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ABSTRACT

In human neutrophils, TNF-elicited O,~ production re-
quires adherence and integrin activation. How this coop-
erative signaling between TNFRs and integrins regulates
O,~ generation has yet to be fully elucidated. Previously,
we identified 5-PKC as a critical early regulator of TNF
signaling in adherent neutrophils. In this study, we dem-
onstrate that inhibition of 5-PKC with a dominant-negative
5-PKC TAT peptide resulted in a significant delay in the
onset time of TNF-elicited O, generation but had no ef-
fect on Vmax, indicating an involvement of 5-PKC in the
initiation of O,~ production. In contrast, fMLP-elicited O,
production in adherent and nonadherent neutrophils was
5-PKC-independent, suggesting differential regulation of
O, production. An important step in activation of the
NADPH oxidase is phosphorylation of the cytosolic
p47phox component. In adherent neutrophils, TNF trig-
gered a time-dependent association of 5-PKC with
p47phox, which was associated with p47phox phosphor-
ylation, indicating a role for §-PKC in regulating O, pro-
duction at the level of p47phox. Activation of ERK and
P38 MAPK is also required for TNF-elicited O,~ genera-
tion. TNF-mediated ERK but not p38 MAPK recruitment to
p47phox was 5-PKC-dependent. §-PKC activity is con-
trolled through serine/threonine phosphorylation, and
phosphorylation of 5-PKC (Ser643) and 3-PKC (Thr505)
was increased significantly by TNF in adherent cells via a
PIBK-dependent process. Thus, signaling for TNF-elicited
O, generation is regulated by 5-PKC. Adherence-depen-
dent cooperative signaling activates PI3K signaling,
5-PKC phosphorylation, and 5-PKC recruitment to
p47phox. 5-PKC activates p47phox by serine phosphory-
lation or indirectly through control of ERK recruitment to
p47phox. J. Leukoc. Biol. 87: 153-164; 2010.

Abbreviations: ADU=arbitrary densitometry units, BCA=bicinchoninic acid,
BS3=bis(sulfosuccinimidy)suberate, DG=diacylglycerol, ECM=extracellular
matrix, FN=fibronectin, IP=immunoprecipitation, O, =superoxide anion,
PDK1=phosphoinositide-dependent protein kinase 1, PKC=protein kinase
C, siRNA=small interfering RNA, SOD=superoxide dismutase,
Vmax=maximum velocity

0741-5400/10/0087-153 © Society for Leukocyte Biology

Introduction

Neutrophils are key components of host defense against infec-
tion and tissue injury. Neutrophils ingest and kill invading mi-
croorganisms through the release of toxic oxygen radicals and
proteases. However, dysregulation of neutrophil function con-
tributes to tissue damage, characteristic of the inflammatory
process. During inflammatory diseases such as sepsis, inappro-
priate neutrophil regulation contributes to the pathophysiol-
ogy of the disease through excessive release of oxygen radicals,
proteases, lipid mediators, and cytokines. TNF and other
proinflammatory cytokines are important regulators of neu-
trophil function during the inflammatory response [1-3].
Neutrophils possess two TNFRs: a 55- to 60-kDa (TNFR-1)
and a 75- to 80-kDa (TNFR-2) receptor; proinflammatory sig-
naling is regulated principally by TNFR-1 [4-8]. Full activation
of neutrophils by proinflammatory mediators, such as TNF, re-
quires adherence and ligation of integrins [9-11]. Cooperative
signaling between integrins and TNF is essential to elicit secretion
of O, and the release of toxic mediators [1, 9, 10, 12-15].
Previously, we identified 8-PKC and PI3K as critical early reg-
ulators of TNFR-l-activated signaling in adherent neutrophils
[13, 16-19]. 6-PKC is a positive regulator of TNF-mediated
antiapoptotic signaling and activation of NF-kB [17-20]. 8-PKC
regulates TNF-mediated activation of the MAPK ERK, but not
p38 MAPK, indicating selective regulation of TNF signaling in
neutrophils [17]. In adherent neutrophils, 8-PKC is recruited
to TNFR-1 in response to TNF and is required for assembly of
a TNFR-1 signaling complex composed of TNFR-associated
death domain, TNFR-associated factor 2, and receptor-interact-
ing protein [18]. The recruitment of 6-PKC to the TNFR-1
complex in adherent neutrophils requires PI3K activity [18,
19]. PI3K is only activated by TNF through cooperative signaling
with integrins [13]. Furthermore, PI3K activation is required for
antiapoptotic signaling and O,~ generation [13, 18, 19].
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Production of Oy~ requires the assembly of an active NADPH
oxidase, including the translocation of the cytosolic components
p47phox, p67phox, and rac2 to the plasma membrane, where
they interact with cytochrome by, [21-23]. Assembly of an active
NADPH oxidase for O, generation requires phosphorylation
and translocation of the cytosolic factor p47phox. In cell-free sys-
tems, p47phox is phosphorylated by Akt, ERK, and several PKC
isotypes, including 6-PKC [24-28].

&6-PKC is a member of the PKC family, a phospholipid-depen-
dent family of serine/threonine kinases, and is present in human
neutrophils [29]. 6-PKC activation is a multistep process that reg-
ulates its activity and substrate specificity [30-32] and includes
threonine phosphorylation in the activation loop [6-PKC
(Thrb05) ], a step mediated by the PISK/PDK1/Akt signaling
pathway [33]. This phosphorylation step then leads to an auto-
phosphorylation step and phosphorylation of 8-PKC at Ser643.

To examine a role for 6-PKC in signaling for TNF-elicited
O, generation, we have used a cell-permeant inhibitory pep-
tide to target 6-PKC selectively. This unique peptide antagonist
to 8-PKC is derived from the first unique region (V1) of 8-PKC
[34]. Unlike rottlerin, which targets the ATP-binding site of
the kinase, the 8-PKC TAT peptide acts as a dominant-negative
kinase unique to 8-PKC and does not affect other PKC isotypes
such as a-PKC, B-PKC, or {-PKC [17, 18, 30, 34]. Coupling of
the 8-PKC inhibitory peptide to a membrane-permeant peptide
sequence in the HIV TAT gene product allows effective intra-
cellular delivery into target cells [31, 34]. This highly selective
inhibitor permits examination of 6-PKC activity directly in hu-
man neutrophils, which are end-stage cells, and thus, siRNA
studies are not feasible. Our previous studies demonstrated
that this 8PKC TAT peptide is effective in modulating neutro-
phil function and blocks TNF-mediated antiapoptotic signaling
[17, 18]. In this study, using the selective 8-PKC TAT peptide
inhibitor, we determined that 8-PKC is a key signaling compo-
nent in the activation of the NADPH oxidase by TNF in adher-
ent human neutrophils.

MATERIALS AND METHODS

Reagents

Human rTNF was obtained from R&D Systems (Minneapolis, MN, USA).
Human plasma FN was purchased from Life Technologies (Gaithersburg,
MD, USA). Cytochrome c, cytochalasin B, fMLP, EGTA, Na-orthovanadate,
4-(2-aminoethyl)-benzenesulfonyl fluoride, leupeptin, protease inhibitor
cocktail, and phosphatase inhibitor cocktail were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). Rabbit polyclonal antibodies against
ERK1/2, p38 MAPK, Ser**'-phosphorylated PDKI1, PDK1, Thr’*-phosphory-
lated 8-PKC, and Ser®**-phosphorylated 8-PKC were purchased from Cell
Signaling Technology (Beverly, MA, USA). A rabbit polyclonal 6-PKC anti-
body, rabbit polyclonal p47phox antibody, goat polyclonal p47phox anti-
body, goat anti-rabbit IgG-HRP, and protein A/G PLUS agarose were ob-
tained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Dynabeads
Protein G (Invitrogen, Carlsbad, CA, USA) and BS3 were purchased from
Invitrogen. The PI3K inhibitor LY294002 was obtained from Calbiochem
(San Diego, CA, USA). The p38 MAPK inhibitor SB203580 and the MEK
inhibitors PD098059 and U0126 were obtained from BioMol (Plymouth
Meeting, PA, USA). Membrane-blocking solution and a polyclonal antibody
to phosphoserine were obtained from Zymed Laboratories (San Francisco,
CA, USA). SuperSignal ULTRA chemiluminescence substrate and BCA re-
agents were obtained from Pierce (Rockford, IL, USA).
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0-PKC inhibitor peptide synthesis

&-PKC was inhibited selectively using a 6V1.1 PKC TAT peptide antagonist
that consists of a peptide derived from the first unique region (V1) of
8-PKC (SFNSYELGSL: aa 8-17 of 8-PKC) coupled to a membrane-permeant
peptide sequence in the HIV TAT gene product (YGRKKRRQRRR: aa
47-57 of TAT), according to the method of Mochly-Rosen and co-workers
[34]. The 8-PKC peptide was cross-linked by an N-terminal Cys-Cys bond to
the membrane-permeable TAT peptide [32]. The use of a Cys-Cys disulfide
bond between the 8-PKC inhibitory peptide and the TAT peptide trans-
porter permits directed intracellular delivery of the 8-PKC TAT inhibitor.
Once the peptide has been taken up by the cells, the disulfide bond is
cleaved, thereby trapping the inhibitory peptide intracellularly [31, 35]. A
carrier-carrier dimer of the TAT peptide alone was used as a control. The
peptides were synthesized by Mimotopes (Melbourne, Australia) by 9-
fluorenylmethoxycarbonyl solid-phase chemistry. Peptides were purified to
>95% by preparative reverse-phase HPLC [17, 32, 34].

Preparation of human neutrophils

Neutrophils were isolated from heparinized venous blood (10 U/ml), ob-
tained from healthy adult donors, following informed consent, in accor-
dance with Institutional Review Board protocols at the Children’s Hospital
of Philadelphia and Temple University (Philadelphia, PA, USA). Donors
were healthy adult males and females over the age of 18 who were re-
cruited from the Children’s Hospital of Philadelphia and Temple Univer-
sity community. Standard isolation techniques [36] were used with Ficoll-
Hypaque centrifugation, followed by dextran sedimentation and hypotonic
lysis to remove residual erythrocytes. Cells were suspended in 10 mM
Hepes buffer (pH 7.4). Neutrophil viability was >98%, as determined by
trypan blue exclusion. For adherence experiments, neutrophils were incu-
bated on FN-coated or tissue culture-treated plastic plates for 30 min at
37°C. FN-coated wells were prepared according to the method of Nathan et
al. [9] using a concentration of 3.4 ug/well.

O, generation

The generation of O,~ was measured as SOD-inhibitable cytochrome c re-
duction [13, 37]. For studies with nonadherent neutrophils, cells were acti-
vated by 1 uM fMLP in the presence of 5 ug/ml cytochalasin B, and the
generation of O,~ was measured spectrophotometrically over a 10-min time
period. For studies with adherent cells, neutrophils were incubated in FN-
coated or tissue culture-treated, plastic 96-well plates at a concentration of
1 X 10° cells/well at 37°C for 30 min prior to the addition of TNF or
fMLP and measured over a 90- to 120-min time period. For experiments
examining the role of 8PKC in O,~ generation, neutrophils were pre-
treated with buffer, 6-PKC TAT peptide inhibitor (1 uM), or TAT carrier
peptide (1 uM), as described previously [17]. For ERK and p38 MAPK in-
hibitor experiments, neutrophils were pretreated in the absence or pres-
ence of the MEK1/2 inhibitors PD098059 (10 uM) or U0126 (10 uM) or
the p38 MAPK inhibitor SB203580 (10 uM) for 30 min at 37°C prior to the
addition of TNF. The inhibitors were used at concentrations that have
been shown to inhibit ERK and p38 MAPK activity effectively in neutro-
phils [38, 39].

IP of -PKC and p47phox

Neutrophils (35X10° cells/condition) were maintained in suspension or
plated onto FN-coated wells and incubated for 30 min at 37°C. Samples
were then incubated with TNF (25 ng/ml) over a 60-min incubation pe-
riod. At various time intervals, samples were placed on ice, lysed in IP
buffer, and vortexed for 20 min at 4°C. The IP buffer consisted of 10 mM
Hepes (pH 7.4), 150 mM NaCl, 5 mM EDTA, 1 mM Na-orthovanadate, 20
UM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 0.2% Nonidet P-40, 5
wg/ml leupeptin, Sigma phosphatase inhibitor cocktail, and Sigma pro-
tease inhibitor cocktail. IP of 8-PKC was accomplished by incubation of cell
lysates with a rabbit polyclonal anti-8-PKC overnight at 4°C, followed by in-
cubation with A/G PLUS agarose for 1 h at 4°C. The agarose pellet was
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collected and washed, and bound proteins were eluted by incubation with
2X SDS-PAGE sample buffer for 5 min at 95°C.

For p47phox IP experiments, quantitating p47phox phosphorylation and
recruitment of 8-PKC, p38 MAPK, and ERK, the goat anti-p47phox was
cross-linked to Dynabeads Protein G with BS3, according to the manufac-
turer’s instructions. Briefly, 5 pg goat anti-p47phox was mixed with washed
Dynabeads Protein G and incubated for 10 min at room temperature. The
beads were washed to remove unbound antibody, resuspended in 20 mM
sodium phosphate, 0.15 mM NaCl (pH 7-9), containing 5 mM BS3, and
incubated for 30 min at room temperature. The reaction was stopped by
adding 1 M Tris HCL (pH 7.5), incubated for 15 min at room tempera-
ture, and then washed thoroughly. The cell lysates were precleared by incu-
bating the lysates with 1.0 ug IgG from goat serum together with 20 ul pro-
tein A/G PLUS agarose for 30 min at 4°C. The cell lysates were then incu-
bated overnight at 4°C with the cross-linked antibody. The Dynabeads
pellets were then washed three times with IP buffer. The samples were
eluted by incubation with 2X SDS-PAGE sample buffer for 5 min at 95°C.

IP 8-PKC and p47phox were separated on a 4-12% gradient SDS-PAGE
and transferred to nitrocellulose membranes. The phosphorylation state of
8-PKC was determined by Western blot analysis using phospho-specific anti-
bodies, phospho-8-PKC (Ser643), and phospho-8-PKC (Thr505), as de-
scribed previously [40]. Equal loading of 6-PKC was confirmed by reprob-
ing membranes using antibodies that recognize phosphorylated and non-
phosphorylated forms of 8-PKC. Serine phosphorylation of p47phox was
determined by Western blotting using a phosphoserine antibody. Equal
loading of p47phox was confirmed by reprobing the membranes with a
rabbit polyclonal anti-p47phox. Coimmunoprecipitation of ERK, p38
MAPK, and &-PKC was determined by Western blotting.

Measurement of PDKI1 phosphorylation

Neutrophils (20x10° cells/well) were incubated in suspension or in FN-
coated six-well plates at 37°C. Following incubation with buffer or TNF (25
ng/ml) at 37°C for 5 min, the cells were harvested and cell lysates pre-
pared. The cells were lysed in buffer containing 10 mM Hepes (pH 7.4),
150 mM NaCl, 5 mM EDTA, 1 mM Na-orthovanadate, 20 uM 4-(2-amino-
ethyl)-benzenesulfonyl fluoride, 1% Triton X-100, 5 ug/ml leupeptin,
Sigma phosphatase inhibitor cocktail, and Sigma protease inhibitor cock-
tail. Protein concentrations of the cell lysates were determined by the BCA
protein assay kit, according to the manufacturer’s instructions (Pierce).
Proteins were separated on 4-12% SDS-PAGE gels at a protein concentra-
tion of 30 ug/lane. PDKI activation was determined by immunoblotting of
cell lysates using a phospho-specific antibody for PDK1 (Ser241). Equal
loading of PDKI was confirmed by reprobing membranes using an anti-
body that recognizes phosphorylated and nonphosphorylated forms of
PDKI. For experiments examining the role of PI3K in PDKI activation,
neutrophils were incubated with the PI3K inhibitor LY294002 (10 uM) for
20 min prior to the addition of TNF.

Statistical analysis

Results are expressed as mean * St for number (n) of studies performed.
Data were analyzed by Student’s ttest for two group comparisons or
ANOVA followed for multiple comparisons. The Tukey-Kramer multiple
comparisons post-test was used to evaluate the significance between experi-
mental groups if ANOVA indicated a significant difference; differences
were considered significant when P < 0.05.

RESULTS
TNF-mediated O, generation is 6-PKC-dependent

TNF elicited O, generation in neutrophils requires adherence
and is mediated via the TNFR-1 complex [9, 10, 12, 41]. Ad-
herence of human neutrophils to ECM proteins such as FN
produces significant alterations in the kinetics of oxygen radi-
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cal production in response to soluble mediators. There is a
significant delay, lasting from 15 to 60 min, followed by Oy~
generation, which is enhanced significantly as compared with
nonadherent neutrophil responses to the same stimuli [9]. To
determine whether 8-PKC is a regulator of TNF-elicited Oy~
generation in FN-adherent neutrophils, human neutrophils
were pretreated with the selective, cell-permeant 8-PKC TAT
inhibitory peptide, a TAT carrier control peptide, or buffer
alone. Previous studies demonstrated that this dominant-nega-
tive 3-PKC TAT peptide inhibits TNF-mediated activation of
8-PKC in neutrophils [17, 18].

When stimulated with TNF (25 ng/ml), FN-adherent neutro-
phils produced significant quantities of Oy~ over a 2-h time pe-
riod (Fig. 1 and Table 1). In agreement with previous studies, we
observed a 30- to 45-min delay in O, production following TNF
stimulation of adherent neutrophils [9, 10, 42, 43]. Most of the
O, was produced within 90 min, following the addition of TNF
(Fig. 1 and Table 1). Pretreatment of human neutrophils with
the dominantnegative 6-PKC TAT peptide resulted in a signifi-
cant delay in the onset of TNF-mediated O, generation but had
no effect on the Vmax of the reaction (Fig. 1 and Table 1). The
delay in onset of Oy~ generation in response to TNF produced a
65% decrease of O,~ generation at 60 min and a 25% decrease
at 90 min (Fig. 1 and Table 1). However, by 120 min, there were
no significant differences in the amount of O,~ produced (Fig. 1
and Table 1). Conversely, pretreatment with the TAT carrier
alone had no significant effect on onset time, Vmax, or total Oy~
produced (Fig. 1 and Table 1). No significant O, was generated
by neutrophils in the absence of stimuli or by the addition of the
TAT carrier or the &PKC TAT peptide alone (data not shown).
Thus, although inhibition of 8-PKC significantly delayed the on-
set time of Oy~ production and the time required to achieve

70 1

- A- Buffer
50 - —— 5-PKC TAT A
—®- TAT A

40 1

20 -

nmol O0,7/10° cells

10

Time (minutes)

Figure 1. TNF-elicited O,~ generation in adherent neutrophils is
0-PKC-dependent. TNF-mediated O,~ generation was determined in
FN-adherent neutrophils pretreated with the specific PKC TAT pep-
tide inhibitor (1 uM), TAT carrier peptide (1 uM), or buffer alone,
prior to the addition of TNF (25 ng/ml). Oy~ generation was mea-
sured spectrophotometrically, as SOD-inhibitable reduction of cyto-
chrome ¢ over 120 min (see Materials and Methods). Results are ex-
pressed as nmol O,7/10° cells. (Representative graph from four sepa-
rate donors done in triplicates.)
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TABLE 1. TNF-Elicited O, Generation Requires 6-PKC

Buffer TAT carrier  8-PKC TAT

Time of onset (min) 45 =19 455 = 3.3 63 £ 4.5
Vmax (nmol O,/

min) 3402 35+0.3 34+0.2
Total nmol O,~/10°

cells/60 min 31 =35 34 =45 11 +1.8"
Total nmol O,~/10°

cells/90 min 61 £ 3.2 68 * 4.0 47 £ 3.1°
Total nmol Oy, /10°

cells/120 min 71 = 3.2 72 + 4.0 68 * 3.0

Values are mean * Sg; n = 4 separate donors run in triplicates.
“p < (.01 8PKC TAT versus buffer and TAT carrier; P < 0.01 8-PKC
TAT versus buffer and TAT carrier; ‘P < 0.01 8-PKC TAT versus
buffer and TAT carrier.

maximal Oy, it did not alter the level of maximal Oy~ generation
in response to TNF. Similar to FN-adherent neutrophils, pretreat-
ment of neutrophils adherent to tissue culture-treated polystyrene
with the 8-PKC TAT inhibitory peptide also delayed the onset
time of TNF-elicited O,~ production (onset time=43%+3 min for
buffer vs. 636 min for 6-PKC TAT peptide-treated neutrophils;
n=4 donors in triplicates; P<<0.01). These results indicate that
the role for 8-PKC in TNF-elicited O,~ production is not limited
to neutrophils adherent to FN and is part of a more general
mechanism. Thus, 8-PKC is a positive regulator of TNF-elicited
assembly and activation of the NADPH oxidase for O,~ genera-
tion in adherent neutrophils.

fMLP-elicited O, generation is independent of 6-PKC
To ascertain whether the regulatory role of 6-PKC in O, gen-
eration was adherence- or ligand-dependent, we determined
the role of 8-PKC in O, generation triggered by the bacterial
peptide fMLP in adherent and nonadherent neutrophils. As
shown in Figure 2A and Table 2, in nonadherent neutrophils, in
the presence of cytochlasin B, fMLP triggered rapid (within 15 s)
generation of O,~, which reached a plateau by ~5 min. In FN-
adherent neutrophils, fMLP triggered significant O,~ generation,
following a lag period of 25 min (Fig. 2B and Table 2). Pretreat-
ment of neutrophils with the dominantnegative 8-PKC TAT pep-
tide had no significant effect on onset time, Vmax, or Oy~ pro-
duction triggered by fMLP in nonadherent or FN-adherent neu-
trophils, indicating that 8PKC is not essential for activation of
Oy~ generation by fMLP (Fig. 2 and Table 2). Similar findings
were found when neutrophils were adherent to tissue culture-
treated polystyrene-well plates (data not shown).

TNF triggers the association of 6-PKC with p47phox
and phosphorylation of p47phox

The production of O, is highly regulated and requires the
assembly of an active NADPH oxidase complex. As 6-PKC inhi-
bition altered the lag time in the response to TNF, we focused
on early events in the assembly of the NADPH oxidase and
generation of O,". An important step in the activation of the
NADPH oxidase is the phosphorylation of the cytosolic
p47phox. To determine whether 8-PKC associates with
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p47phox in TNF-activated neutrophils, p47phox was immuno-
precipitated from adherent neutrophils treated with TNF for
various time intervals. Coimmunoprecipitation of 8-PKC with
p47phox was determined by Western blot analysis. As shown in
Figure 3A, cooperative signaling between TNF and integrins
resulted in the association of 8-PKC with p47phox. This associ-
ation was evident by 5 min, reached maximal levels between
30 and 45 min, and was maintained at 60 min.

We next determined whether the interaction of 8-PKC with
p47phox was associated with phosphorylation of p47phox. As
shown in Figure 3B, there is little phosphorylation of p47phox
in unstimulated neutrophils. The addition of TNF to FN-ad-
herent neutrophils triggered serine phosphorylation of
p47phox, which was evident at 5 min post-TNF addition.

A 1507
14.0 4 - A- Buffer A-A-k A
—#—-5-PKC TAT o-0-0-
12.0 - —e—TAT

6.0 -

4.0 1

nmol 0,7/10¢ cells

0 2 4 6 8 10
Time (minutes)

90 4

o

80 -

70 1 —o— Buffer

A—TAT xz/V

4 N
60 W SPKCTAT | g
X

50 1 A/J
40

30 /A

20 |

10 - /A
|

;/x

nmol 0,7/10¢ cells
™

0 B S e — T T T T T T T T T T T

0 10 20 30 40 50 60 70 80 90
Time (min)

Figure 2. fMLP-triggered O, generation is -PKC-independent in non-
adherent and adherent neutrophils. (A) O,~ production was measured
as described in Figure 1. Neutrophils were pretreated with 6-PKC TAT
(1 uM), TAT carrier control peptide (1 uM), or buffer, prior to addi-
tion of fMLP (1 uM) + cytochlasin B in nonadherent neutrophils,
and Oy~ generation was measured for 10 min. (Representative graph
from four separate donors done in triplicates.) (B) Neutrophils were
pretreated with 8-PKC TAT (1 uM), TAT carrier control peptide (1
uM), or buffer, prior to addition of fMLP (1 uM) in FN-adherent neu-
trophils, and Oy~ generation was measured for 90 min. (Representa-
tive graph from four separate donors done in triplicates.)
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TABLE 2. fMLP-Elicited O, Generation in Nonadherent and
Adherent Neutrophils Is Independent of 6-PKC

Nonadherent neutrophils ~ Buffer =~ TAT carrier 6-PKC TAT
Time of onset (s) 11524 11.0 =25 9.6 + 2.3
Vmax (nmol O,”/min) 6.1 £0.2 59=*03 6.3+ 04
Total nmol O,~/10°

cells/10 min 129 0.7 136*08 13.0*0.6

FN-adherent neutrophils ~ Buffer = TAT carrier 6-PKC TAT
Time of onset (min) 227+ 1.1 23.8=*+3.0 21.1=*34
Vmax (nmol O,”/min) 3.5 +0.2 32203 32x04
Total nmol O{/lO6

cells/60 min 67.7+15 68.1*41 679=*25

Values are mean * Sg; n = 4 separate donors run in triplicates.

Serine phosphorylation of p47phox in response to TNF increased
over time with maximal phosphorylation of p47phox occurring
between 30 and 60 min. Thus, the recruitment of 8-PKC, the
phosphorylation of p47phox, and the initiation of O,~ generation
demonstrate similar kinetics (Figs. 1 and 3, A and B).

To demonstrate a causal relationship between p47phox
phosphorylation and recruitment of 8-PKC to p47phox, we
next determined the effect of 8-PKC inhibition on p47phox
phosphorylation in response to TNF in adherent neutrophils.
As shown in Figure 3C, pretreatment with the 6-PKC TAT in-
hibitory peptide decreased TNF-mediated serine phosphoryla-
tion of p47phox significantly. In contrast, pretreatment with
the TAT carrier alone had no significant effect on p47phox
phosphorylation. We found that the pretreatment with the
6-PKC TAT inhibitory peptide decreased TNF-mediated serine
phosphorylation of p47phox significantly between 5 and 45
min (Fig. 3, C and D). However, at 60 min post-TNF adminis-
tration, the 8-PKC TAT peptide inhibitor was not an efficient
inhibitor of p47phox serine phosphorylation. It should be
noted that this is the time period in which O,~ generation
commences in neutrophils pretreated with the 8-PKC TAT
peptide inhibitor, suggesting that other compensatory signal-
ing pathways may be involved at p47phox phosphorylation at
later time-points. Thus, TNF-triggered serine phosphorylation
of p47phox at early time-points is dependent on 8-PKC activity.

ERK and p38 MAPK associate with p47phox and are
positive regulators of TNF-elicited O, generation

In cellfree studies, p47phox is a substrate for p38 MAPK and
ERK [24]. In human neutrophils, TNF can activate multiple
signaling pathways, including the MAPKs ERK and p38 MAPK,
and these kinases have been implicated as critical regulators of
O, generation [17, 38, 41, 44-46]. Whether these kinases are
also regulators of TNF-elicited O,~ generation in FN-adherent
neutrophils is not known. Pretreatment of neutrophils with the
MEKI/2 inhibitors PD098059 (10 uM) or U0126 (10 uM)
prior to the addition of TNF reduced O, production signifi-
cantly, as compared with controls, indicating an important reg-
ulatory role for ERK in TNF-mediated O, generation (Fig. 4).
Similarly, pretreatment with the p38 MAPK inhibitor SB203580
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(10 uM) also reduced TNF-elicited Oy~ production signifi-
cantly in FN-adherent neutrophils (Fig. 4). These MAPK inhib-
itors, at the concentrations used in our studies, did not trigger
O, production in the absence of TNF (data not shown).
Thus, the MAPKs ERK and p38 MAPK are positive regulators
of TNF-elicited Oy~ generation in FN-adherent neutrophils.

Previous studies demonstrated that 6-PKC regulates TNF-medi-
ated ERK activation but not p38 MAPK activation in human neu-
trophils [17]. We next determined whether TNF triggers ERK or
P38 MAPK association with p47phox and if so, whether it is
8-PKC-dependent. p47phox was immunoprecipitated from adher-
ent neutrophils treated with TNF for 0—60 min. TNF triggered
the association of ERK with p47phox in FN-adherent neutrophils
as early as 5 min and was maintained over the 60-min incubation
period (Fig. 5, A and B). Pretreatment with the 8-PKC TAT in-
hibitor peptide prior to the addition of TNF decreased the associ-
ation of ERK with p47phox significantly (Fig. 5, A and B). Pre-
treatment with the TAT carrier peptide had no significant inhibi-
tory effects on TNF-mediated recruitment of ERK to p47phox
(Fig. bA, and data not shown). In contrast to TNF-stimulated
ERK recruitment to p47phox, there was significant association of
p38 MAPK with p47phox in adherent neutrophils at Time 0 (Fig.
5C). The addition of TNF did not enhance p38 MAPK associa-
tion with p47phox significantly (Fig. 5C). Pretreatment with the
8-PKC TAT inhibitor peptide prior to the addition of TNF also
had no significant effect on p38 MAPK association with p47phox.
Thus, ERK and p38 MAPK are required for TNF-elicited O,~ gen-
eration, and both kinases associate with p47phox in adherent
neutrophils. However, TNF-mediated recruitment of ERK to
p47phox is 8PKC-dependent, and p38 MAPK association with
p47phox is 8PKC-independent.

Regulation of 6-PKC phosphorylation: activation of the
PI3K pathway and PDKI1 by TNF in FN-adherent
neutrophils

Adherence and thus, cooperative signaling between integrins
and TNF could regulate 6-PKC activity through alterations in
phosphorylation. PDK1, a member of the PI3K/PDK1/Akt
pathway, phosphorylates 8-PKC in the activation loop (Thr505)
[33]. Previously, we demonstrated that neutrophil adherence
is required for TNF-mediated PI3K activation [13]. To explore
the role of this pathway in TNF signaling further, we deter-
mined whether TNF could activate PDKI in human neutro-
phils and if so, whether activation required cell adherence.
PDKI1 activation was determined by monitoring phosphoryla-
tion of Ser241 in the activation loop of PDKI, a phosphoryla-
tion site required for PDKI1 activity [47]. In suspended neutro-
phils, there was little phosphorylation of PDK1 (Ser241) in
buffer-treated neutrophils, and the addition of TNF did not
enhance Ser241 phosphorylation significantly (Fig. 6). In con-
trast, TNF elicited significant phosphorylation of PDKI in FN-
adherent neutrophils, whereas FN adherence alone had no
significant effect on PDK1 phosphorylation, indicating that
TNF and adherence were required for activation of PDKI by
TNF. Phosphorylation of PDK1 was inhibited by pretreatment
with LY294002 (10 uM), indicating phosphorylation and acti-
vation of PDKI were PI3K-dependent.
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of p47phox was determined in FN-adherent neutrophils, which were incubated with TNF (25
ng/ml) for 0-60 min, and p47phox was immunoprecipitated. Serine phosphorylation of
p47phox was determined by Western blotting using a phosphoserine antibody. Equal protein
loading was determined by Western blot analysis for total p47phox. (Upper) Representative
Western blot. (Lower) Densitometry analysis of p47phox phosphorylation. Values are mean *
SE (n=7 separate neutrophil preparations) and are expressed in ADU. Statistical significance:
# P < 0.05, 0 versus 5 min, 0 versus 15 min; ** P < 0.01, 0 versus 30 min, 45 min, and 60
min, and 5 min versus 30, 45, and 60 min. (C) The role of 8-PKC in p47phox serine phosphor-
ylation was determined by pretreating adherent neutrophils with the specific 8PKC TAT pep-
tide inhibitor (1 uM), TAT carrier peptide (1 uM), or buffer alone, prior to the addition of
TNF (25 ng/ml). p47phox was immunoprecipitated 5 min after TNF addition, and serine
phosphorylation of p47phox was determined by Western blotting using a phosphoserine-spe-
cific antibody. Equal protein loading was determined by Western blot analysis for total

p47phox. (Upper) Representative Western blot. (Lower) Densitometry analysis of TNF-medi-
ated serine phosphorylation of p47phox in FN-adherent neutrophils. Values are mean * sk (n=>5 separate neutrophil preparations) and are ex-
pressed in ADU. Statistical significance: *, P < 0.01, buffer versus TNF and buffer versus TNF + TAT; **, P < 0.01, TNF versus TNF + 6-PKC TAT
and TNF + TAT versus TNF + 8PKC TAT. (D) The role of 8PKC in TNF-clicited p47phox serine phosphorylation over a 60-min incubation period.
Adherent neutrophils were pretreated with buffer or 8PKC TAT peptide inhibitor (1 uM), prior to the addition of TNF (25 ng/ml). p47phox was
immunoprecipitated following 15, 30, 45, and 60 min incubation with TNF. Serine phosphorylation of p47phox was determined as described in C.
Equal protein loading was determined by Western blot analysis for total p47phox. (Upper) Representative Western blot. (Lower) Densitometry analy-
sis of TNF-mediated serine phosphorylation of p47phox following pretreatment with buffer or 8PKC TAT peptide inhibitor. Results are expressed as
the percentage of p47phox phosphorylation with TNF alone at each time-point. Values are mean = sE (n=4 separate neutrophil preparations). *,

P < 0.001, TNF versus TNF + 8-PKC TAT at 15, 30, and 45 min.

Phosphorylation of 6-PKC by TNF: role of
PI3K-dependent signaling

We next examined the phosphorylation pattern of 8-PKC in
response to TNF in suspended and adherent neutrophils. As
shown in Figure 7, in suspended neutrophils, the addition of
TNF had no significant effect on 6-PKC (Thr505) phosphoryla-
tion as compared with untreated neutrophils (buffer). The
addition of TNF to FN-adherent neutrophils resulted in an
almost twofold increase in 8-PKC (Thr505) phosphorylation.
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Neutrophil adherence alone had no significant effect on
6-PKC (Thr505) phosphorylation. The increases in the extent
of phosphorylation [6-PKC (Thr505)] were inhibited by
LY294002, indicating phosphorylation was PI3K-dependent.
Phosphorylation of -PKC on Thr505 leads to an autophos-
phorylation step and phosphorylation of 8-PKC on Ser643, a
site that regulates enzymatic activity and protein:protein inter-
actions [48]. In suspended neutrophils, TNF had little effect
on 8-PKC (Ser643) phosphorylation, as compared with neutro-
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Figure 4. ERK and p38 MAPK are positive regulators of TNF signaling
for O,™ generation in adherent neutrophils. O,~ generation was mea-
sured as described in Figure 1. Neutrophils were pretreated with
buffer, the p38 MAPK inhibitor SB203580 (SB; 10 uM), or the
MEKI1/2 inhibitors PD098059 (PD; 10 uM) and U0126 (UO; 10 uM),
prior to addition of TNF (25 ng/ml). Results are expressed as nmol
0,7/10°/60 min and presented as mean = SE (n=3 separate neutro-
phil preparations done in triplicates). *, P < 0.01, TNF + PD098059
versus TNF; TNF + U0126 versus TNF; TNF + SB203580 versus TNF.

phils treated with buffer alone (Fig. 8). Conversely, in FN-ad-
herent neutrophils, there was a significant increase in phosphory-
lation of 8-PKC (Ser643) in response to TNF. The enhancement
in 6-PKC (Ser643) phosphorylation was inhibited by pretreatment
with the PI3K inhibitor LY294002. In summary, phosphorylation
of 3PKC (Thr505) and 8PKC (Ser643) by TNF was adherence-
dependent and regulated by PI3K activity. Thus, post-translational
modifications of 8&PKC produced by cooperative signaling be-
tween TNF and integrins result in activation of 6-PKC and in-
volvement of 8-PKC in the early events of adherence-dependent
TNF activation of Oy~ generation.

DISCUSSION

In human neutrophils, TNF elicits O,~ production, an event
that requires adherence and integrin activation [9, 10, 13].
How this cooperative signaling regulates O, generation has
yet to be fully elucidated. The results of the present study
demonstrate that cooperative signaling between TNF and inte-
grins is required to activate 6-PKC, and this kinase is an impor-
tant regulator of the early events in TNF-mediated assembly of
the NADPH oxidase and O, generation.

www jleukbio.org

Regulation of TNF-elicited superoxide anion production in neutrophils

Adherence of neutrophils to ECM, such as FN, results in the
activation of B1- and B2-integrins [49]. Similar to previous
studies, we found that the cooperative signaling between TNF
and these integrins resulted in significant production of Oy~
following a lag time of 30—45 min [9, 10]. This delay in TNF-
elicited O,~ generation observed in vitro may represent a pro-
tective mechanism that permits neutrophil migration from the
circulation to the site of inflammation without injury to host
tissue [1, 50]. Inhibition of 8-PKC with the dominant-negative
0-PKC TAT peptide altered TNF-mediated O,~ generation in
adherent neutrophils significantly. These findings are in agree-
ment with studies in 8-PKC null mice, in which TNF-stimulated
O, generation in neutrophils was also inhibited [51]. Kinetic
analysis of O, production demonstrated that pretreatment
with the 6-PKC TAT peptide delayed the activation of the
NADPH oxidase significantly. This delay in onset of Oy~ gener-
ation was observed in neutrophils adherent to FN or tissue
culture-treated polystyrene, indicating the role for 6-PKC is not
matrix-dependent. In contrast to the time of onset, the rate of
O, production was not altered, indicating 6-PKC is involved
in the initiation of Oy~ generation but does not regulate the
activity of the NADPH oxidase enzyme complex directly. The
finding that 6-PKC inhibition does not block O,~ production
completely at extended time periods suggests a redundancy,
which can be overcome by other signaling elements.

Human neutrophils contain multiple isotypes of PKC, in-
cluding Ca®*/DG-dependent isotypes a-PKC; alternatively
spliced BI-PKC and BII-PKC; Ca®*-independent DG-dependent
isotype 8-PKC; and phosphatidylserine-dependent Ca®* /DG-
independent {-PKC [28, 29, 37, 52-54]. In cell-free systems,
a-PKC, B-PKC, and 8-PKC are implicated as regulators of the
NADPH oxidase and O,~ generation [27, 28, 55]. However, in
vitro activity does not necessarily predict a role for a particular
PKC isotype in the intact neutrophil, where access to substrate
and cofactors is critical in controlling signaling specificity. In-
deed, in contrast to TNF-elicited O,~ generation, 6-PKC activ-
ity was not required for fMLP-triggered O,~ generation in ad-
herent or nonadherent neutrophils. These findings are consis-
tent with our previous studies in HL-60 cells differentiated to a
neutrophillic phenotype (dHL-60) [56]. Depletion of 8-PKC in
dHL60 cells by stealth siRNA treatment had no significant ef-
fect on O4 generation elicited by fMLP or PMA. Consistent
with our results, other studies demonstrated rottlerin had no
significant effect on fMLP or PMA-mediated O, generation
[57]. PMA-mediated translocation of p47phox to the cytoskele-
ton fraction correlated with translocation of a-PKC and BII-
PKC but not 8-PKC [58], suggesting that 8-PKC does not have
a role in PMA-stimulated activation of p47phox. Thus, in the
neutrophil, -PKC is not an essential component of all signal-
ing pathways leading to Oy~ generation and suggests that
6-PKC involvement in O, generation is ligand-dependent. A
role for 6-PKC in regulating O,~ generation in other cell types
has also been identified. 8-PKC is required for O,~ generation
in adherent monocytes, transgenic COS-phox cells, and adher-
ent adipocytes [59-62]. Thus, differing requirements for
S-PKC in different cell systems is not surprising, as specific
roles for PKC isotypes and their localization are highly depen-
dent on context [33, 48, 63]. In particular, adherence and en-
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gagement of integrins modify PKC activation and localization
[64]. Hence, the requirement for 8-PKC in regulating Oy~
generation in human neutrophils is dependent on the type of
ligand and on input from other signaling pathways (i.e., ad-
herence and activation of integrins).

How might &-PKC activity regulate O, generation in re-
sponse to TNF? Our finding that 8-PKC is involved in early
events in TNF-mediated O, production suggests an involve-
ment in the assembly of the NADPH oxidase complex. Assem-
bly of an active NADPH oxidase requires the translocation and
association of two cytosolic protein complexes with flavocyto-
chrome by;4 [65-67]. These protein complexes are comprised
of p47phox:p67phox:p40phox and in neutrophils, rac2 cou-
pled to Rho GDP disassociation inhibitor. An important step
in the activation of the NADPH oxidase is the phosphorylation
of the cytosolic p47phox, which is considered the main orga-
nizer of the NADPH oxidase and once activated, is responsible
for translocation of the cytosolic complex consisting of
p47phox:p67phox:p40phox to form an active NADPH oxidase
[65]. Phosphorylation of p47phox induces a conformational
change, which releases the binding of p47phox to itself and to
p40phox, allowing translocation to the membrane and associa-
tion with p67phox and Nox2 [68, 69]. p47phox contains mul-
tiple serine phosphorylation sites, several of which are putative
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phosphorylation targets for PKC isotypes, including 6-PKC [23,
27, 55, 68, 70, 71]. In the present study, we demonstrate that
8-PKC is involved in p47phox phosphorylation in response to
neutrophil activation through cooperative signaling between
TNF and integrins. TNF triggered association of 6-PKC with
p47phox in adherent neutrophils, an association that is linked
with serine phosphorylation of p47phox. The recruitment of
8-PKC to p47phox and serine phosphorylation of p47phox fol-
lows similar kinetics, where maximal recruitment of 6-PKC and
maximal phosphorylation of p47phox occur within the same
time frame. Maximal association of 8-PKC and serine phos-
phorylation of p47phox occurred between 30 and 45 min
within the same time frame as the initiation of Oy~ generation.
Inhibition of 6-PKC delayed the onset time of TNF-elicited Oy~
generation significantly in adherent neutrophils. Concomitant
with the delay in onset of O, generation is decreased
p47phox phosphorylation, concordant with a role for 8-PKC in
phosphorylation of p47phox and activation of the NADPH oxi-
dase in intact cells. Inhibition of p47phox phosphorylation was
greater at the initiation of TNF-mediated serine phosphoryla-
tion of p47phox, suggesting that other kinases or compensa-
tory signaling pathways may be activated at later time-points.
&6-PKC may phosphorylate specific serine residues directly in
p47phox, or alternatively, 8-PKC may regulate MAPK-mediated
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Figure 6. TNF triggers phosphorylation of PDKI1 in adherent neutro-
phils but not in suspended neutrophils: role of PI3K. TNF-mediated
activation of PDK1 was determined in suspended and FN-adherent
neutrophils. PDKI1 activation was determined by Western blotting us-
ing a phospho-specific PDKI antibody (Ser241) in lysates prepared
from adherent and nonadherent neutrophils incubated with TNF (25
ng/ml) or buffer for 5 min at 37°C. The role of PI3K in TNF-medi-
ated activation of PDKI was determined by pretreating FN-adherent
neutrophils with the PI3K inhibitor LY294002 (LY; 10 uM) for 15 min
prior to the addition of TNF. Equal protein loading was determined
by Western blot analysis for total PDKI1. (A) Representative Western
blot. (B) Densitometry analysis of TNF-mediated PDKI activation in
suspended and FN-adherent neutrophils. Values are mean * sk (n=4
separate neutrophil preparations) and are expressed in ADU. Statisti-
cal significance: *, P < 0.01, TNF-adherent versus buffer-adherent and
TNF-adherent versus TNF-suspended; **, P < 0.01, TNF + LY294002-
adherent versus TNF-adherent.

phosphorylation of p47phox [26, 27, 72]. ERK and p38 MAPK
are capable of phosphorylating p47phox [26, 38]. In the
present study, inhibitors of ERK and p38 MAPK inhibited
TNF-activated O,~ generation in adherent neutrophils, indicat-
ing that ERK and p38 MAPK are involved in regulating Oy~
generation. In adherent neutrophils, ERK and p38 MAPK asso-
ciate with p47phox in response to TNF. However, TNF-medi-
ated recruitment of ERK is 8-PKC-dependent, and p38 MAPK
association with p47phox is 8-PKC-independent. These studies
suggest that although both MAPKs are required for TNF-elic-
ited O, generation, there is differential regulation of these
kinases in adherent neutrophils. The finding that recruitment
of ERK to p47phox in response to TNF was 8-PKC-dependent
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suggests that 8-PKC acts upstream of ERK, a finding consistent
with our previous studies, demonstrating that 6-PKC regulates
TNF-mediated ERK activation but not p38 MAPK [17]. Recent
studies by Dang et al [26]. have identified p47phox (Ser345)
as a phosphorylation site regulated by ERK and p38MAPK. In
nonadherent neutrophils, TNF did not activate ERK, and
phosphorylation of p47phox (Ser345) was p38 MAPK-depen-
dent [26]. However, association of ERK with p47phox but not
p38 MAPK required the addition of TNF in adherent neutro-
phils. These findings indicate that cooperative signaling be-
tween TNF and integrins activates different signaling pathways
as compared with TNF in nonadherent cells.

PI3K is a critical regulator of TNF-triggered O,~ generation
in adherent human neutrophils [13, 73]. The PI3K signaling
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Figure 7. Phosphorylation of 8-PKC (Thr505) by TNF: role of PI3K.
Adherent and nonadherent neutrophils were incubated with buffer or
TNF (25 ng/ml) for 5 min as described in Materials and Methods.
6-PKC was immunoprecipitated from nonadherent and FN-adherent
neutrophils. The role of PI3K in TNF-mediated phosphorylation of
8-PKC was determined by pretreating FN-adherent neutrophils with
LY294002 (10 uM) for 15 min prior to the addition of TNF. Thr505
phosphorylation of 8-PKC was determined by Western blot analysis
using a phospho-specific 6-PKC antibody (Thr505). Equal protein
loading was determined by Western blot analysis for total 8-PKC. (Up-
per) Representative Western blot. (Lower) Densitometry analysis of
TNF-mediated phosphorylation of 6-PKC (Thr505) in suspended and
FN-adherent neutrophils. Values are mean * sE (n=4 separate neutro-
phil preparations) and are expressed in ADU. Statistical significance:
*, P < 0.01, TNF-adherent versus buffer-suspended, TNF-adherent ver-
sus buffer-adherent, and TNF-adherent versus TNF-suspended; **, P <
0.01, TNF + LY294002-adherent versus TNF-adherent.
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Figure 8. Phosphorylation of 6-PKC (Ser643) by TNF: role of PI3K.
Adherent and nonadherent neutrophils were incubated with TNF or
buffer as described in Figure 7. 8-PKC was immunoprecipitated, and
Ser643 phosphorylation was determined by Western blot analysis using
a phospho-specific &-PKC antibody (Ser645). Equal protein loading
was determined by Western blot analysis for total 6-PKC. The role of
PISK in TNF-mediated phosphorylation of 6-PKC was determined by
pretreating FN-adherent neutrophils with the PI3K inhibitor LY294002
as described in Figure 7. (Upper) Representative Western blot.
(Lower) Densitometry analysis of TNF-mediated phosphorylation of
8-PKC (Ser643) in suspended and FN-adherent neutrophils. Values are
mean * SE (n=4 separate neutrophil preparations) and are expressed
in ADU. Statistical significance: *, P < 0.05, TNF-adherent versus
buffer-adherent, and TNF-adherent versus TNF-suspended; **, P <
0.05, TNF + LY294002-adherent versus TNF-adherent.

pathway is only activated by TNF in surface-adherent neutro-
phils, and activation of p47phox requires PI3K activity [13,
73]. Our results demonstrate that PI3K acts upstream of 6-PKC
in adherent neutrophils and that cooperative signaling be-
tween integrins and TNF is required for PI3K-dependent phos-
phorylation of 8-PKC. Activation of 6-PKC is a multistep pro-
cess that includes threonine phosphorylation in the 8-PKC acti-
vation loop, which enhances kinase activity and regulates
stability [33, 74]. The phosphorylation of 8-PKC (Thr505) is
mediated by PDK1, a member of the PI3K signaling pathway.
Enhanced phosphorylation of 8-PKC (Thr505) leads to an au-
tophosphorylation step of -PKC (Ser643) at the COOH-termi-
nal turn motif. This site is critical for controlling 8-PKC enzy-
matic activity and may also be important for regulating pro-
tein:protein interactions, as the turn-motif may serve as a
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docking site. TNF-elicited phosphorylation of -PKC (Thr505)
and 6-PKC (Ser643) in FN-adherent neutrophils but not in
cells in suspension indicates that phosphorylation of 6-PKC
requires the integration of signals from TNF binding and inte-
grin activation and the activation of the PI3K/PDK1/Akt path-
way. In contrast, 6-PKC was not activated by fMLP [57]. The
differential phosphorylation of 8-PKC in adherent neutrophils
may regulate TNF-mediated O,~ generation by targeting 6-PKC
to p47phox and serine phosphorylation of p47phox. In sup-
port of this concept is the recent work by Cheng et al. [61],
who demonstrated that phosphorylation of 6-PKC (Thr505) is
required for 8-PKC-mediated phosphorylation of p47phox and
reconstitution of the NADPH oxidase in COS-7 cells express-
ing Nox2, p22phox, p67phox, and p47phox.

The results of these studies do not rule out other interac-
tion sites for 6-PKC regulation of TNF-elicited O,~ generation.
In previous studies with adherent neutrophils, time-course ex-
periments established that within 5 min of exposure to TNF,
there was physical association of 8-PKC and PI3K with TNFR-1,
evidence of 8-PKC and PI3K activation, and significant func-
tional alterations, as determined by TNFR-1 phosphorylation,
NF-kB activation, and activation of MAPKs [13, 16-19]. An-
other possible target site of 8-PKC is the activation of rac2,
which is an important regulator of assembly of the NADPH
oxidase, whose activation is delayed by adherence through a
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Figure 9. Model of TNF-elicited O, generation in adherent neutrophils:
role of 6-PKC. In adherent neutrophils, binding of TNF and ligation of
integrins lead to cooperative signaling and the activation of PI3K. Activa-
tion of the PI3K/PDKI1/Akt pathway modifies the phosphorylation pat-
tern of 8PKC and subsequent 8-PKC activity and substrate specificity.
These post-translational modifications of 6-PKC promote recruitment of
&8PKC to p47phox, activation of ERK, and phosphorylation of p47phox.
Phosphorylation and activation of p47phox lead to assembly of the
NADPH oxidase and generation of Oy

www jleukbio.org



Kilpatrick et ol. Regulation of TNF-elicited superoxide anion production in neutrophils

PI3K-dependent mechanism [50, 75-77]. However, this path-
way is involved in fMLP-elicited O,~ generation in adherent
neutrophils, a cellular event that is &-PKC-independent.
Whether 8-PKC is involved in TNF-mediated rac2 activation
through the VAV signaling pathway is not known at present.

In summary, using a highly selective, cell-permeant 6-PKC
TAT inhibitory peptide, we have demonstrated a selective role
for 8-PKC in signaling for TNF-elicited but not fMLP O, gen-
eration in adherent neutrophils. Our results indicate involve-
ment of a particular PKC isotype is context-sensitive. In adher-
ent neutrophils, 8-PKC, coimmunoprecipitated with p47phox
in response to TNF and 8-PKC inhibition, was associated with
decreased phosphorylation of p47phox and decreased recruit-
ment of the MAPK ERK to p47phox, indicating a role for
&-PKC in regulating O,~ production at the level of p47phox.
Thus, in adherent neutrophils (Fig. 9), cooperative signaling
between TNF and integrins leads to the activation of the
PI3K/PDKI1/Akt signaling pathway. PDKI1 is only activated by
TNF in adherent neutrophils and is required for phosphoryla-
tion of 6-PKC in the activation loop (Thr505), which in turn,
triggers autophosphorylation of 6-PKC (Ser643). This response
to TNF is not observed in nonadherent neutrophils. These
post-translational modifications control 8-PKC activity and sub-
strate specificity. TNF-mediated activation of 8-PKC leads to
association with p47phox, recruitment of ERK to p47phox,
and 8-PKC-mediated serine phosphorylation of p47phox. The
recruitment of 8-PKC to p47phox and serine phosphorylation
of p47phox follows similar kinetics, where maximal recruit-
ment of 8PKC and maximal phosphorylation of p47phox oc-
cur within the same time frame. The initiation of O,~ genera-
tion in response to TNF does not occur until maximal phos-
phorylation of p47phox is achieved. 6-PKC activation is
required for early TNF-mediated phosphorylation of p47phox
and recruitment of ERK to p47phox. Thus, 8-PKC is a critical
regulator of early events associated with TNF-elicited O,~ gen-
eration in adherent human neutrophils.
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