc-
tion of NF-kB, accumulation of c-fos, synthesis of prostaglandin
E, and the inhibition of cell growth by TNFa. In contrast, the
75 kDa receptor has been reported to mediate the proliferation
of thymocytes and of a cytotoxic T-cell line by TNFa [24-29].
TNFa has been shown to stimulate sphingomyelinase to
generate ceramide in several cell types and it has been suggested
that ceramide may be a second messenger mediating the effect of
TNFa. We have therefore compared the action of exogenous

sphingomyelinase and C,-ceramide, a cell-permeable analogue of
ceramide, with TNFa on the generation of superoxide, the
induction of priming in the presence of cytochalasin B, and shape
change in human neutrophils. We have also examined the effect
of TNFa on sphingomyelin hydrolysis in this cell type. Neither
sphingomyelinase nor C,-ceramide mimicked or mediated the
effect of TNFa on any of these responses. Further, TNF« had no
effect on sphingomyelin hydrolysis in human neutrophils, al-
though it did stimulate this pathway in HL-60 cells. The ability
of TNFa to induce activation of sphingomyelinase in HL-60 cells
through the 55 kDa receptor [11,25], in contrast with the results
in neutrophils, suggests either that this receptor is able to couple
with different effector systems in different cell types or, perhaps
more likely, that activation of sphingomyelinase is a ‘down-
stream’ event from the primary response to receptor activation.
This is analogous to the regulation of phospholipase D which
can occur downstream from the activation of phospholipase C in
some cell types [30].

The levels of [*2P]ceramide 1-phosphate in HL-60 cells are
approx. 10-fold higher than those in neutrophils despite the use
of a similar cell number in both experiments. The explanation for
this difference is not known but may indicate a lower expression
of ceramide kinase (i.e. the enzyme that converts ceramide into
ceramide 1-phosphate) in neutrophils. This possibility is con-
sistent with the apparent unimportance of the sphingomyelinase
pathway in TNFa-induced responses in neutrophils, as suggested
by the lack of effect of C,-ceramide or sphingomyelinase on
TNFa-induced responses. It is possible therefore that several of
the enzymes involved in the sphingomyelin pathway will be
absent, or present in low levels, in neutrophils.

Thus, in conclusion, sphingomyelin metabolism does not
mediate the activation of TNF« in neutrophils and is therefore
not a universal second messenger for this cytokine.
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