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ABSTRACT. The effect of O-(chloroacetyl-carbamoyl) fumagillol (AGM-1470; TNP-470) was investigated on
protein kinase C (PKC) and mitogen-activated protein kinase (MAPK) activation in neutrophils stimulated by
plasma-opsonized crystals of calcium pyrophosphate dihydrate (triclinic) [CPPD(T)], formyl-Met-Leu-Phe
(fMLP), and phorbol 12-myristate 13-acetate (PMA). Neutrophil respiratory burst responses also were
determined in AGM-1470-pretreated cells stimulated with the same agonists, using chemiluminescence and
superoxide anion generation assays. AGM-1470 (5 wM) effectively inhibited PKC activation in cells treated
with CPPD(T) crystals (50 mg/mL, 2 min) and fMLP (1 uwM, 1 min), but had no effect on PMA-treated cells
(0.5 uM, 5 min). AGM-1470 blocked MAPK activity completely and reduced neutrophil activation induced by
fMLP and PMA but not by CPPD(T). The degree of inhibition of the respiratory burst plateaued at
approximately 46 = 9 and 54 * 3% in fMLP- and PMA-treated cells, respectively. These data indicate that
activation of neutrophil respiratory burst activity may be mediated through the MAPK pathway. AGM-1470
pretreatment did not inhibit CPPD(T) crystal- or fMLP-stimulated phosphatidylinositol 3-kinase (PI 3-kinase)
activity. These findings, coupled with further observations that the PI 3-kinase inhibitor wortmannin (10 nM)
inhibited fMLP- and CPPD(T) crystal-induced but not PMA-induced chemiluminescence, indicate that at least
two distinct signaling pathways (mediated by PI 3-kinase or MAPK) lead to neutrophil respiratory burst
responses. PKC may also be required in the MAPK-stimulated pathway. We propose that the inhibitory effect
of AGM-1470 on the neutrophil respiratory burst may be due to its ability to inhibit PKC and MAPK activation.
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The primary function of neutrophils is the identifi-
cation, migration, and destruction of microbial patho-
gens, hence protecting the host from infections. At
the onset of phagocytosis, antimicrobial enzyme
systems including O,  /H,0,-generating NADPH oxi-
dase, myeloperoxidase, proteases, and hydrolases are
activated and delivered into phagocytotic vesicles in
high concentrations [1-3]. The inflammatory disease
known as acute pseudogout arises from the deposition of
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CPPDY crystals in the synovial joints of humans [4].
Both monoclinic and triclinic crystalline forms of CPPD
are able to activate neutrophils in the joint, a process that
is thought to be a key factor in the pathophysiology of the
disease [4—06]. CPPD(T) crystals have been shown to adsorb
synovial protein components including small amounts of
IgG (synovial fluid is an ultrafiltrate of plasma). In witro,
both uncoated and plasma- or synovial fluid-coated crystals
have been shown to induce neutrophil activation, includ-

q Abbreviations: BIM, bisindoylmaleimide; CPPD, calcium pyrophosphate
dihydrate; CPPD(T), calcium pyrophosphate dihydrate (triclinic); DAG,
diacylglycerol; DO, diolein (DAG homolog); ERK, extracellular signal-
related kinase; fMLP, formyl-Met-Leu-Phe; MAPK, mitogen-activated
protein kinase; MBP, myelin basic protein; p705°K, 70-kDa ribosomal
protein S6 kinase; P, phosphatidylinositol; PKC, protein kinase C; PMA,
phorbol 12-myristate 13-acetate; and PS, phosphatidylserine.
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ing superoxide anion production and lysosomal enzyme
release [5, 7, 8]. Most studies on signal transduction
pathways leading to neutrophil activation have used che-
moattractants such as fMLP, C5a, platelet-activating fac-
tor, leukotriene By, and interleukin-8. When activated by
the chemoattractant, neutrophil responses include cy-
toskeletal rearrangement, degranulation, and a respiratory
burst catalyzed by NADPH oxidase [1, 3]. Studies in our
laboratory have focused on elucidating the signal transduc-
tion pathways involved in microcrystal-induced neutrophil
oxidase activation and degranulation responses. The acti-
vation of neutrophils by chemoattractants proceeds via
intracellular signaling pathways that include many of the
components identified in particulate-activated and PMA-
induced neutrophils.

Neutrophil activation by both fMLP and CPPD(T)
crystals has been demonstrated to activate MAPK [9-11],
together with neutrophil chemiluminescence, superoxide
anion generation, and degranulation [11, 12]. We reported
a possible link between CPPD(T) crystal-induced MAPK
activation and neutrophil oxidative and degranulation
responses. We demonstrated that the anti-cancer and
anti-arthritic drug taxol [13, 14] effectively disrupted
MAPK and neutrophil activation stimulated with CP-
PD(T) crystals [11]. O-(Chloroacetyl-carbamoyl) fum-
agillol (AGM-1470; TNP-470) is another compound that
has been demonstrated to inhibit rat adjuvant and collag-
en-induced arthritis, two animal models of rheumatoid
arthritis [14-16]. AGM-1470 is being considered as a new
treatment option for rheumatoid arthritis, but its mecha-
nism of action in this angiogenesis-dependent disease is not
yet established. To gain insight into the mechanism of
AGM-1470 and a greater understanding of the signaling
events in neutrophils leading to oxidative and degranula-
tion responses, we utilized a neutrophil system activated by
CPPD(T) crystals, fMLP, and PMA. We investigated the
effects of AGM-1470 on agonist-induced PKC, MAPK, and
neutrophil activation based on chemiluminescence and
superoxide anion generation. We found a PI 3-kinase-
independent correlation between MAPK and neutrophil
activation.

MATERIALS AND METHODS
Materials

Unless otherwise stated, all chemicals were obtained from
the Sigma Chemical Co., and all antibodies were obtained
from Kinetek Pharmaceuticals Inc.

Preparation and Opsonization of Crystals

CPPD(T) crystals were prepared and characterized as pre-
viously reported [17]. Plasma-opsonized crystals were used
in all studies involving CPPD(T) crystal incubation. Op-
sonization of crystals was carried out using 50% heparinized
plasma and HBSS (Hanks’ balanced salt solution, pH 7.4)
at 37° for 30 min immediately prior to experiments.
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Twenty-five milligrams of CPPD(T) crystals was weighed
into 1.5-mL Eppendorf tubes, followed by 0.5 mL of 50%
fresh human plasma. The tubes were capped and tumbled
end-over-end at 30 rpm for 30 min at 37°. Then the tubes
were centrifuged at 1000 g, and crystals were washed in
HBSS and centrifuged.

Neutrophil Preparation

Neutrophils were prepared from freshly collected, citrated
human whole blood by dextran sedimentation and Ficoll
Paque density centrifugation. Briefly, 400 mL of blood was
mixed with 80 mL of 4% dextran T500 (Pharmacia LKB
Biotechnology) in HBSS and allowed to settle for 1 hr.
Plasma was collected continuously, and 5 mL was applied to
5 mL of Ficoll Paque (Pharmacia) in 15-mL polypropylene
tubes. Following centrifugation at 500 g for 30 min, the
neutrophil pellets were washed free of erythrocytes by 20
sec of hypotonic shock in dH,0. Neutrophils were resus-
pended in HBSS, kept on ice, and used for experiments
within 3 hr. Neutrophils prepared under these conditions
yielded cell suspensions that contained over 95% neutro-
phils with greater than 90% cell viability (assessed by
trypan blue exclusion).

Incubation of Neutrophils with Agonists and Inhibitors

Stock solutions of 28 mM taxol (Hauser Chemical Co.), 20
mM AGM-1470 (synthesized at BioChem Pharma), 0.25
mM PMA, 0.25 mM cytochalasin B, 0.5 mM fMLP, 100
mM compound 3 (Ro-31-8221), and 10 mM wortmannin
in DMSO were prepared freshly before each experiment.
Equal volumes of solutions were added to neutrophils at
5 X 10° cells/mL under mild vortexing conditions to
achieve concentrations of 28 uM taxol, 0.5 puM PMA, 0.5
wM cytochalasin B, 1 pM fMLP, 10 nM compound 3, 10
nM wortmannin, and 300 nM to 50 puM AGM-1470.
Except during chemiluminescence analysis, all experiments
with AGM-1470 were performed using a concentration of 5
M. The final DMSO concentration never exceeded 0.5%,
which has been shown to have no effect on control cell
responses [11]. In all experiments involving fMLP, cells
were pretreated with cytochalasin B (0.5 wM) for 1 min
prior to the addition of fMLP (1 pM).

MonoQ Chromatography

Neutrophil lysates were fractionated on a MonoQ anion
exchange column to partially purify the MAPK and PKC
proteins before conducting phosphotransferase assays with
the appropriate substrates. Following incubation with the
appropriate inhibitors and agonists, the cells were washed
in cold lysis buffer [2 mM HEPES (pH 7.5), 0.34 M sucrose,
2 mM B-mercaptoethanol, 100 uM sodium orthovanadate,
0.1 pM sodium fluoride, 60 mM B-glycerophosphate, 1%
Triton X-100, 1 uM pepstatin, and 10 pwg/mL each of
aprotinin, leupeptin, and soybean trypsin inhibitor]. The
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homogenates were centrifuged at 4° for 10 min at 8000 g,
and 2 mg of the supernatant protein in a 2-mL dilution with
buffer A [25 mM B-glycerophosphate, 10 mM MOPS (pH
7.2), 5 mM EGTA, 2 mM MgCl,, I mM dithiothreitol, and
2 mM sodium orthovanadate] was loaded onto a 1-mL
MonoQ column (Pharmacia LKB Biotechnology) equili-
brated with buffer A. The column was developed with a
10-mL, linear O to 0.8 M NaCl gradient in buffer A at a
flow rate of 0.8 mL/min with a fast protein liquid chroma-
tography (FPLC) system (Pharmacia LKB Biotechnology),
and 250-pL fractions were collected.

Kinase Assays

MAPK and PKC in the MonoQQ fractions (5-uL aliquots)
were assayed at 30° using the substrate MBP (1 mg/mL) and
histone H1, respectively, in assay buffer consisting of: 20
mM MOPS (pH 7.2), 25 mM B-glycerophosphate, 5 mM
EGTA, 2 mM EDTA, 20 mM MgCl,, 2 mM sodium
orthovanadate, 1 mM dithiothreitol, 500 nM cAMP-de-
pendent protein kinase inhibitor peptide, and 50 puM
[y-**P]JATP (~ 2000 cpm/pmol) in a final volume of 25 L.
The reactions were allowed to proceed for 10 min, after
which 20 wL of reaction mixture was spotted onto 1.5 X 2
cm P-81 phosphocellulose filter papers. The papers were
washed extensively with ten changes of 1% phosphoric
acid, after which the adsorbed radioactivity was quantitated
by liquid scintillation counting in a Packard TriCarb 4530
counter.

Five hundred micrograms of total protein (bicinchoninic
acid assay, Pierce) from extract supernatants was diluted
into immunoprecipitation buffer [50 mM Tris-HCI (pH
7.5), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, 5% glycerol, 10 mM sodium fluoride, 5
mM EGTA, 1 mM EDTA, and 30 mM B-glycerophos-
phate], and the solutions were incubated with the appro-
priate antibodies [MAPK: anti-ERK1-CT (UBI); PKC:
anti-PKC Mab to the catalytic subunit (Kinetek Pharma-
ceuticals Inc.)] for 4 hr at 4°. Protein A-agarose beads (30
L) (Pharmacia), which were preincubated in cold (4°)
immunoprecipitation buffer, were added, and the samples
were incubated further for 1 hr at 4°. The beads were
washed twice with immunoprecipitation buffer and twice
with KII buffer [12.5 mM MOPS (pH 7.5), 12 mM
B-glycerophosphate, 5 mM EGTA, 7.5 mM MgCl,, 50 mM
NaF, and 0.25 mM dithiothreitol]. The beads were resus-
pended in KII buffer supplemented with 10 mM MgCl, and
5% glycerol, and the reactions were initiated with 10 L
[y-**P]JATP (=~ 2000 cpm/pmol) in a final volume of 40 pL
and incubated for 20 min at 30°. The reactions were
terminated with the addition of 5X SDS-sample buffer [125
mM Tris-HCI (pH 6.8), 4% SDS, 0.01% bromophenol
blue, 10% B-mercaptoethanol, and 20% glycerol], boiled
for 5 min, and loaded onto an SDS-PAGE gel. Following
transfer of protein as described above, the membrane was
immunoblotted for the appropriate protein, exposed to film,
and the bands representing ERK1 and ERK2 proteins were
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excised and subjected to Cerenkov counting. PI 3-kinase
was immunoprecipitated from neutrophil lysates (500 g of
total protein) with 0.5 wg of anti-p85 antibody (Santa Cruz
Laboratories) for 3 hr at 4° with rotation and collected with
25 pL of protein A-conjugated Sepharose (Pharmacia).
Then the beads were washed twice with lysis buffer and
three times with 10 mM Tris-HCI, pH 7.4. PI (10 pg) was
sonicated briefly in 30 mM HEPES, pH 7.4, then mixed
with the beads, and incubated for 10 min on ice. The
reaction was started by adding 10 wCi of [y->*PJATP in 40
pL of kinase buffer [30 mM HEPES (pH 7.4), 30 mM
MgCl,, 200 uM adenosine, and 50 wM ATP] and incubat-
ing for 15 min at room temperature. One hundred micro-
liters of 1 N HCI was added to stop the reaction, and PI
3-phosphate was extracted using 200 wL of chloroform:
methanol (1:1). PI 3-phosphate was resolved from residual
[y-**P]JATP in the organic layer by TLC on oxalate-treated
silica gel 60 plates (E. Merck) using chloroform:methanol:
water:concentrated NH,OH (45:35:7.5:2.5). PI 3-kinase
activity was determined by scintillation counting of the PI
3-phosphate zone on the chromatogram after autoradiogra-

phy.

Electrophoresis and Immunoblotting

SDS-PAGE of the neutrophil lysates was performed on
1.5-mL thick gels. An 11% separating gel and a 4%
stacking gel were used. Samples were boiled for 5 min in the
presence of 5X SDS—sample buffer and electrophoresed for
approximately 12 hr at 10 mA. Subsequently, the separat-
ing gel was soaked in transfer buffer (25 mM Tris, 192 mM
glycine, and 20% methanol) for 10 min and then sand-
wiched with a nitrocellulose membrane. Proteins were
transferred for 3 hr at 300 mA. The membrane was blocked
with TBS [Tris-buffered saline, 20 mM Tris-HCI (pH 7.4),
0.25 M NaCl] containing 5% BSA for 3 hr at room
temperature, and then was washed three times in TBS
containing 0.05% Tween (TTBS) for 15 min. The mem-
branes were incubated overnight at room temperature with
primary antibody [MAPK: anti-ERK1-CT; PKC: anti-PKC
Mab, anti-PKC3 (Gibco BRL)]. Membranes then were
washed with TTBS three times before a 1-hr incubation at
room temperature with secondary antibody (goat anti-
mouse IgG coupled to horseradish peroxidase in 2.5% skim
milk-TTBS for blots with anti-PKC-catalytic subunit Maby;
and goat anti-rabbit IgG coupled to alkaline phosphatase in
TTBS for blots probed with anti-PKC8 and anti-ERK1-CT
antibodies). Next, the membranes were rinsed three times
in TTBS and once in TBS before incubation with 5-bromo-
4-chloro-3-indolyl phosphate/nitroblue tetrazolium color
development solution (a mixture of 3% nitroblue tetrazo-
lium in 1 mL of 70% dimethylformamide and 1.5% 5-bro-
mo-4-chloro-3-indolyl phosphate in 1 mL of 100% dimeth-
ylformamide) before being added to 100 mL of buffer (0.1
M NaHCO;, 10 mM MgCl,, pH 9.8) for detection of
alkaline phosphatase-conjugated secondary antibodies. The
color was developed in 2-10 min, and the reaction was
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stopped by rinsing the membranes in water. For detection of
horseradish peroxidase-conjugated secondary antibodies,
membranes were washed as described previously and sub-
jected to enhanced chemiluminescence detection (Amer-
sham).

Chemiluminescence Assay

Chemiluminescence studies were performed using a cell
concentration of 5 X 10° cells/mL in HBSS with the
appropriate agonist. In all experiments, 0.5 mL of cell
suspension was added to 25 mg of CPPD(T), 1 uL of 0.5
mM fMLP, or 1 pL of 0.25 mM PMA in 1.5-mL capped
Eppendorf tubes. To each tube was added 5 pL of luminol
dissolved in 25% DMSO in HBSS to a final concentration
of 1 wM, and the samples were mixed at 37° to initiate
neutrophil activation by one of the three agonists indi-
cated. Chemiluminescence was monitored using the LKB
Luminometer (model 1250) at 37°, with shaking immedi-
ately prior to measurements to resuspend the crystals.
Control tubes contained cells, AGM-1470 (5 uM), and
luminol (agonists absent).

Superoxide Anion Generation

Superoxide anion concentrations were measured using the
superoxide dismutase-inhibitable reduction of cytochrome c
assay [11]. Twenty-five milligrams of plasma-opsonized
CPPD(T) crystals (50 mg/mL), fMLP (1 uM), or PMA (0.5
uM) was added to 0.5 mL of cell suspension at 37°
containing ferricytochrome c (horse heart, type 3, Sigma)
(final concentration 1 mg/mL), and the cells were activated
by shaking the capped tubes. After a 5-min incubation,
tubes were centrifuged at 10,000 g for 10 sec, and the
supernatant was collected for spectrophotometric analysis
at 550 nm. Readings were taken at 540, 550, and 560 nm,
and the peak height was calculated by subtracting the
average of the 540 and 560 nm readings from the reading at
550 nm. This procedure corrects for baseline differences
between different samples. The change in absorbance
resulting from the reduction of cytochrome ¢ was calculated
by subtracting a blank value from the corresponding incu-
bated sample value. Control tubes were set up under the
same conditions with the inclusion of superoxide dismutase
at 600 U/mL. The measure of O,  generated in the whole
reaction was calculated from the following formula:

O; (nmol) = ABSssoun

X 0.5 mL (incubation mixture volume) X 47.4

RESULTS
Effect of AGM-1470 on CPPD(T) Crystal-, fMLP-, or
PMA-Induced PKC Activity

In these experiments, the total pool of PKC was used to
investigate the activation of PKC, as it was not possible to
effectively separate membrane and cytosolic fractions of
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PKC in crystal-activated cells due to partial phagocytosis
and clumping effects. Following MonoQ fractionation of
neutrophil homogenates from cells incubated with CP-
PD(T) crystals with and without AGM-1470 (5 uM)
pretreatment, and from control cells, the column fractions
were assayed for histone H1 phosphotransferase activity
(Fig. 1). CPPD(T) crystals induced strong activation of
PKC as indicated by the phosphotransferase peak (fractions
25-28) in Fig. 1B. This activation of PKC was not present
in control cells (Fig. 1A) and was inhibited by AGM-1470
in CPPD(T) crystal-activated neutrophils (Fig. 1C). To
distinguish whether a peak represented PKC activity or the
activity of another kinase that co-eluted and phosphory-
lated histone H1, each fraction was assayed in the presence
of the PKC cofactors PS, the DAG homolog DO, and
calcium, or magnesium alone. The conventional isoen-
zymes of PKC («, B, BII, and y) have been shown to require
PS, DAG, and calcium, whereas the nonconventional PKC
isoforms (3, €, and m) are calcium independent and require
only PS and DAG. The other, atypical isoforms are not
activated by DAG and do not require calcium as a cofactor
[18, 19]. Therefore, the peak observed in control cells (Fig.
1A) was unlikely to arise from PKC, since the peak
representing the histone H1 phosphotransferase activity in
the presence of the cofactors had approximately the same
area as the peak assayed with magnesium alone. The peak
(fractions 25-28) in Fig. 1B corresponded to a calcium-
independent isoform of PKC, since the two peaks assayed
with PS and DO with and without calcium represented
approximately the same area and significantly exceeded the
activity detected in the fractions assayed with magnesium
alone. The presence of PKC in fractions 24-28 was
confirmed further following SDS-PAGE and western anal-
ysis using a monoclonal antibody to the catalytic subunit of
PKC (Fig. 1B, inset), which visualized 90- and 93-kDa
bands and a few other less well-defined bands. The identity
of the PKC isoform is not known at this time. This PKC
histone H1 phosphotransferase peak was abolished com-
pletely in cells treated for 2 min with CPPD(T) crystals
after being pretreated with AGM-1470 (Fig. 1C).

The PKC phosphotransferase peak that eluted in frac-
tions 25-28 also was induced by fMLP and PMA (Fig. 2, A
and C, respectively); this peak probably contained noncon-
ventional, calcium-independent isoforms, since the degrees
of calcium-dependent (PS/DO, Ca’") and calcium-inde-
pendent (PS/DO) histone H1 phosphotransferase activities
were inhibited similarly by AGM-1470 pretreatment. PMA
also appeared to induce a calcium-independent histone H1
phosphotransferase activity that exceeded the activity of
the fractions assayed with the PKC cofactors, and, there-
fore, may represent the activity of some isoforms that were
not induced following CPPD(T) crystal incubation. AGM-
1470 pretreatment of neutrophils resulted in the inhibition
of fMLP-induced PKC activity (Fig. 2B), whereas none of
the activated peaks in the PMA-induced profile were
inhibited significantly by AGM-1470 incubation (Fig. 2D).
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FIG. 1. Effect of AGM-1470 inhibition on CPPD(T) crystal
activation of PKC in neutrophils. MonoQ fractions from neu-
trophil (5 X 10 cells/mL) extracts derived from (A) untreated
(control) cells, (B) CPPD(T) crystal (50 mg/mL, 2 min)
incubated cells, or (C) cells incubated with 5 pM AGM-1470
for 60 min prior to CPPD(T) incubation were incubated with
[y->?PJATP and histone H1 in the presence of the PKC
cofactors PS and DO with and without calcium (PS/DO, Ca®™,
¢; PS/DO, W), or magnesium (A). Fractions (20-32) from
condition (B) were subjected to SDS-PAGE and western anal-
ysis using a monoclonal antibody to the catalytic subunit of PKC
(B, inset). These results are representative of three individual
experiments.

Effect of AGM-1470 on CPPD(T) Crystal-, fMLP-, or
PMA-Induced MAPK Activity

The MAPK ERK1 was immunoprecipitated from homoge-
nates of neutrophils incubated with CPPD(T) crystals or
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fMLP, and the effect of AGM-1470 or taxol (positive
control) on the MBP phosphotransferase activity of this
MAPK isoform was assessed (Fig. 3A). CPPD(T) crystals
induced a strong activation of MAPK that was inhibited
completely by taxol preincubation and partially by AGM-
1470 preincubation, as seen in Fig. 3A. Figure 3B shows the
same nitrocellulose transfer used in Fig. 3A that was probed
with anti-ERK-CT antibody, which cross-reacts with both
the ERK1 and ERK2 isoforms of MAPK. The broad band in
lane 2 indicates a reduction in band mobility of MAPK
associated with activation of this enzyme by CPPD(T).
Taxol inhibited this activation (lane 5), whereas AGM-
1470 had little effect (lane 4). fMLP also activated MAPK,
and this was inhibited strongly by AGM-1470 pretreatment
(Fig. 3, A and C). The MBP bands in Fig. 3A were excised
and analyzed by Cerenkov counting as shown in Fig. 3A
(bottom), and the experiment was repeated two additional
times, statistically represented in Fig. 3C. AGM-1470 failed
to inhibit CPPD(T)-induced MAPK activation, but was
able to inhibit fMLP-induced activation.

Following MonoQ fractionation of lysates of neutrophils
incubated with CPPD(T) crystals, fMLP, or PMA, with or
without AGM-1470 pretreatment, multiple peaks of MBP
phosphotransferase activity were observed (Figs. 4 and 5).
The identities of the first and second peaks are unknown,
but similar to MAPK activation experiments assayed with
this method previously [11, 20, 21], immunoblotting with
the anti-ERK1-CT antibody revealed that MAPK was
detected in the fractions of the third peak (fractions 24-27)
as illustrated in Fig. 4B. Figure 4 illustrates the CPPD(T)
crystal-induced activation of the MAPK-associated MBP
phosphotransferase peak, which exceeded the activity in
the third peak of the control (Fig. 4A). The MAPK
activation induced by CPPD(T) crystal incubation was not
inhibited by pretreatment with AGM-1470 (Fig. 4A).
Figure 5 demonstrates that AGM-1470 inhibited the
MAPK-associated MBP phosphotransferase activity in-
duced by fMLP and PMA, which is consistent with the
MAPK-associated MBP phosphotransferase activity results
obtained from immunoprecipitated protein (Fig. 3). We
propose that the results presented in Figs. 3—5 indicate that
AGM-1470 selectively inhibited fMLP- and PMA-induced
MAPK activity in neutrophils, but not CPPD crystal-
induced MAPK activity.

Effects of AGM-1470 on CPPD(T)-, fMLP-, and
PMA-Induced Respiratory Burst Activity Measured by

Chemiluminescence and Superoxide Anion Generation

Chemiluminescence arises primarily from the light emis-
sion associated with the myeloperoxidase-initiated break-
down of hydrogen peroxide, a product of superoxide anion.
Chemiluminescence, therefore, only measures oxidase ac-
tivation indirectly, so we also assayed respiratory burst
activity via discontinuous measurements of superoxide
anion concentrations as measured by the superoxide dis-
mutase-inhibitable reduction of cytochrome c.
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FIG. 2. Differential effect of AGM-
1470 on fMLP- and PMA-induced

PKC activity in neutrophils. MonoQ
fractionation was conducted on ex-
tracts from neutrophils stimulated
with (A) fMLP (1 puM, 1 min), (C)
PMA (0.5 pM, 5 min), (B) fMLP (1
M, 1 min) on AGM-1470- (0.5 pM,
1 hr) pretreated neutrophils, and (D)
PMA (0.5 pM, 5 min) on AGM-
1470- (0.5 pM, 1 hr) pretreated neu-
trophils. PKC activity was determined
by analyzing histone H1 phospho-
transferase in the presence of the cal-
cium-dependent PKC cofactors [(PS/
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These results are representative of
three individual experiments.
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CPPD(T) crystal-, fMLP-, and PMA-induced stimula-
tion of neutrophil chemiluminescence reached peak values
in approximately 2-4 min (Fig. 6, A-C, respectively).
Time courses for CPPD(T) crystal- and PMA-treated cells
were completed within 15 min, and for fMLP, within 3.5
min. AGM-1470 was not effective in inhibiting CPPD(T)
crystal-induced chemiluminescence (Fig. 6A), whereas ac-
tivation in response to fMLP and PMA was reduced
significantly by the drug (Fig. 6, B and C, respectively).
AGM-1470 also effectively inhibited the superoxide anion
generation stimulated in response to fMLP and PMA (Fig.
7). The inhibition of superoxide anion generation by
AGM-1470 (5 uM) pretreatment was not complete. fMLP
induction was inhibited by 46 * 9%, and PMA was
inhibited by 54 * 3%. These results demonstrate that
AGM-1470 inhibited neutrophil respiratory burst activity
based on chemiluminescence and superoxide anion produc-
tion assays in cells treated with fMLP or PMA. AGM-1470
was ineffective in inhibiting respiratory burst activation
induced with CPPD(T) crystals. The finding that AGM-
1470 selectively inhibited fMLP- and PMA-induced respi-
ratory burst correlated with the observation that AGM-
1470 pretreatment selectively inhibited fMLP- and PMA-
stimulated MAPK activity, but not CPPD(T) crystal-
induced kinase activation.
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PI 3-Kinase-Independent Inhibition of MAPK and
Neutrophil Activation by AGM-1470

To determine if PI 3-kinase activity was involved in the
mechanism of inhibition of neutrophil activation by AGM-
1470, we first analyzed the effects of wortmannin treatment
on fMLP- and PMA-induced chemiluminescence. Figure 8
shows the effect of wortmannin pretreatment on fMLP-
treated (panel A) and PMA-treated (panel B) neutrophils.
Wortmannin inhibited fMLP-induced neutrophil respira-
tory burst as measured by chemiluminescence, but no effect
was observed in cells stimulated with PMA. We next
examined the effects of AGM-1470 on PI 3-kinase activity
in cells stimulated with CPPD(T) crystals or fMLP. Immu-
noprecipitation studies were conducted on crude neutrophil
lysates with the monoclonal anti-p85 PI 3-kinase antibody,
and the activities of the immunoprecipitates were assessed
using phosphatidylinositol as the substrate. We have pre-
viously described the use of this assay to quantitate the PI
3-kinase levels following detergent lysis [12]. The results of
the autoradiography of the TLC-separated phosphorylated
substrate PI 3-phosphate are shown in Fig. 9A. The spots
were excised and counted for [y->*P]JATP incorporation,
and the results are illustrated in Fig. 9B. Activation of PI
3-kinase in response to CPPD(T) crystals and fMLP treat-
ment was observed, as [y->’P]JATP incorporation in these
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to SDS-PAGE. Phosphorylated MAPK was trans-
ferred to nitrocellulose and subjected to autora-
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lane 3, AGM-1470 (5 pM), 1-hr incubation; lane
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samples was significantly greater than in control cells, and
CPPD(T) crystal-treated cells preincubated with wortman-
nin demonstrated negligible activity. Pretreatment with
AGM-1470 did not inhibit PI 3-kinase activation in
response to either CPPD(T) crystals or fMLP.

DISCUSSION

AGM-1470 has been investigated recently as a new treat-
ment option for rheumatoid arthritis. Suppression of colla-
gen- and complete Freund’s adjuvant-induced arthritis in
rats has been observed following AGM-1470 treatment
[13-16]. In collagen-induced arthritis and complete
Freund’s adjuvant-induced synovitis models, AGM-1470
effectively prevented pannus formation and reduced vascu-
lar endothelial growth factor expression and neovascular-
ization in the area of the joint where arthritis was induced,
in both preventative and suppressive protocols [14-16].
Furthermore, histologic sections revealed significant allevi-

ation of destruction of bone/cartilage [13]. Combination
therapy with cyclosporin [15] or taxol [14], two compounds
that have demonstrated efficacy in reducing arthritis, dem-
onstrated reduction in collagen-induced arthritis symptoms
more effectively than single-agent treatments with negligi-
ble immunosuppression.

The mechanism(s) of action of AGM-1470 is not yet
clear other than its ability to inhibit proliferation by
inducing a G, phase block due to suppression of cyclin D
expression, as was observed in human umbilical vascular
endothelial cells and WiDr human tumor cells following
incubation with the drug [22]. We have demonstrated
recently that AGM-1470 effectively inhibited PKC activity
in human umbilical vascular endothelial cells stimulated
with vascular endothelial growth factor and basic fibroblast
growth factor (manuscript in progress). The results pre-
sented in this report illustrate that neutrophil activation by
CPPD(T) crystals, fMLP, and PMA activated PKC as
observed in MonoQ-fractionated histone H1 phosphotrans-
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FIG. 4. MonoQQ chromatography of CPPD(T) crystal-stimulated
MBP kinases: effect of AGM-1470 preincubation. (A) Neutro-
phil (5 X 10° cells/mL) extracts from control ((J), CPPD(T)-
(50 mg/mL) treated (O), and CPPD(T) crystal-treated cells
following a 60-min AGM-1470 (5 pM) pretreatment (@) were
fractionated over a MonoQQ anion-exchange column (with
0-800 mM linear NaCl gradient) and assayed for MBP phos-
photransferase activity as described in Materials and Methods.
(B) Eluent fractions 22-27 from neutrophils were subjected to
SDS-PAGE, transferred to nitrocellulose, and immunoblotted
with anti-ERK1-CT antibody. These results are representative
of four individual experiments.

ferase assays in the presence of PKC cofactors (Figs. 1 and
2). AGM-1470 inhibited PKC activation induced by CP-
PD(T) crystals and fMLP but not by PMA.

Although AGM-1470 pretreatment inhibited PKC ac-
tivity in neutrophils stimulated with CPPD(T) crystals or
fMLP, neutrophil oxidative responses were not affected in
cells treated with CPPD(T) crystals. Furthermore, PMA-
treated neutrophils preincubated with AGM-1470 were
observed to display significantly reduced chemilumines-
cence and superoxide anion generation. These observations
indicate that AGM-1470 may inhibit a mediator of neu-
trophil activation other than PKC. Since AGM-1470 did
not affect CPPD(T) crystal-induced neutrophil respiratory
burst but inhibited CPPD(T)-induced PKC activation, the
inhibitory effect likely was centered on an enzyme on a
signal transduction pathway that is distinct from, but
parallel to, the PKC signaling pathway. To investigate the
role of PKC in the neutrophil respiratory burst induced by
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FIG. 5. MonoQ chromatography of fMLP- and PMA-stimulated
MBP kinases: effect of AGM-1470 preincubation. (A) Neutro-
phil (5 X 10° cells/mL) extracts from fMLP-treated cells (1 M,
1 min) (O), and fMLP- and AGM-1470-pretreated cells (@),
and (B) PMA (0.5 pM, 5 min) (O) and PMA with AGM-1470-
pretreated cells (@) were fractionated over a MonoQQ anion-
exchange column and assayed for MBP phosphotransferase
activity as described in Materials and Methods. These results are
representative of three individual experiments.

CPPD(T) crystals, fMLP, and PMA, we preincubated
neutrophils with specific inhibitors of PKC: Roche com-
pound 3 and BIM. Using relatively high concentrations of
these agents (I uM compound 3 and 2-5 uM BIM) caused
almost complete inhibition of both PMA- and fMLP-
induced respiratory burst, but only 87% (compound 3) and
71% (BIM) inhibition of CPPD(T) crystal-induced respi-
ratory burst (unpublished data). These PKC inhibition data
indicate that PKC does have an important role in the signal
transduction pathway leading to activation by all three
agents. However, the lack of complete inhibition of crystal-
induced activation indicates that signaling pathways for
this agonist may not depend completely on the involve-
ment of PKC, mirroring the AGM-1470 data for this
agonist.

The possible association of the MAPK pathway with
neutrophil activation in response to fMLP stimulation has
been suggested previously [9, 23, 24]. Wortmannin, a PI
3-kinase inhibitor that represses CPPD(T) crystal-induced
neutrophil chemiluminescence and superoxide anion gen-
eration [12], has been demonstrated to inhibit interleukin-
8-induced neutrophil MAPK activation and degranulation
responses [25]. Both uncoated and plasma-opsonized CP-
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FIG. 6. Effect of AGM-1470 on CPPD(T)-, fMLP-, and PMA-
induced luminol-enhanced chemiluminescent responses in neu-
trophils. Shown is the time course of luminol-enhanced chemi-
luminescence due to (A) CPPD(T) crystals (50 mg/mL), (B)
fMLP (1 puM) in the presence (@) or absence ([J) of AGM-
1470 (5 pM), and (C) PMA (0.5 pM) in the presence or
absence of various concentrations of AGM-1470. The inset in
panel B shows the concentration dependence of AGM-1470
inhibition of fMLP-induced peak (1.5 min) chemiluminescence.
Values represent the means = SD of three experiments.

PD(T) crystals have been shown recently to activate
MAPK, with peak activation occurring within 5 min of
CPPD(T) crystal incubation of neutrophils [11]. Neutro-
phil oxidative and degranulation responses have been
found to peak at approximately 5 min following crystal
incubation, and it has been observed that CPPD(T) crystal-
induced MAPK activity and neutrophil activation are
inhibited by taxol pretreatment [11]. This inhibition of
MAPK and neutrophil activation by taxol in response to
CPPD(T) crystal incubation, and reports implicating the
involvement of MAPK in chemoattractant-stimulated neu-
trophil responses [10, 12, 26], further support a role for
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FIG. 7. Effect of AGM-1470 (5 pM) on PMA- (0.5 pM) and
fMLP- (1 pM) induced neutrophil superoxide anion generation
(5-min incubation). Values are means * SD of three experi-
ments.

MAPK in the induction of neutrophil activation-associated
responses. PD98059, a specific inhibitor of MEK (and
therefore MAPK), was found to partially inhibit CPPD(T)
crystal- and fMLP-induced neutrophil respiratory burst
(unpublished data). This study demonstrates an association

A.
2000 fMLP
s 1
T 1600
8
5 1200 +
<
b
£
£ 800 +
E]
‘g
2 400 +
()
0 t i o
0 5 10 15
Time (min)
B.
3000 - PMA
S 2500 4 }ﬁ
g
g 2000 ol
=
8
g 1500 +
g
2 1000 +
£
2
S 500 -
0 J—l’/ —
0 5 10
Time (min)

FIG. 8. Effect of wortmannin (10 nM) on (A) fMLP- (1 pM)
and (B) PMA- (0.5 pM) induced chemiluminescence. Luminol-
enhanced chemiluminescence was monitored in neutrophils
(5 X 10%/mL) incubated with (A) fMLP (1 pM, 1 min) with
(®) and without ([J) wortmannin (10 nM) for periods of 1-15
min, and with (B) PMA (0.5 pM) with and without wortman-
nin for 1-8 min. Values are the means of two experiments.
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FIG. 9. Effect of wortmannin (10 nM) or AGM-1470 (5 pM)
on PI 3-kinase activity in CPPD(T)- (50 mg/mL) and fMLP- (1
M) treated neutrophils. (A) TLC of [y->?P]ATP-labeled
phosphorylated phosphatidylinositol substrate from crude neu-
trophil extracts. (B) Scintillation counting of PI 3-phosphate
spots from TLC. These results are representative of two indi-
vidual experiments.

between agonist-dependent [CPPD(T), fMLP, or PMA]
MAPK activation and stimulation of neutrophil oxidase
responses. Figures 3 and 4 show that although MAPK was
activated in response to each agonist analyzed in this
report, only fMLP and PMA induction, but not CPPD(T)
crystal induction, of MAPK was inhibited by AGM-1470
pretreatment. This correlation between inhibition of
MAPK activation and abrogation of neutrophil oxidative
response by AGM-1470 indicates that MAPK may be
involved in a signal transduction pathway leading to
neutrophil activation induced by fMLP and PMA. The
observation that both MAPK and neutrophil activation
associated with CPPD(T) crystal treatment were not af-
fected by AGM-1470 pretreatment indicates that the
function of MAPK in the signaling pathway leading to
oxidative response is dependent upon the agonist. MAPK
activation in response to CPPD(T) crystals may contribute
to neutrophil oxidative responses, but this cannot be
confirmed by these observations. Since AGM-1470 inhib-
ited CPPD(T) crystal-induced PKC activity, but not neu-
trophil activation, we propose that it is possible that both
PKC and MAPK activity are necessary for oxidative re-
sponses, and that AGM-1470 fails to inhibit CPPD(T)
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crystal-induced neutrophil activation because it does not
inhibit a mediator of the MAPK pathway.

fMLP-induced activation of MAPK has been described
previously where it was suggested that fMLP-induced oxi-
dase activation is stimulated through the MAPK pathway
[23, 24]. Therefore, we speculated that taxol inhibition of
fMLP-induced neutrophil responses [11] may be a result of
inhibition of MAPK activity by this drug. Our initial
studies, however, indicated that taxol inhibits fMLP-in-
duced chemiluminescence by 40% and PMA-induced
chemiluminescence by only 10% [12]. The data presented
in this manuscript demonstrated that AGM-1470 (5 uM)
inhibited fMLP- and PMA-induced chemiluminescence
and superoxide anion generation by approximately 46 and
54%, respectively. Even at higher concentrations of AGM-
1470 (10 uM), slightly below the concentration where cell
death was detectable (50 wM), neutrophil activation was
not inhibited any further. These observations indicate that
neutrophil responses such as oxidase activation are medi-
ated by distinct pathways that each contribute to the total
response. Furthermore, we propose that one of these path-
ways may be mediated through MAPK.

Recently, we demonstrated that PI 3-kinase is activated
in crystal-stimulated neutrophils [12], and that two specific
inhibitors of PI 3-kinase, wortmannin and LY294002, were
shown to completely suppress plasma-coated CPPD(T)
crystal-incubated neutrophil activation at concentrations
lower than the known 1Csy of these inhibitors for PI
3-kinase. Additionally, the role of PI 3-kinase activity in
chemoattractant-stimulated neutrophils has been reported
previously [27, 28], and PI 3-kinase has also been impli-
cated in the activation of MAPK [29, 30]. Since we
demonstrated that wortmannin inhibited fMLP- but not
PMA-induced chemiluminescence, and that AGM-1470
did not inhibit fMLP- or CPPD(T) crystal-induced PI
3-kinase activity, we suggest that AGM-1470 probably
inhibits the signal transduction pathway leading to neutro-
phil activation in a manner that is independent of PI
3-kinase. We previously reported that the PKC pathway,
leading to the activation of p705®X, is distinct from the PI
3-kinase pathway in neutrophils [20]. Therefore, any con-
tribution of PKC towards neutrophil activation may be
independent of PI 3-kinase. Our results indicate that the
neutrophil oxidative response mediated by PI 3-kinase is
independent of MAPK. It has been observed that in other
cell lines, MAPK can be activated independent of PI
3-kinase activation [31-36]. We propose that neutrophil
oxidative responses are regulated by multiple and distinct
pathways that utilize MAPK and PI 3-kinase, and that
AGM-1470 functions to inhibit neutrophil activation in a
MAPK-dependent, PI 3-kinase-independent manner that
requires PKC activity.

The signaling pathways leading to neutrophil activation
have not been elucidated completely. The use of various
agents as pharmacological probes has provided novel in-
sights into the biochemical nature of signal transduction
molecules and pathways that lead to neutrophil activation.
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These agents also have been utilized to identify putative
pharmacological targets for therapeutic intervention
against leukocytes and other cells. This study has utilized
the anti-angiogenesis agent AGM-1470 to further dissect
the pathways leading to neutrophil activation in response
to various agonists. We have demonstrated that AGM-
1470 suppressed fMLP- and PMA-stimulated neutrophil
activation and further established this drug as a prototypic
agent for a new class of potential anti-arthritic therapy. We
also have demonstrated that AGM-1470 inhibited PKC
activation in response to CPPD(T) crystals and fMLP, and
inhibited fMLP- and PMA-induced MAPK activity effec-
tively without affecting PI 3-kinase activity. From these
results we propose that at least two pathways exist leading
to the activation of neutrophil oxidative responses. One is
mediated by PI 3-kinase as has been proposed elsewhere,
whereas the other may be mediated in parallel with MAPK,
where a downstream effector probably also requires the
activity of PKC. Until very recently, the mechanisms by
which AGM-1470 inhibits neovascularization, endothelial
cell proliferation, collagen-induced arthritis pannus forma-
tion, and other arthritis-like symptoms, have remained
elusive [15, 16, 37-40]. The data presented here provide
further insight into the mechanism of action of AGM-1470
and the molecular signaling in stimulated neutrophils that
leads to respiratory burst activation by various agents.
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