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Abstract: Recent studies of human peripheral
blood mononuclear cells (PBMC) stimulated with
IgG subclasses have suggested that tumor necrosis
factor o (TNF-«) and interleukin-8 (IL-8) produc-
tion proceed along different signal transduction
pathways. To investigate this possibility, inhibitors
of signal transduction pathways were employed.
Human PBMC were pretreated with various inhibi-
tors before being added to 1gG2-coated wells and
4-h supernatant fluids evaluated for cytokine con-
tent. The effects of various inhibitors on MAP
kinase activation were determined. Inhibitors of
protein tyrosine kinases, phosphatases, and phos-
pholipase C decreased TNF-a and IL-8 production,
suggesting that all three enzyme pathways are
involved in cytokine generation. Inhibitors of G-
proteins had differing effects: pertussis toxin inhib-
ited IL-8 but not TNF-a production, whereas chol-
era toxin inhibited TNF-a but not IL-8 production.
Pretreatment of PBMC with pertussis toxin re-
sulted in reduced 1gG2-induced calcium mobiliza-
tion, whereas cholera toxin had no effect, correlat-
ing with the effects of pertussis toxin on IL-8
expression. Inhibitors of protein kinase C (PKC)
completely blocked TNF-a generation but had no
effect on IL-8 production. G66976, which inhibits
certain isoforms of PKC, inhibited production of
both IL-8 and TNF-«. Isoforms of PKC may have
opposing effects on cytokine production. PD
98059, a compound that specifically inhibits the
activation of mitogen-activated protein kinase ki-
nase (MEK1), inhibited TNF-« production, but had
insignificant effects on IL-8 production. Pretreat-
ment of PBMC with either PD 98059 or genistein
reduced the extent of phosphorylation of p42 MAP
kinase in cells activated on contact with 1gG2.
These findings suggest distinct signal transduction
pathways for cytokine production in PBMC stimu-
lated with 1gG2. J. Leukoc. Biol. 64: 124-133;
1998.
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INTRODUCTION

IgGs and immune complexes play a role in both host defense
and disease. Critical molecules for these interactions are
cytokines, which initiate, sustain, and resolve or cause progres-
sion of inflammation. In vitro studies have attempted to address
connections between increased circulating immune complexes
or deposited lg and the development of a cytokine response,
which may result in disease. For example, peripheral blood
mononuclear cells (PBMC) can be stimulated to produce
interleukin-1 (IL-1) [1], tumor necrosis factor a (TNF-o) [2],
IL-8 [3], and IL-6 [4] after exposure to immobilized 1gG,
aggregated 1gG, or after the cross-linking of IgG Fc receptors.
In such studies with PBMC as a source of cells, monocytes have
been shown to be the producers of TNF-« [5], IL-6 [5, 6], and
IL-8 [7]. However, signal transduction events leading to
production of cytokines are unclear. It is known that cross-
linking FcyR on monocytes or on the THP-1 human monocytic
cell line leads to increased intracellular Ca?* and phosphoryla-
tion of the receptor itself as well as proteins such as phospholi-
pase C (PLC) [4, 8-10].

In our recent studies comparing the ability of the IgG
subclasses to stimulate cytokine production from human PBMC,
we found a significant difference in the ability of IgG subclasses
to stimulate TNF-a compared with IL-8 [11]. The rank order
(best to worse) in Ig ability to induce production of TNF-a was
19G2 = 1gG3 = IgG1 > IgG4; for I1L-8 production the rank
order was IgG1l = 19gG2 = IgG3 = 1gG4. This discrepancy
suggested that different signal transduction pathways were
being utilized. To pursue this possibility, inhibitors of signal
transduction pathways were compared for their ability to block
TNF-a and IL-8 production after stimulation of PBMC by
immobilized 1gG2. The results demonstrated that genistein and
U-73122, which are inhibitors of protein tyrosine kinases and
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PLC, respectively, and the phosphatase inhibitor, okadaic acid,
all inhibited production of both TNF-a and IL-8. Pertussis
toxin, which blocks inhibitory G-protein interactions, interfered
with IL-8 production but not with TNF-a production. In
contrast, cholera toxin, which blocks stimulatory G-protein
interactions, interfered with TNF-a production but not with
IL-8 production. Furthermore, pertussis toxin inhibited cal-
cium mobilization induced by contact of PBMC with immobi-
lized 1gG2, whereas cholera toxin had no effect. Results using
inhibitors of protein kinase C (PKC) suggested that different
PKC isoforms have opposing effects on cytokine production.
Finally, the compound PD 98059, a specific inhibitor of
mitogen-activated protein kinase kinase (MEK1) that lies
directly upstream of the p42/44 MAP kinase, inhibited TNF-«
production but had no effect on IL-8 production. These findings
infer that different signal transduction pathways play a role in
the production of TNF-a and IL-8 from human PBMC stimu-
lated with immobilized 1gG2.

Because it appeared that p42/44 MAP kinase played an
important role in TNF-a production we further investigated the
effect of the various inhibitors on MAP kinase activation.
MEK1 activates by phosphorylating threonine and tyrosine
residues present in MAP kinase. MAP kinase activation in turn
leads to the activation of transcription factors such as ATF-2
and c-myc [12], culminating in target gene expression. Our
findings indicate that, of the inhibitors described above, only
genestein (a tyrosine protein Kinase inhibitor) and PD 98059
(a MEK1 inhibitor) inhibit MAP kinase activation.

MATERIALS AND METHODS

Reagents

Human myeloma 1gG2 (kappa light chain) purified from plasma was purchased
from Sigma Chemical Co. (St. Louis, MO). The compounds genistein, U-73122,
U-73343, pertussis toxin, cholera toxin, G66850 (bisindolylmaleimide 1),
G06976, and okadaic acid were purchased from Calbiochem, Inc. (La Jolla,
CA\). Staurosporine was purchased from Sigma. PD 98059 was purchased from
New England Biolabs (Beverly, MA). All inhibitors, except pertussis, cholera
toxin, and okadaic acid, were dissolved in dimethylsulfoxide (DMSO) and
frozen in single-use aliquots. Cholera toxin was reconstituted in sterile water,
pertussis toxin was reconstituted in a 100 mM sodium phosphate, 500 mM
sodium chloride, pH 7.0 buffer, and okadaic acid was reconstituted in
phosphate-buffered saline (PBS). Low-endotoxin bovine serum albumin (BSA)
was purchased from Sigma.

Cell isolation

PBMC were isolated from normal human blood by separation over Ficoll-Paque
(Pharmacia Biotech, Uppsala, Sweden) followed by hypotonic lysis of RBCs and
two washes with 0.9% sodium chloride (Abbott Laboratories, North Chicago,
IL). Cells were then resuspended in Dulbecco’s modified Eagle’s medium
(GIBCO-BRL, Gaithersburg, MD) supplemented with 10% fetal bovine serum,
1% L-glutamine, 1% antibiotic/antimycotic, and 1% non-essential amino acids
(DMEM 10%).

Coating of plates for cell stimulation

Immulon 96-well plates (Dynatech Inc., Chantilly, VA) were coated overnight at
4°C with 10 pg/well of human 1gG2 that had been previously spun for 5 min at
14,000 rpm to remove any nonspecific aggregates. Dilutions were made in
sterile PBS and 50 L added to each well.

Cell pretreatment and stimulation

PBMC at 2 X 10%/mL were pretreated at 37°C for the indicated times with
inhibitors diluted in DMEM. Pretreated cells (duration of time for each
inhibitor is indicated in figure legends) were then added in triplicate to
1gG2-coated wells previously washed in sterile PBS. Plates were incubated at
37°C in a humidified, 5% CO, incubator for 4 h. After incubation, supernatants
were removed and 30 pL of 0.4% trypan blue (diluted 1:2 in PBS) added to
wells to assess cell viability. Harvested supernatants were spun for 10 min at
14,000 rpm to remove contaminating cells and frozen at —20°C until cytokine
analysis.

Controls for cell stimulation

To ensure that stimulation was occurring due to coated 1gG2, we assessed cells
on uncoated and BSA-coated wells. Cytokine levels produced under those
conditions were near or below the level of detection for each enzyme-linked
immunosorbent assay (ELISA; see below). To assess any effect of cell adhesion
to plastic, we performed experiments in which wells were exposed to 19G2,
washed, and then exposed to 1% BSA. Under such conditions, cytokine
production by PBMC was the same as with wells only exposed to 19G2. LPS
contamination of human 19gG2 was assessed using the Limulus amebocyte lysate
assay (BioWhittaker, Inc., Walkersville, MD). Levels of LPS were usually <1
ng/mL. Those containing >1 ng/mL LPS were tested in side-by-side experi-
ments with equivalent amounts of LPS. Stimulation with equivalent amounts of
LPS produced one-tenth the TNF-« levels compared to 1gG2 stimulation.

Cytokine guantitation

TNF-a protein was assessed using a sandwich ELISA with a minimum level of
detection ranging from 0.3-0.8 ng/mL, depending on the experiment [13]. IL-8
protein was quantitated using a R & D Systems quantikine kit (Minneapolis,
MN) or a modified sandwich ELISA [14]; the lower limit of detection was
typically 0.1 ng/mL.

MAP kinase assay

Five hundred microliters of PBMC (1 X 107 cells/mL) were added to 35-mm
petri dishes previously coated with the same amount of 19G2 as was used to coat
the 96-well Immulon plates for a minimum of 2 h at 4°C. After incubation at
room temperature for varying lengths of time, cells were washed once with
1 mM sodium vanadate in PBS and lysed directly by addition of 120 pL of
SDS-sample buffer. The samples were then sonicated for 1 min, boiled for 10
min, and analyzed on a 12.5% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel. Western blotting with antibodies against the
phosphorylated and non-phosphorylated forms of MAP kinase was performed
according to the manufacturer’s instructions provided with the p42/44 MAP
kinase kit (New England Biolabs). The chemiluminescent signals from the
phosphorylated and the nonphosphorylated forms of MAP kinase were then
scanned and the ratio of the signal of the two forms determined.

Measurement of intracellular calcium

PBMC were preloaded with 2 pM of the fluorescent indicator Fluo-3/AM
(Molecular probes, Eugene, OR) [15] at 37°C for 30 min in PBS without
calcium and magnesium. Cells were then washed with Hanks’ buffered salt
solution (GIBCO-BRL) and plated onto wells as described above. Cells were
then immediately placed in a Cytofluor Il (PerSeptive Biosystems, Inc.,
Framingham, MA, excitation wavelength 485 nm, emission wavelength 530 nm)
and readings taken every 10 min. At the end of the time period cells were lysed
and fluorescence measured to ensure that any differences seen were not due to
unequal loading of cells with the fluorescent dye. When pretreated, PBMC were
incubated for 2 h at 37°C with 1000 ng/mL of either cholera toxin or pertussis
toxin. Results shown are representative of several experiments.

Statistics

Statistical analysis was performed using SigmaStat (Jandel Corp., Sausalito,
CA). Inhibitor data falling below the level of detection for the TNF-a ELISA
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were assigned the value of the lower limit of detection because this estimate is
conservative. Analyses were performed by log transformation of data followed
by paired t tests between groups. Log transformation allowed the normalization
of the various treatment groups for comparison and analysis. P values were
interpreted as error rates for individual statements and did not reflect the error
rate for all comparisons made, as discussed in Miller [16]. Statistical
significance was defined as P < 0.05.

RESULTS

Effects of inhibitors of protein tyrosine kinases,
phosphatases, and PLC on TNF-a and IL-8
production by PBMC

The effects of genistein (an inhibitor of protein tyrosine kinases)
on production of TNF-a and IL-8 from PBMC are shown in
Figure 1. PBMC were pretreated with genistein for 10 min and
then added to wells coated with 1gG2 or BSA (as a negative
control). Four-hour incubations were employed. Genistein
inhibited TNF-a production, as compared to the DMSO vehicle
control, in a dose-dependent manner. DMSO alone had some
inhibitory effects on TNF-a production; therefore, statistical
comparisons were made between the solvent DMSO by itself
and genistein (dissolved in DMSO). In Figure 1B, genistein in a
dose-dependent manner also inhibited IL-8 production, suggest-

A. TNFo Production

14 ‘|
12
107
34
6
P
—
E 7] / p=0.03
= .
= 227 wrrrrra
- Mora 0.4 4 40
g Genigtein Gemstein Gemnistein
=
m . “Balow lavael of detection
= ., B.IL.-8 Production
=
S
g 64
O s ]
a0 /
30 / (b <0.07)
—_
20 /
WA (< 0.01)
i o
Mane 04 4 40
Genisein Gorisien Gemsten

Pretreatment {ug/mi)

Fig. 1. Effect of genistein pretreatment on cytokine production from PBMC
stimulated with 10 pg immobilized 19G2. PBMC were incubated for 10 min at
37°C with medium or, as indicated, increasing concentrations of genistein or
0.1% DMSO (equivalent to the concentration of DMSO in 40 pg/mL genistein).
Cells were then added to 1gG2-coated wells and incubated at 37°C for 4 h
before supernatants were harvested and analyzed for cytokines. Bars represent
the mean = sem values of five experiments.

126 Journal of Leukocyte Biology Volume 64, July 1998

A. TNFo Production

200

£
£

g —_

£

-
O 00

wpd

(1]

=

c

]

Q

c

(<]
U *

0
B. IL-8 Production
200

E —

o

=

£

| =

L g0

e

|

=

c

)

(4]

[ =

]

&

None Okadaic acid
Pretreatment

Fig. 2. Effect of okadaic acid pretreatment on cytokine production from
PBMC stimulated with 10 pg immobilized IgG2. PBMC were incubated for 1 h
at 37°C with medium or with 10 uM okadaic acid. Cells were then added to
19G2-coated wells and incubated at 37°C for 4 h followed by collection of
supernatants and analysis for cytokines. Bars represent the mean = sem values
of three separate experiments. *Value below the levels of detection.

ing that protein tyrosine kinases are involved in the production
of both TNF-a and IL-8 after stimulation of PBMC with
immobilized 19G2. Cell death was not the cause of inhibition
because trypan blue exclusion studies showed no increase in
dye uptake above that found in untreated PBMC (data not
shown). The same was true for all inhibitors employed (data not
shown). When PBMC were pretreated with 10 uM of the
phosphatase inhibitor okadaic acid [17] production of both
TNF-« and IL-8 was inhibited (Fig. 2).

Figure 3 shows the effects of U-73122, a compound that
inhibits PLC, and its inactive analog, U-73343, on cytokine
production by PBMC. Cells were pretreated (as described
above) and responses of cells treated with active and inactive
compounds were compared. TNF-a production was inhibited at
the 0.05 and 0.1 pM doses of U-73122 when compared to the
effects of the inactive inhibitor U-73343. For IL-8 production
inhibition was significant at 0.1 uM U-73122 when compared to
the inactive compound, suggesting that PLC is required for
generation of both TNF-« and IL-8.
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Fig. 3. Effect of U-73122 or U-73343 pretreatment on cytokine production
from PBMC stimulated with 10 pg immobilized 1gG2. PBMC were incubated for
10 min at 37°C with medium or with increasing concentrations of U-73122 or
U-73343. Cells were then added to 1gG2-coated wells and incubated at 37°C
for 4 h before supernatants were harvested and analyzed for cytokines. Bars
represent the mean = sem values of six experiments for TNF-a and seven
experiments for I1L-8.

Role of G-proteins in TNF-a and IL-8 production
and calcium mobilization

To examine requirements for G-proteins in the production of
TNF-a and 1L-8 by PBMC stimulated with solid phase 19G2,
cells were pretreated either with cholera toxin [for the inhibi-
tion of stimulatory G protein (G,)] or pertussis toxin [for the
inhibition of inhibitory G protein (G;)]. The cells were incu-
bated with inhibitors for 2 h before being added to 1gG2-coated
wells. The concentration of inhibitors used was what has been
used with neutrophils by others [18]. Figure 4 shows the
effects of cholera toxin on TNF-a and IL-8 production. Cholera
toxin showed a clear and consistent inhibitory effect on TNF-«
production (Fig. 4A). In contrast, pretreatment of cells with
cholera toxin had no inhibitory effects on IL-8 production. In
the case of cells pretreated with pertussis toxin, TNF-«
production was not measurably affected, whereas 1L-8 produc-
tion was significantly reduced in a manner related to the dose of
pertussis toxin employed (Fig. 5). These results suggested that
different G-proteins appear to be involved in TNF-« and IL-8
production resulting from stimulation of PBMC with immobi-
lized 1gG2.

The effects of preincubation of PBMC with pertussis toxin or
cholera toxin on intracellular calcium levels of cells exposed to
solid phase 1gG2 or BSA are shown in Figure 6. Because of the

nature of the experimental protocol employed (cells must
adhere to solid phase 19gG2 in order to be stimulated), changes
in intracellular calcium were quite different from the early
transient elevations typically found in cells that have been
stimulated under conditions of cell suspensions. PBMC added
to BSA-coated wells showed no change in intracellular Ca2* in
the first 20 min, followed by a gradual and progressive rise in
fluorescence units for the next 20 min (Fig. 6A). However,
in PBMC exposed to solid phase 1gG2, Ca?* levels (as reflected
in relative fluorescence units) were unchanged for the first 10
min and then rose more rapidly, reaching a plateau by the
30-min interval (Fig. 6A). In Figure 6B we compared the
relative changes in intracellular Ca2* as a function of time and
in relation to pretreatment of PBMC by pertussis toxin or
cholera toxin. As indicated in Figure 6, pretreatment of PBMC
by pertussis toxin substantially reduced relative changes in
intracellular Ca2+ when compared to the effect of pretreatment
with cholera toxin. Thus, the effects of pertussis toxin correlate
with its inhibitory effects on IL-8 production by PBMC in
contrast to the lack of effects of cholera toxin (Figs. 4 and 5).

Role of PKC in TNF-a and IL-8 production

To investigate the role of PKC on cytokine production in PBMC
stimulated with 1gG2, several inhibitors were employed. Stauro-
sporine is a potent inhibitor of PKC, acting at the ATP binding
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Fig. 4. Effect of cholera toxin (Ctx) pretreatment on cytokine production from
PBMC stimulated with 10 pug immobilized 19gG2. PBMC were incubated for 2 h
at 37°C with medium, 100 ng/mL cholera toxin, or 1000 ng/mL cholera toxin.
Cells were then added to 1gG2-coated wells and incubated at 37°C for 4 h
before supernatants were harvested and analyzed for cytokines. Bars represent
the mean = sem values of five experiments.

Foreback et al. Mononuclear cell signal transduction 127



A, TNFa Production

AT

T
.

100 Ptx

7
11

Nong 11 P

1000 Pta Pt buffer

B. IL-8 Production

. T

307

ip =001}

| T

(p=0.03)

Concentration (ng/ml)

307

)

7

Maong 10 Px

(p = 0.01)
I

100 Pix 1000 P Ptx butfer

Pretreatment {ng/mi)

Fig. 5. Effect of pertussis toxin (Ptx) pretreatment on cytokine production
from PBMC stimulated with 10 ug immobilized 1gG2. PBMC were incubated for
2 h at 37°C with medium or with increasing concentrations of pertussis toxin or
the buffer used to dissolve pertussis toxin. Cells were then added to
1gG2-coated wells and incubated at 37°C for 4 h before supernatants were
harvested and analyzed for cytokines. Bars represent the mean =+ sem values of
five experiments.

site, which is necessary for the function of the enzyme [19].
Pretreatment of PBMC led to a sharp reduction in TNF-«
production in a dose-dependent manner (Fig. 7A). In contrast,
pretreatment of cells with staurosporine had opposite effects on
IL-8 production, resulting in slightly enhanced levels of 1L-8
(Fig. 7B). Although staurosporine inhibits PKC at the concen-
trations employed, other kinases are also inhibited at similar
doses of staurosporine, including protein kinase A, protein
kinase G, myosin light chain kinase, and others [19, 20]. The
compound, G66850 (also known as bisindolylmaleimide), is a
specific inhibitor of PKC [21]. When cells were exposed to
G66850 for 20 min, a pattern in cytokine production similar to
that found with staurosporine occurred. TNF-o was clearly
inhibited by G66850 when compared to DMSO treatment (Fig.
8A). The same treatment had no effect on IL-8 production (Fig.
8B). From these results it would seem that PKC is involved in
the signaling necessary for TNF-a production but not for IL-8
production. To further define the role of PKC in these cytokine
pathways, an inhibitor of certain isoforms of PKC was em-
ployed. G66976 is a specific inhibitor of the Ca?*-dependent
isoforms of PKC [22]. Figure 9 shows the effects of this
compound. As expected, TNF-a production was inhibited when
compared to the DMSO control (Fig. 9A). However, IL-8
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production was also inhibited (Fig. 9B). These results may be
explained in the context of isoforms of PKC possessing
independent and sometimes opposing cellular functions (see
below).

Role of p42/44MAP kinase in TNF-a and IL-8
production

The MEK-1 inhibitor PD 98059 specifically inhibits p42/44
MAP kinase but not the p38 or the stress-activated protein
(SAP) kinase/c-Jun NH,-terminal kinase (IJNK) forms [23].
Figure 10 shows the effects of PD 98059 on TNF-« production
in 1gG2-stimulated PBMC. Cells were pretreated with 50 uM
PD 98059 or DMSO as a vehicle control (at a 1:1000 dilution)
for 20 min and then plated onto 1gG2 or BSA-coated 96-well
plates. After 4 h of incubation, cytokine production was
assessed. PD 98059 significantly inhibited TNF-« production
compared to the vehicle control, whereas the inhibitor had no
significant effect on IL-8 production (data not shown). Cytokine
levels in PBMC stimulated with immobilized BSA were below
the level of detection (data not shown). Thus the p42/44 MAP
kinase appears to be involved in the signal transduction
pathway of TNF-a production by PBMC when stimulated by
19G2.
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Fig. 6. Calcium mobilization in PBMC stimulated with immobilized 1gG2.
PBMC were preincubated for 30 min at 37°C with the fluorescent indicator
Fluo-3/AM and then plated onto BSA- or 1gG2-coated wells (A). As indicated,
PBMC were incubated for 2 h at 37°C with either 2000 ng/mL cholera toxin or
pertussis toxin (B). Relative fluorescence was measured in a Cytofluor Il
(excitation wavelength 485 nm, emission wavelength 530 nm) at the indicated
periods of time. Results shown are representative of three separate experi-
ments.
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Fig. 7. Effect of staurosporine (STP) pretreatment on cytokine production from
PBMC stimulated with 10 pg immobilized 19G2. PBMC were incubated for 10
min at 37°C with medium or with increasing concentrations of staurosporine or
0.005% DMSO (equivalent to the concentration of DMSO in 25 ng/mL
staurosporine). Cells were then added to 19gG2-coated wells and incubated at
37°C for 4 h before supernatants were harvested and analyzed for cytokines.
Bars represent the mean = sem values of six experiments.

Effect of various inhibitors on p42/44 MAP kinase
activation

The effects of the MEK-1 inhibitor PD 98059 on TNF-a
production (Fig. 10) prompted us to investigate the effect of the
various inhibitors on p42/44 MAP kinase activation. Initially, a
time course of p44/42 MAP kinase activation in PBMC after
19G2 stimulation was determined by Western blot analysis. It
was found that peak activation occurred at the 25-min time
point (data not shown). Thereafter, all inhibitors were assessed
for their effect on p44/42 MAP kinase activation at this same
time point. The inhibitors were used at a concentration where
they exerted their maximal effect on TNF-« or I1L-8 production
(as determined previously). PBMC stimulated by 1gG2 showed
a marked increase in phosphorylation of the p42 form of
MAP kinase as determined by probing with antibodies against
the phosphorylated form of MAP kinase (Fig. 11, top panel,
lane 2) and normalized (as described in Materials and Methods)
against the non-phosphorylated form of MAP kinase (Fig. 11,
bottom panel). This 1gG2-induced activation of the 42 MAP
kinase was dramatically inhibited by PD 98059 (lane 4) and
genistein (lane 5) but not by any of the other inhibitors (data not
shown). Lane 1 and lane 3 are the BSA and DMSO controls,
respectively.

DISCUSSION

Very little is known about the pathways involved in Fc receptor
signal transduction. However, it has become clear that a domain
found in the cytoplasmic tail of Fc receptors, plays an important
role. This domain, known as immunoreceptor tyrosine-based
activation motif (ITAM) [reviewed in ref. 24], appears to engage
various signaling molecules. These include the phosphatase
SHP-1 and kinases such as the src family members Hck and
Lyn and the SH2 domain containing Syk [reviewed in ref. 24].
Furthermore, on cross-linking of FcyR a number of proteins
appear to be phosphorylated, including PLC [4, 8-10]. Our
previous studies suggested that upon IgG2 stimulation, produc-
tion of TNF-a and 1L-8 by PBMC proceeded along different
signal transduction pathways [11]. To further investigate this
possibility we employed various inhibitors of signal transduc-
tion pathways.

Our findings are summarized in Table 1, where percent
inhibition has been calculated at the highest dose of inhibitor
employed. Also shown is the vehicle control or inactive analog
that was used for side-by-side comparisons. In most cases when
inhibition of TNF-a production was found, it was 80% or
greater, whereas IL-8 inhibition was more variable. Genistein
inhibited both the TNF-a and IL-8 pathways, implying that
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Fig. 8. Effect of G66850 pretreatment on cytokine production from PBMC
stimulated with 10 pg immobilized 1gG2. PBMC were incubated for 20 min at
37°C with medium or with increasing concentrations of G66850 or 0.1% DMSO
(equivalent to the concentration of DMSO in 1000 ng/mL G66850). Cells were
then added to 1gG2-coated wells and incubated at 37°C for 4 h before
supernatants were harvested and analyzed for cytokines. Bars represent the
mean = sem values of six experiments.
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tyrosine kinases are involved in both TNF-a and IL-8 path-
ways. In studies using human monocytes and the THP-1 human
monocyte cell line, cross-linking of FcyR led to phosphoryla-
tion of intracellular targets [4, 8, 10, 25]. This phosphorylation
was blocked by inhibitors of protein tyrosine kinases [8, 10]. If
tyrosine phosphorylation is an early step of cellular activation
through FcyR, it is not surprising that genistein blockade of
tyrosine kinases inhibited both TNF-« and IL-8 production. A
similar result was shown in LPS-stimulated human blood
monocytes in which genistein inhibited increases in IL-1,
IL-6, and TNF-a mRNA, whereas staurosporine had no effect
on IL-1p or IL-6 but decreased TNF-oo mRNA [26]. Our result
that the phosphatase inhibitor okadaic acid completely inhibits
TNF-a and IL-8 production (data not shown) is not surprising
and further reinforces the importance of reversible phosphoryla-
tion of signaling molecules in gene regulation.

In the human monocytic cell line U937, cross-linking of
FcyR led to phosphorylation of isoforms of PLC, indicating that
PLC may have a role in cellular activation [27]. Our results with
the PLC inhibitor, U-73122, support this idea because both
TNF-a and (to some extent) IL-8 production are inhibited. A
possible explanation for partial inhibition of 1L-8 production is
the existence of two pathways for IL-8 production in monocytes
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Fig. 10. Effect of PD98059 pretreatment on TNF-a production from PBMC
stimulated with 10 pg immobilized 1gG2. PBMC were incubated for 20 min at
37°C with 50 uM PD 98059, medium alone, or medium with 0.1% DMSO. Cells
were then added to 1gG2-coated wells and incubated at 37°C for 4 h before
supernatants were harvested and analyzed for TNF-«.. Bars represent the
mean =+ sem values of three experiments.

[3]. These pathways include direct stimulation of monocytes
through FcyR and a FcyR-independent pathway that relies on
a lymphocyte-derived factor.

In our studies pertussis toxin and cholera toxin had varying
effects on production of TNF-a and IL-8, reinforcing the
concept that separate pathways for cytokine production are
involved. A similar result has been described for TNF-«
production after LPS-induced stimulation of mouse peritoneal
macrophages or human monocytes, wherein cholera toxin
inhibited TNF-a production while pertussis toxin had no effect
[28-30]. In addition, our results also indicate that intracellular
mobilization of Ca?* is involved in the responses of PBMC to
immobilized IgG2. This increase in intracellular Ca%* is greatly
reduced in PBMC pretreated with pertussis toxin but much less
affected by pretreatment with cholera toxin. Thus these data
would suggest that two different signal transduction pathways
are involved in TNF-a production when compared to IL-8
production of PBMC.

Inhibitors of PKC gave the most interesting patterns of
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Fig. 11. IgG2-mediated p42 MAP kinase activation in PBMC. Cell lysates
were evaluated for phosphorylated p42 (top) or for total p42 protein (bottom).
PBMC were incubated with either immobilized BSA (lane 1) or immobilized
19G2 (lanes 2-5) for 25 min, followed by Western blot analysis of cell lysates.
Cells were pre-incubated with DMSO as a vehicle control (lane 3), with PD
98059 (lane 4), or with genistein (lane 5). In the top panel, samples were
immunoblotted with a phospho-specific p42 antibody to detect the activated
form of MAP kinase. In the bottom panel the same blot was stripped and probed
with anti-p42 antibody to total MAP kinase protein. Results shown are
representative of three separate experiments.



TABLE 1. Inhibitor Versus Vehicle or Inactive Analog for Inhibition
of 1gG2-Stimulated Cytokine Production
TNF-a IL-8
Target(s) of Inhibition Inhibition Compared
Inhibitor Blockade (%) (%) to
Genistein Protein tyrosine 87.8 94.1 DMSO (1:1000)
kinase
U-73122 PLC 83.4 38.2 U-73343
(inactive)
Pertussis toxin  G;-protein N.S.* 61.9 Buffer
Choleratoxin  Gs-protein 89.1 N.S.* Medium
Staurosporine  PKC, PKA, PKG 94.3 —29.0 DMSO
(1:2 x 10
G06850 PKC 79.4 N.S.* DMSO (1:1000)
G66976 Ca?*-dep. PKC 79.3 54.4 DMSO (1:1000)
PD98059 MEK 1 98.0 N.S.* DMSO (1:1000)
Okadaic acid ~ Serine threonine >99.0 >99.0 PBS
phosphatases

*N.S., not statistically significant compared to vehicle control or inactive
analog.

inhibition. Staurosporine, a nonspecific inhibitor of PKC,
nearly completely inhibited TNF-a production while slightly
enhancing IL-8 production. G66850, a specific inhibitor of
PKC, blocked TNF-a production and had no effect on IL-8
production. G66976 is specific for only the Ca?*-dependent
isoforms of PKC; it produced inhibition of TNF-a production
but also inhibited 1L-8 production by approximately 50%. This
apparent paradox may be related to preferential inhibition of
the different isoforms of PKC. An inhibitor specific for the
Ca?*-independent isoforms of PKC has not been available for
these studies.

PKC is a serine/threonine kinase involved in signal transduc-
tion, metabolism, control of gene expression, and other critical
points of cell control [31]. There are 11 known isoforms divided
into 3 groups according to functional requirements [reviewed in
refs. 32, 33]. The conventional PKC group, which includes PKC
a, B, and y, requires Ca?* and diacylglycerol (DAG) or phorbol
esters for activation. The second group includes PKC 3, €, 1, &
and requires only DAG or phorbol esters for activation (i.e.,
they are Ca2*-independent). Finally, there is the atypical group,
consisting of PKC { and \; these isoforms require neither Ca?*
nor DAG for optimal functioning [32].

In human monocytes, PKC «, B, € and ¢ isoforms are
expressed [34]. From the results in Figures 5-7, it is clear that
one or both of the Ca?*-dependent isoforms (c, B) are involved
in the TNF-a pathway because staurosporine, G66850, and
G06976 consistently inhibited TNF-o production. In the case
of IL-8, a possible explanation for the results is that Ca?+-
dependent and -independent isoforms have opposite effects on
IL-8 production. Reciprocal functions of PKC isozymes have
been shown in other cell types, such as NIH 3T3 cells, R6 rat
fibroblasts, and vascular smooth muscle [35-37]. Assuming
reciprocal effects may occur, Ca?*-dependent isoforms such as
a, B, or both could result in increased IL-8 when monocytes
were stimulated with 19gG2, whereas a Ca?*-independent iso-
form (e, ¢, or both) could result in decreased IL-8 production.
Under these conditions, staurosporine would inhibit all iso-
forms, leading to no change in net IL-8 production. Net IL-8

production could increase due to effects of staurosporine on
other kinases, such as protein kinase A. The effects of G66850
would fit into this hypothesis as well. By inhibiting all isoforms,
no net change in IL-8 would appear. Although G66850 did not
enhance net IL-8 production in a manner similar to staurospo-
rine, this may be due to greater efficacy of Gd6850 for the
Ca?*-dependent isoforms (@ > B > € >> () over the
Ca?*-independent isoforms [22]. The results of G66976 also fit
this model because the Ca?*-independent isoforms would not
be affected and would lead to a net decrease in IL-8 production.

Similar problems in interpretation of data with inhibition of
PKC isoforms have been found with human blood monocytes
stimulated with LPS. In that system, genistein blocked TNF-c,
IL-1B, and IL-6 mRNA increases after LPS stimulation.
Staurosporine also blocked the mRNA for TNF-a but IL-18
and IL-6 mRNA induction was unaffected [26]. In studies of
human lymphocytes and U937 cells, an isoform-specific pat-
tern also appeared to be functioning. Staurosporine and another
inhibitor of PKC, calphostin C, inhibited spontaneous shape
changes in both the lymphocytes and U937 cells. When
G66850 was used in the same system, it showed inhibition of
the changes in U937 cells while increasing the changes in
lymphocytes. The authors postulated that differential effects on
the PKC isoforms led to opposing effects [38].

Our results clearly indicate a major role for the p42 isoform
of MAP kinase in the 1gG2 stimulation of TNF-a synthesis in
PBMC. However, MAP kinase does not appear to play a role in
IL-8 synthesis. This pattern may be cell type and stimulus
specific as Bruder and Kovesdi [39] report that I1L-8 induction
upon adenovirus infection of HeLa cells is dependent on MAP
kinase activation. Recently, Fcy receptor cross-linking in
murine macrophages has been shown to activate the three
known MAP kinase family members, namely p42, p38, and
stress-activated protein (SAP) kinase/c-Jun NH,-terminal ki-
nase (JNK), each kinase having a distinct time-course of
activation [40]. Given our results with the MEK 1 specific
inhibitor PD 98059, which inhibits only the p42/44 MAP
kinase and not the others, we decided to look at the effect of the
various inhibitors only on p42 MAP kinase activation. It was
not surprising that genistein, a nonspecific inhibitor of tyrosine
kinases, and PD 99059, a specific inhibitor of MEK 1, had
inhibitory effects on the activation of MAP kinase. The various
PKC inhibitors did not inhibit MAP kinase activation in PBMC,
although it has been reported that PKC activation leads to the
activation of the Rafl/MEK/MAPK pathway in human B cells
[41]. Our findings suggest that 1gG2-activation of MAP kinase
is independent of the PKC pathway. Similarly, neither pertussis
toxin nor cholera toxin had any effect on MAP kinase activa-
tion.

The role of the different Fc receptors (FcyR) in these
cytokine-induction pathways is undetermined. Cross-linking
studies using monoclonal antibody fragments to FcyRI and
FcyRIl and then F(ab’), to these fragments have been employed
but failed to result in cytokine production. The use of anti-
FcyR F(ab’), and Fab fragments to elucidate which receptors
might be involved have also failed to block IgG2-related
stimulation of PBMC (data not shown). Success was limited to
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demonstrating a role for FcyRIl in TNF-a production from
PBMC [11]. Elutriation studies to separate the effects of
monocytes from lymphocytes have also been employed, but we
have been unable to achieve monocyte purity >65%. Accord-
ingly, the precise roles of FcyR in PBMC responses to 19gG2 and
the cell(s) responsible for the cytokine production remain to be
determined.

In summary, the production of the cytokines TNF-c« and 1L-8
following stimulation by immobilized 1gG2 appear to progress
along different signal transduction pathways. Although they
both appear to involve protein tyrosine kinases, phosphatases,
and PLC, differences are apparent when G-proteins or PKC are
blocked. The development of more specific inhibitors for the
different isoforms will allow the clarification of these pathways
and their role in the development of cytokine production.
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