
Immunology 1999 96 457–464

Differentiation-dependent switch in protein kinase C isoenzyme activation by FccRI,
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SUMMARY

Aggregation of receptors for the constant region (Fc) of immunoglobulin G on myeloid cells
results in endocytosis or phagocytosis and cellular activation. Previous work has shown, using
the cell line U937, that the high-affinity immunoglobulin G receptor, FccRI, activates alternate
intracellular signalling pathways depending on the cell differentiation state, which results in a
marked change in the nature of calcium transients within the cell. Here, we show that protein
kinase C (PKC ) is activated in both interferon-c (IFN-c) -primed and dibutyryl cyclic AMP
(dbcAMP) -differentiated cells but that the nature of the particular isoenzymes recruited differs.
Thus, in IFN-c-primed U937 cells, FccRI aggregation results in an increase of PKC activity
which is essentially calcium independent resulting from the translocation to the membrane of the
novel PKCs, d and e, together with the atypical PKC f. However, in cells differentiated to a more
macrophage phenotype, all PKC enzyme activity after receptor aggregation is calcium dependent.
Consistent with this finding, the isoenzymes translocated to the nuclear-free membrane fraction
are the conventional PKCs a, b and c; results consistent with our previous finding that FccRI
couples to phospholipase C in such dbcAMP-differentiated cells. Thus, the nature of PKC
isoenzyme activated following FccRI aggregation is defined by differentiation. The calcium
dependence of the PKC isoenzyme is consistent with the duration of calcium transients previously
reported in the two differentiation states.

INTRODUCTION release of cytokines. These can ultimately lead to targeted cell
killing through antibody-directed cellular cytotoxicity

Binding of the constant region (Fc) of immunoglobulin G
(ADCC)8,9 which is critically important for clearing virus-(IgG) to cell surface receptors (FccR) on leucocytes provides
infected cells and in cancer surveillance.10a pivotal link between the humoral and cellular arms of the

One feature of monocytes and macrophages is the hetero-immune system (see reviews in ref. 1–3). Three different classes
geneity of response to immune complex challenge using cellsof Fcc receptors have been defined; FccRI (CD64), FccRII
harvested under different conditions and different environ-(CD32) and FccRIII (CD16) (see reviews in ref. 4–6). Of
ments. Little is known about the signal transduction mechan-these, the human high-affinity receptor, FccRI, is an integral
isms underlying this or how they are modified as bloodtype I membrane glycoprotein7 constitutively expressed on
monocytes differentiate into tissue macrophages. Thus, tomonocyte and macrophage cell types. On myeloid cells, aggre-
study early events in the FccRI signalling pathway, we havegation of these receptors triggers a number of different effector
used the human monocyte cell line, U937,11 which constitut-functions including endocytosis of immune complexes or
ively expresses FccRI and FccRII and which allows controlledphagocytosis of opsonized particles. Fcc receptor aggregation
differentiation into a more macrophage cell type by treatmentactivates a repertoire of responses including degranulation and
with dibutyryl cAMP (dbcAMP).12 Previous work has shownrelease of proteases, activation of the respiratory burst and
that the nature of calcium transients markedly changes as the

Received 23 June 1998; revised 15 October 1998; accepted cells become differentiated.13 Thus, a single spike in calcium
15 October 1998. is observed in response to Fcc receptor aggregation of cells

treated with interferon-c (IFN-c) whereas calcium oscillationsAbbreviations: dbcAMP, dibutyryl cyclic AMP; FccRI, high-
affinity immunoglobulin G receptor; IFN-c, interferon-c; PKC, protein are generated in cells differentiated to a more macrophage
kinase C. state by dbcAMP.14 This switch in calcium signalling patterns

is dictated by a switch in the intracellular signalling pathwaysCorrespondence: Professor J. M. Allen, Davidson Building,
University of Glasgow, Glasgow, G12 8QQ, UK. activated by FccRI in the two differentiation states.15 Thus,
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the calcium spike in IFN-c-treated cells results from the by addition of 1550 dilution of F(ab) goat anti-human IgG
(Sigma-Aldrich Company Ltd, Dorset, UK) on ice. Cells weresequential activation of phosphatidylcholine phospholipase D

(PtdCho-PLD) and sphingosine kinase15,16 whereas the cal- then warmed to 37° for the times specified in the assays.
cium oscillations observed in dbcAMP differentiated cells are
associated with activation of phosphatidylinositol 4,5 Cell fractionation

Following receptor cross-linking, cells were harvested at thebisphosphate phospholipase C (PtdInsP2-PLC) and sub-
sequent generation of inositol 1,4,5 trisphosphate (InsP3). specified times and subcellular fractions were prepared by a

modification of methods previously described.29–31 Briefly,Both activation pathways generate diacylglycerol17,18 and
thereby can activate protein kinase C (PKC )18,19 and this cells were harvested and resuspended in cold nuclear prep-

aration buffer (10 m Tris–HCl, pH 7·4, 2 m magnesiumkinase has been shown to play an important role in mediating
Fcc receptor functions.20–23 chloride, 0·14  sodium chloride, 2% Tween-40, 0·25% sodium

deoxycholate, 1 m EGTA, 1 m PMSF, 10 m sodium ortho-PKC isoforms, depending on their structure and cofactor
regulation, are divided into three groups:24,25 conventional vanadate, 10 mg/ml chymostatin, 10 mg/ml leupeptin, 10 mg/ml

antipain and 10 mg/ml pepstatin). Cells were frozen in liquid(PKC a, bI, bII and c) which are calcium- and diacylglycerol-
activated isoenzymes, novel (PKC d, e, g and h) which are nitrogen, then thawed under running hot water, the nuclei

were released by 15–20 strokes of a precooled Dounce homo-calcium independent but diacylglycerol-activated isoenzymes,
and the atypical ones (PKC f, l/i and m) which do not require genizer and centrifuged at 15 000 g for 5 min. In order to

examine the integrity of the nuclear membrane, the pellet waseither calcium or diacylglycerol.24–28 Here, we show that the
nature of the PKC isoenzymes activated by immune complexes resuspended in 20 mg/ml of propidium iodide and viewed by

fluorescence microscopy. The supernatant was centrifuged atdiffers in the two differentiation states. Thus, calcium-
dependent typical PKCs (a, b and c) were activated in 100 000 g and 4° for 30 min, the pellet containing the mem-

brane fraction was resuspended in 200 ml of the nucleardbcAMP-differentiated cells whereas the calcium-independent,
novel PKCs, d and e, and the atypical isoenzyme f, were preparation buffer and stored at −20°. The cytosol fraction,

represented by the high-speed supernatant, was also stored atactivated in the cells primed with IFN-c.
−20°. The amount of protein recovered in each fraction was
quantified using the Bradford reagent system.

MATERIALS AND METHODS

Cell culture Gel electrophoresis and Western blots
Proteins (50 mg of whole cell lysate or 20 mg of the membraneU937 cells were cultured in a humidified atmosphere at 37°,

6·8% CO2 in RPMI-1640 medium (GibcoBRL, Life fraction), were resolved on 10% polyacrylamide gels
(SDS–PAGE) under denaturing conditions. The resolved pro-Technologies Ltd, Paisley, UK) supplemented with fetal calf

serum (10%), glutamine (2 m), penicillin (10 U/ml ) and teins were transferred to nitrocellulose membranes. The mem-
branes were blocked by incubating overnight in phosphate-streptomycin (10 mg/ml ). The cells were treated with IFN-c

(a gift from Bender Wein Ltd, Vienna, Austria) (100 ng/ml ) buffered saline (PBS) with 5% non-fat milk, 0·1% Tween-20
buffer at 4°. The membrane then was washed in PBS, 0·1%for 24 hr or dbcAMP (1 m) for 48 hr.
Tween-20 and incubated individually with mouse monoclonal
antibodies specific for each of human PKC isoformsAnalysis of PKC isoform expression

U937 cells (107 cells), either IFN-c primed or differentiated (Transduction Laboratories, Lexington, KY ) at dilutions as
recommended by the manufacturer, in 5% non-fat milk/with dbcAMP, were harvested by centrifugation at 200 g for

5 min and the cell pellet was solubilized in 1 ml of lysis buffer PBS/0·1% Tween-20 at room temperature for 4 hr. We have
previously characterized the specificity of these PKC isoform-[50 m Tris, 150 m sodium chloride, 2% Tween-40, 0·25%

sodium deoxicholate, 1 m ethylene glycol-bis(baminoethyl specific antibodies.31 Following washing of the membranes,
bands were visualized using an enhanced chemiluminiscenceether)-tetraacetic acid (EGTA), 1 m phenylmethylsulphonyl

fluoride (PMSF), 10 m sodium orthovanadate, 10 mg/ml (ECL) Western Blotting Detection System (Amersham
International, Amersham, UK).chymostatin, 10 mg/ml leupeptin, 10 mg/ml antipain and

10 mg/ml pepstatin]. Cell lysates were frozen in liquid nitrogen,
then thawed and homogenized (15–20 strokes) on ice in a PKC enzyme activity assay

PKC assays were carried out using the Biotrak Protein Kinaseprecooled Dounce homogenizer. The cell lysates were centri-
fuged at 20 000 g for 15 min at 4° and the supernatants C enzyme assay system (Amersham). Briefly, the system is

based upon the PKC catalysed transfer of the c-phosphatecontaining total solubilized cellular protein was harvested and
stored at −20°. The amount of protein in supernatants was group of adenosine-5∞-triphosphate to a peptide substrate

specific for PKC. U937 cells treated with IFN-c or differen-quantified using Bradford (Bio-Rad Laboratories Ltd,
Hertfordshire, UK) assay. tiated with dbcAMP were stimulated by FccRI aggregation at

the indicated times. Following stimulation, proteins from
whole cell lysates or fractionated, nuclear-free membraneAggregation of FccRI

Cells were harvested by centrifugation (200 g for 5 min). After samples, were partially purified by diethylaminoethyl (DEAE)
cellulose chromatography ( Whatman DE52). PKC enzymeresuspension, the cells were incubated for 30 min on ice with

1 m human monomeric, polyclonal IgG (Serotec Ltd, Oxford, activity, from partially purified samples, was measured from
whole cell lysate, or fractionated, nuclear-free, membraneUK) to occupy surface FccRI. Excess unbound ligand was

removed by dilution and centrifugation. Cells were resus- samples in the presence of 1·5 m calcium, or substituting
calcium with 1·5 m EGTA-containing buffer.pended and ligand occupied receptors were then aggregated
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RESULTS increase over the next 45 min after receptor aggregation
(Fig. 1b). In contrast, in dbcAMP-differentiated cells, PKC

Aggregation of FccRI activates PKC in both IFN-c-primed and
activity increased very rapidly, such that peak PKC was

dbcAMP-differentiated U937 cells
achieved 2·5 min after receptor aggregation and this activity

The kinetics of activation of PKC was measured in cells was then maintained over the subsequent 45 min (Fig. 1b).
primed with IFN-c and compared to that observed for cells Although the time to reach a plateau of PKC activity differed
differentiated by dbcAMP. Resting PKC activity was identical for IFN-c-primed and dbcAMP-differentiated cells, the plateau
in the two cell types and aggregation of FccRI resulted in a levels eventually reached in both cell types were very similar.
prompt increase in PKC activity. Thus, 30 seconds after
receptor aggregation, PKC activity had increased by 50% in
both cell types (Fig. 1a). In IFN-c-treated cells, this initial FccRI aggregation results in calcium-dependent or -independent
rapid rise in PKC activity was followed by a sustained steady PKC enzyme activity depending on cell differentiation

Previous work has shown that the nature of calcium transients
generated following FccRI aggregation markedly change fol-
lowing differentiation of the cells.12,13 Since calcium is an
important cofactor for PKC activity, we next investigated the
calcium dependence of the observed PKC activity.

In IFN-c-primed cells, the increase in PKC activity over
the first 20 min after receptor aggregation was unaffected by
the withdrawal of calcium from the assay (Fig. 2a). At the
later time-points (30 min and 45 min), presence of calcium
resulted in a small increase in measured PKC activity. These
data indicate that over the first 20 min after receptor aggre-
gation, calcium-independent novel or atypical PKCs account
for the vast majority of the PKC activation observed in these
cells. The calcium-dependent classical PKCs only contribute
to the total PKC activation in the later stages following
receptor aggregation, and even here they are only a minor
component.

In contrast, in dbcAMP-differentiated cells, withdrawal of
calcium from the assay completely abolished any increase in
measurable PKC activity at all time-points. Thus, in these
cells, aggregation of FccRI results in the activation of calcium-
dependent, typical PKCs and there is little contribution of
calcium-independent novel or atypical PKCs (Fig. 2b).

FccRI aggregation results in PKC translocation to membranes

PKC activation is associated with its translocation to the
plasma membrane.24,25,32 PKC activity in the nuclear-free
membrane fraction was therefore measured together with the
calcium dependence of this activity in IFN-c-primed and
dbcAMP-differentiated cells following aggregation of FccRI.
In IFN-c-treated cells, membrane-associated PKC activity
increased very rapidly after receptor aggregation. An increase
was observed within the first 15 seconds and reached maximal
activity at 2 min; thereafter being sustained for 45 min
(Fig. 3a). Withdrawal of calcium from this assay had no effect
on the PKC activity, indicating that the translocated PKCs
were predominantly calcium independent. In contrast, in

Time (min)

0·0

(b)

P
ho

sp
ho

ry
la

tio
n 

ra
te

 (
pm

ol
/m

in
)

5·0 10·0 15·0 20·0 25·0 30·0 35·0 40·0 45·0

125·0

115·0

105·0

95·0

85·0

75·0

65·0

55·0

dbcAMP

IFN

0·0

(a)

0·5 1·0 1·5 2·0 2·5 3·0 3·5 4·0 5·0

110·0

100·0

90·0

80·0

70·0

60·0

50·0

dbcAMP

IFN

4·5

Figure 1. PKC activity, measured as the phosphorylation rate dbcAMP-differentiated cells, all the membrane-associated
(pmol/min), in samples from whole cell lysates. Short (up to 5 min) PKC activity was dependent on the presence of calcium in the
and Long (up to 45 min) time–courses. (a) PKC activity following assay, indicating that the PKCs translocated to the membrane
FccRI aggregation (short, up to 5 min, time–course) in dbcAMP- are the conventional calcium-dependent PKCs. In these cells,
differentiated (dbcAMP) and IFN-c-primed (IFN-c) U937 cells. Data receptor aggregation also resulted in a very rapid increase in
are the mean±SD of triplicate measurements for each time-point and

PKC activity in the membrane fraction. However, in contrastare representative of four separate experiments. (b) PKC activity
to the cells primed with IFN-c, this membrane-associatedfollowing FccRI aggregation ( long, up to 45 min, time course) in
PKC activity peaked 2·5 min after receptor aggregation anddbcAMP-differentiated (dbcAMP) and IFN-c-primed (IFN-c) U937
then fell rapidly to achieve a new plateau level of activity thatcells. Data is the mean±SD of triplicate measurements for each time-

point and are representative of four separate experiments. was maintained over the subsequent 45 min (Fig. 3b).
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Figure 2. Calcium dependence of PKC activity. PKC activity, meas-
ured as the phosphorylation rate (pmol/min), in samples from whole
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cell lysates and in the presence or absence of calcium in the assay Figure 3. PKC activity translocated to the nuclear-free membrane
buffer. (a) PKC activity following FccRI aggregation in IFN-c-primed fraction and the calcium dependence of this PKC activity. PKC
U937 cells in the presence of 1·5 m calcium (IFN+Ca2+) or substitut- activity, measured as the phosphorylation rate (pmol/min), in samples
ing calcium with 1·5 m EGTA (IFN – Ca2+) in the assay buffer. from whole cell lysates and in the presence or absence of calcium in
Data are the mean±SD of triplicate measurements for each time- the assay buffer. (a) PKC activity following FccRI aggregation in
point and are representative of three separate experiments. (b) PKC IFN-c-primed U937 cells in the nuclear-free membrane fraction and
activity following FccRI aggregation in dbcAMP-differentiated U937 in the presence of 1·5 m calcium (IFN+Ca2+) or substituting calcium
cells in the presence of 1·5 m calcium (dbcAMP+Ca2+) or substitut- with 1·5 m EGTA (IFN – Ca2+) in the assay buffer. Data are the
ing calcium with 1·5 m EGTA (dbcAMP – Ca2+) in the assay buffer. mean±SD of triplicate measurements for each time-point and are
Data are the mean±SD of triplicate measurements for each time- representative of three separate experiments. (b) PKC activity follow-
point and are representative of three separate experiments. ing FccRI aggregation in dbcAMP-differentiated U937 cells in the

nuclear-free membrane fraction and in the presence of 1·5 m calcium
(dbcAMP+Ca2+) or substituting calcium with 1·5 m EGTAPKC isoenzyme expression is regulated by differentiation
(dbcAMP – Ca2+) in the assay buffer. Data are the mean±SD of

Several PKC isoenzymes, from the three defined groups, have triplicate measurements for each time-point and are representative of
three separate experiments.been shown to be expressed in monocytes and macro-

phages.21,33 However, changes following differentiation are
still unclear. The findings reported here indicate that calcium- or differentiated with dbcAMP and the patterns were compared

to that for untreated, resting cells.independent PKCs are preferentially activated in IFN-c-
treated cells compared to dbcAMP-differentiated cells, where Western blot analysis showed that in untreated U937 cells

PKC a, b, c, d, e, h, m, i/l and f, are all expressed to varyingcalcium-dependent PKCs are activated. To determine whether
this change in isoenzyme recruitment following FccRI aggre- degrees (Fig. 4 lane 1). Treatment of the cells with IFN-c

resulted in an increase in PKC d, e, m, i/l and h. PKC a andgation reflected a change in the relative expression of the
various PKCs, cell lysates were probed with monoclonal f remained unchanged and a reduction in expression of b and

c isoenzymes was observed (Fig. 4 lane 2; Table 1). In contrast,antibodies specific for each enzyme for cells primed with IFN-c

© 1999 Blackwell Science Ltd, Immunology, 96, 457–464
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Table 1. Densitometric analysis of the relative expression levels of
PKC isoenzymes following treatment of cells with IFN-c or differen-

tiation with dbcAMP

PKC isoenzyme IFN-c dbcAMP

a 95±5 99±3
b 133±8 144±14
c 63±2 92±7
d 90±12 52±8
e 204±20 59±8
h 108±5 153±11
i 120±8 89±5
l 129±2 92±3
m 126±2 106±5
f 89±14 49±13

Results shown are relative to the expression level observed in
untreated U937 cells (100%). The results shown are derived from
densitometric analysis from four separate experiments and are the
mean and standard deviation.

in dbcAMP-differentiated cells, only the conventional PKCs
a, b, c were translocated to the membrane fraction in response
to FccRI cross-linking (Fig. 5b).

The novel PKC m, which contains a putative transmem-
brane domain, is, as expected, membrane bound in both
IFN-c-primed and dbcAMP-differentiated cells even in the
absence of receptor aggregation and thus translocation could
not be assessed (Fig. 5b). No other PKC isoenzymes could be
detected in the nuclear-free membrane fraction.

DISCUSSION

Untreated dbcAMP

IFN-c

a

b

c

d

e

h

i

l

m

f

Endocytosis of immune complexes by FccRI has been shown
Figure 4. Western blot analysis of the different PKC isoenzymes here to cause a prompt and sustained activation of PKC in
expressed in whole cell lysates of U937 cells. Cells were cultured in

both IFN-c-primed U937 cells and cells differentiated to atheir normal growth media (untreated), or in media containing IFN-c
more macrophage phenotype by dbcAMP. However, the pre-(100 ng/ml ) for 24 hr (IFN-c), or in media containing dbcAMP
cise nature of the PKCs activated by receptor aggregation(1 m) for 48 hr (dbcAMP). Samples from whole cell lysates were
differs. Calcium-independent PKC isoenzymes were activatedsubjected to SDS–PAGE and Western blotted. The blots were incu-
in IFN-c-primed cells whereas, following differentiation, cal-bated individually with mouse monoclonal antibodies specific for each

of the human PKC isoenzymes (a, b, c, d, e, h, i/l, m, f). Bands were cium-dependent PKCs were the major activated form.
visualized by ECL (Amersham). Although IFN-c and dbcAMP modified the relative expression

levels of the various PKC isoenzymes, all the major species
were still present in lysates of both cell types and thus, thedbcAMP differentiation resulted in up-regulation of PKC a,

b, and c, and down-regulation of PKC d, e, i/l, and f. PKC changes in expression cannot account for the fundamental
switch in PKC isoenzyme activation following receptor aggre-m and h remained unchanged by dbcAMP treatment of U937

cells (Fig. 4 lane 3; Table 1). gation. This observation implies that FccRI is able to recruit
and specifically activate different isoenzymes depending on the
differentiation state of the cell and likely results from the

Differentiation-dependent differential translocation of PKC
switch in signalling pathways activated by FccRI following

isoenzymes to the membrane fraction following FccRI cross-
differentiation. This switch dictates the duration of calcium

linking
transients in these cells and it is noteworthy that the calcium
dependence of the PKCs activated by FccRI reflects thisTo determine whether aggregation of FccRI results in differen-

tial activation of particular isoenzymes in IFN-c-primed cells change.
Previous work has shown that, in these two differentiationcompared to dbcAMP differentiation, specific translocation of

individual PKC was investigated. In IFN-c-primed cells, the states, FccRI is coupled to the activation of distinct intracellu-
lar signalling pathways. FccRI is able to switch between thesenovel PKCs d and e and atypical f isoenzymes were translo-

cated to the membrane fraction following FccRI cross-linking. two activation pathways as its cytoplasmic tail contains no
signalling motif but, rather, the receptor must recruit anHowever, all of the conventional PKC a appeared to be

membrane-bound in non-stimulated IFN-c-primed cells and accessory molecule to activate tyrosine kinases. Thus, in
IFN-c-primed cells, FccRI acts through the c-chain and isthus translocation could not be assessed (Fig. 5a). In contrast,

© 1999 Blackwell Science Ltd, Immunology, 96, 457–464
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Figure 5. Western blot analysis of the different PKC isoenzymes translocated to the nuclear-free membrane fraction following
FccRI aggregation in IFN-c-primed and dbcAMP-differentiated U937 cells. (a) Western blot analysis of the different PKC
isoenzymes translocated to the nuclear-free membrane fraction of IFN-c-primed U937 cells following FccRI aggregation time–
course. The blots were incubated individually with mouse monoclonal antibodies specific for each of human PKC isoenzymes (a,
b, c, d, e, h, i/l, m, f). PKC isoenzymes found to translocate d, e,f. PKCs a and m are membrane bound throughout the experiment.
(b) Western blot analysis of the different PKC isoenzymes translocated to the nuclear-free membrane fraction of dbcAMP-
differentiated U937 cells following FccRI aggregation time–course. The blots were incubated individually with mouse monoclonal
antibodies specific for each of the human PKC isoenzymes (a, b, c, d, e, h, i/l, m, f). PKC isoenzymes were found to translocate
a, b, c. PKC m is membrane bound throughout the experiment.

coupled to the activation of PtdCho-PLD and sphingosine a potential link between the novel intracellular signalling
pathway we have previously defined in IFN-c-primed U937kinase. In these cells, changes in cytosolic calcium are transient

as, following release from stores, calcium levels peak within cells following FccRI aggregation and the pattern of PKC
activation observed. Our recent work has shown that aggre-1 min and then fall to basal levels. Consistent with this, the

PKC isoenzymes activated are calcium independent and the gation of FccRI also activates phosphatidyl inositol (PI3)-
kinase in IFN-c-treated cells35 and that PI3-kinase is upstreampredominant PKCs translocated to membranes are the iso-

enzymes d, e and f. of phospholipase D activation. This finding provides an expla-
nation for the observations reported here as both novel andNovel PKCs are activated by diacylglycerol which is gener-

ated in this pathway by phosphatidic acid-phosphohydrolase atypical PKCs are activated by second messengers generated
by PI3-kinase.36–39(PPH ) converting phosphatidic acid, the immediate product

of PtdCho-PLD, to diacylglycerol. However, the diacylglycerol In IFN-c-primed cells, FccRI recruits the c-chain to act as
its accessory molecule for signal transduction.15,40,41 Thespecies produced by this pathway differs from that generated

by PtdInsP2-PLC and recent evidence suggests that the diacyl- c-chain acts as a signal transducing accessory molecule for a
number of receptors, including the high-affinity IgE receptor,glycerol produced by PtdCho-PLD and PPH is not able to

activate PKC.34 Atypical PKCs are not activated by either FceRI in mast cells.42 In cells expressing FceRI, endocytosis
of this receptor has been correlated with threonine phosphoryl-calcium or diacylglycerol. However, phosphatidic acid itself

has been shown to activate specifically PKC f; thus, providing ation of the c-chain and this phosphorylation was attributed

© 1999 Blackwell Science Ltd, Immunology, 96, 457–464
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8. G R.F. & F M.W. (1987) FccRI and FccRII onspecifically to PKC d activation.43 Interestingly, PKC d was
monocytes and granulocytes are cytotoxic trigger molecules forphysically associated with the FceRI receptor complex, in
tumor cells. J Immunol 138, 3536.particular with the b-chain of the receptor complex. Although

9. F M.W., S L., G R.F. & G P.M. (1989)similar phosphorylation of threonine residues of the c-chain
Cytotoxicity mediated by human Fc receptors for IgG. Immunolhas been shown following aggregation of FccRI,44 PKC d
Today 10, 92.immunoreactivity could not be demonstrated in FccRI immun-

10. E P., W P.K., G A.L., G P.M. & F
oprecipitates either before or after receptor aggregation by M.W. (1996) Bispecific-armed, interferon gamma-primed macro-
immune complexes (data not shown). This may result from phage-mediated phagocytosis of malignant non-Hodgkin’s lym-
the lack of expression of the FceRI – b-chain in myeloid cells. phoma. Blood 87, 3813.

In contrast to IFN-c-primed cells, differentiation of U937 11. H P. & R. (1985) Human leukemic models of myelo-
cells by dbcAMP to a more macrophage phenotype results in monocytic development: a review of the HL-60 and U937 cell

lines. J Leukocyte Biol 37, 407.a switch in the intracellular signalling pathways activated
12. S B., D I., P L.J., B M.D. &following FccRI aggregation.15 Thus, PtdInsP2-PLC, and not

B D.R. (1988) Dibutyryl cyclic AMP stimulation of aPtdCho-PLD, is activated with the subsequent generation of
monocytic cell line, U937: a model for monocyte chemotaxis anddiacylglycerol and InsP3. Associated with this, the calcium
Fc receptor-related functions. Immunology 63, 483.transients are prolonged as store dumping is followed by

13. D W., S S.O. & A J.M. (1994) Cytosolic calciumactivation of calcium release activated current (ICRAC ) and
elevation in response to Fc receptor cross-linking in undifferen-

significant calcium entry.45,46 Consistent with this, the PKCs
tiated and differentiated U937 cells. Cell Calcium 16, 29.

activated are the conventional type being calcium dependent 14. F R.A., S B., M-S M.P. & A
and, specifically, the isoenzymes a, b and c are translocated J.M. (1995) IgG-induced Ca2+ oscillations in differentiated U937
to membranes. The switch observed in activation pathway cells: a study using laser scanning confocal microscopy and
results from a switch in the accessory molecule used by FccRI co-loaded Fluo3 and Fura-Red. Cell Calcium 18, 377.
as in the dbcAMP-differentiated cells, signalling by FccRI 15. M A., F R.A., C A.J., G D.J.,

H M.M. & A J.M. (1998) A molecular switch changesappears to be mediated by FccRIIa.15
the signalling pathway used by the FccRI antibody receptor toActivation of PKC is well established as essential in
mobilise calcium. Current Biology 8, 210.mediating phagocytosis in myeloid cells.20–23 The switch in

16. M A., F R.A., G D.J., H M.M. &calcium dependence of the activated PKC isoenzymes in the
A J.M. (1998) FccRI coupling to phospholipase D initiatestwo cell types provides an explanation for the observation that
sphingosine kinase mediated calcium mobilization and vesicularphagocytosis mediated by FccRI is calcium independent
trafficking. J Biol Chem 273, 9393.

whereas phagocytosis mediated by FccRII is calcium depen-
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