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I. ABSTRACT

Mononuclear phagocyte activation enhances the functional properties of these cells, and
endotoxin (bacterial lipopolysaccharide) is one of the most potent agonists known to cause an
activated state. This model was used to investigate signaling pathways that regulate macrophage
activation. Exposure of mononuclear phagocytes to lipopolysaccharide resulted in rapid and
dose-dependent increases in tyrosine phosphorylation of a set of proteins. This was due, at least
in part, to increased tyrbsine kinase activity. In particular, compared to untreated cells,
lipopolysaccharide-treated monocytes showed increased activity of the Src-family tyrosine kinase
p53/56, In addition, both tyrosine kinase activity, as well as tyrosine phosphorylated
proteins without endogenous kinase activity, associated with the lipopolysaccharide receptor
CD14inan inducible nianner.

Lipopolysaccharide treatment of monocytes also activated thg lipid kinase,
phosphatidylinositol 3-kinase-in a dose and time dependent manner. Activation of this enzyme
resulted in increased levels of D3-phosphorylated phosphoinositides and this response was
mediated through CD14. Activation of phosphatidylinositol 3-kinase also resulted in its
association with -activated p53/56%" without leading to a detectable change in the tyrosine
phosphorylation state of the p85 regulatory subunit of the enzyme.

| Increased protein kinase activity is not restricted to tyrosine kinases, as
Iipopolysaccharidg also activated serine/threonine kinases. Anion exchange chromatography of
endotoxin-treaAt'ed mononuclear- phagocytes showed i‘.ncreased myelin basic protein-kinase

activity eluting as two major peaks. Based on immunoreactivity and substrate preference, the

earliest eluting peak, peak “one” was identified as p42/p44 mitogen-activated protein kinases.




Tyrosine phosphorylation of both p42 and p44 mitogen-activated protein kinases increased in
response to lipopolysaccharide. The second peak of myelin basic protein-kinase activity, peak
“two”, was identified as protein kinase C-¢, an atypical isoform of protein kinase C. This
conclusion is based on immunéreactivity, substrate preference, and cofactor independency of
the enzyme.

The cellular mechanisms regulating the activity of brotein kinase C-¢ were investigated.
Protein kinase C-¢ activation by Iipopolysaccharidé occurred downstream of phosphatidylinositol
3-kinase. This conclusion is based on two findings: (i) phosphatidylinositol 3-kinase inhibitors
blocked activation of protein kinase C-{, and (ii) transfection of cells with a dominant negative
mutant of phosphatidylinositol 3-kinase impaired activation of protein kinase C-{ by
IipoponSaccharide.

Functional responses of mononuclear phagocytes dependent on signaling pathways
. involving phosphatidylinositol 3-kinase were examined. Phosphatidylinositol 3-kinase inhibitors
abrogated lipopolysaccharide-induced adherence, but not adherence induced in response to
phorbol lZ-myristaie 13-acetate in the monocytic cell line THP-1. In contrast, induction of
transcription of cytokine genes by lipopolysaccharide was independent of phosphatidylinositol
3-kinase. |

In conclusion, examination of lipopolysaccharide signaling in mononuclear phagocytes

showed that endotoxin activates both protein and lipid kinases including p53/56/%7, p42 and
p44 isoforms of mitogen activated protein kinase and' phosphatidylinositol 3-kinase through a
CD-14 dependent mechanism. Activation of PKC-¢ is phosphatidylinositol 3-kinase dependent

and signaling through this lipid kinase regulates monocyte adherence, but not cytokine

production induced by Iipopolysaccharide. Given the requirement that monocytes must adhere




to endothelium, to other leukocytes and to extracellular matrix proteins in order to mediate

functional responses, it may be possible to modify macrophage responses to lipopolysaccharide

and perhaps other agonists by targeting phosphatidylinositol 3-kinase.
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VIil. INTRODUCTION/LITERATURE REVIEW

MONONUCLEAR PHAGOCYTES

- Mononuclear phagocytes (M¢s) are important components of both innate resistance
and adaptive immunity. After extensive development in the bone marrow&, rélatjvely immature
monocytes enter the circulation and migrate to tissue sites where théy mature and differentiate
into macrophages (1). Whether circulating or in the tissues, M¢§ are subject to é Iafge variety
of signals, both stimulatory and inhibitory in nature. This is especially ltru‘e when homéos_tasis is
altered, as occurs duriné tissue injury, inflammation and sepsis.. Under thesé c;)nditions, many
of the innate propertiesv'of macrophages change, including their morphology and metabolism
(2). These changes are associated with the induced expression of various gene products that
enable the cells to perform functions otherwise not achieved by resting cells. Thfs process of
macrophage activation results in the appearance of an “immunocompetent” cell. Activated
cells show enhanced responses to lymphokines and become highly secretory cells, with their
secreted products exerting a wide variety of effects on many cells types (3). These products
include lipid-derived inflammatory mediators such as platelet-activating factor (PAF) and
prostaglandins, as well as chemokines that recruit other inflammatory cells to the site 6f injury,
reactive oxygen species involved in microbial killing, cytokines such as tumor necrosis factor
(TNF-a) with tumoricidal and microbicidal activities, and growth factors such as fibroblast
growth factor and transforming growth factor-B (TGF-p) that promote repair of injured tissues.
M¢s are essential not only for natural immunity, but they also have evolved to play critical roles

in acquired immunity. They are efficient in presenting foreign antigens to T cells , they bind -



and phagocytose particles opsonized with complement, IgG, or other opsonins, and they
respond to cytokines secreted by T lymphocytes and other cells (4-6). Activated M¢s play a

central role, therefore, in the host response to external stimuli.

LIPOPOLYSACCHARIDE (LPS)

Amongst the most potent stimuli known to lead to M¢ activation are bacterial products.
The classical and most thoroughly studied microbial 'product known to activate M¢s is
endotoxin or lipopolysaccharide (LPS), derived from cell walls of gram negative bacteria.
Qualitatively, LPS is able to elicit many, but not all of the responses usually attributed to
activated M¢s (7,8). As has already been mentioned, this may be necessary as part of a proper
protective innate host response against gram negative infection. However, uncontrolled M¢
activation can be deleterious to the host and many of the clinical manifestations of systemic
bacterial infections such as fever, hypotension, and metabolic dearrangements can be
attributed, at least in part, to the effects of LPS on M¢s (9).

Numerous studies have been performed to delineate the structural comppnents of LPS
(10-13). The minimal structure of endo;_oxin consists of a lipid combonent termed lipid A and
a core hydrophilic polysaccharide region formed minimally by at least one or two, 2-keto-3-
deoxyoctonic acid (KDO) residues o} KDO derivatives (Figure 1). The composition of the
hydrophilic region is:usually éonsiderably more complex, however, and is highly variable. In
Enterobacteriacéa, for example, it is formed by a heferopolysac,charide consisting of a core
oligosaccharide and an O-specific chain z(smo_oth- or S-LPS}. The structure of the core region
may be subdivided further into outer and inner components, the latter being formed by KDO

and heptose residues (11), and the former consisting of the common hexoses D-glucose, D-



3
§
galactose and N-acetyl-D-glucosamine. Besides broviding an attachment site for O-antigen, the
function of the outer core is not khown.

The O-specific chain is a polymer pf oligosaccharides, containing between two and eight
sugar monomers. Further complekity is added by the fact that the composition of the repeating
units in the O-side chain differs from strain to strain within a serotype and exhibits large
structural variability. This region also functions as an important surface antigen and determines
the serological specificity of the LPS variant and of the bacteria containing it. The synthesis of
the O-specific chain is determined by a .cluster of genes termed rfb. A second type of LPS, the
rough or R-type, lacks the O-specific chain, and was first identified in enterobacterial mutants
with a defect in the rfb locus. Mutants are able to grow and multiply /n vitro indicating that the
O-specific chain is not necessary for bacterial viability.

\

Polysaccharide Phospholipid

O-Specific Chain Outer Core Inner Core Lipid A

Figure 1. Chemical structure of lipopolysaccharide. From. Holst, O. et al. (13).

Lipid A is a phosphoglycolipid that, together with the KDO-containing inner core, is the

most conserved structure of'LPS. It contains a B(1-6) residue-linked disaccharide with one

glycosidic and one nbn-g1ycosidic phosphoryl group and medium to Iong chained fatty acids




linked by amide and ester bonds (10-13). Despite being highly consen(ed, variations in its
structure exist. These derive from the type of hexoseamine residues present, the degree of
phosphorylation, and the nature and length of the acyl groups (11). Most of the effects of
“endotoxins on animals or on cuIturéd cells are attributable to lipid A, and certain chemical
modifications of the constituents of lipid A result in a biologically inactive endotoxin. Lipid A
expressing full endotoxic activity requires two hexosamine residues, two phosphoryl groups, and

six fatty acids with deﬁhed lengths and distinct positions.

A B
o/ﬁ OH l O/E OH
\o% \0%
o
o o
=0 0 =0 O  OH
o 3 o) -OH OH o
-° ho Ro
0 TN =0 :
—~OH g OH —OH o b

Figure 2. Chemical structure of lipid A (A) and the antagonistic lipid A partial structure, lipid

IVa (B). m= 14C-acyl group, I= 12C-acyl group. From Holst, O. et a/, (13).

Cells affected by LPS include not only those of the monocyte/macrophages lineage, but
also endothelial cells, smooth muscle cells, granulocytes and megakaryocytes. Brief exposure to

endotoxin or lipid A results in the production of bioactive lipids, reactive oxygen intermediates

and cytokines including TNF-a, interleukin 1 -(IL-I ), interleukin 6 (IL-6), interleukin 8 (IL-8)




5
and interleukin. 10 (.IL-VI 0), in addition to a multitude of other mediators (3). These responses

are observed in murine, rabbit and human Mg¢s of either alveolar, peritoneal or blood origin

(8).

LPS RECEPTORS AND LPS BINDING PROTEINS
Cell-associated LPS binding proteins
In the presence of serum, M¢s responses to LPS (or to lipid A) occur at concentrations

in the picogram to nanogfam/ml range. This sensitivity involves an LPS rece.ptor at the cell
surface, as well as a serum factor that facilitates LPS binding (14, I‘S). CD14, a myeloid
differentiation protein présent mainly on peripheral blond monocytes and macrophages, as well
as on neuﬁophils, has been shown to function as an LPS receptor. CD14 is anchored to the
ceII' mémbrane by a glycosylphosphatidylinositol (GPI) tail (16) and is also found in serumin a
soluble form. It appears that the GP! anchorlmayrnot be reduired for all the doWnstream
events brought about by LPS binding. This conc|u'sion is based on the finding that LPS is able
to induce identical cellular responses in the 7OZ/3‘ B lymphoma cell line, stably expressing
CD14, irrespective of whether it is expressed as an integral membrane protein or.if it is
anchored to the membrane by a GPI tail (17). |

| Several experimental ,observations‘ indicate the existence of other LPS cell surface
receptors in M¢s in addition to CD14. For ex'amplle, antibodiés against CD14 are not able to.
block completely responses to LPS when the Vlatter is nsed in concentrations > 100 ng/ml.
Similarly, promonocytic cell lines such as U937 and THP;I express very low levels of CD14,

but are still able to respond to LPS in concentrations > 100 ng/ml. Likewis'e, cell types that do

not express CD14 such as, 70Z/3, respond to concentrations of LPS in excess of 100 ng/ml




(18). These findings indicate that, both in CD14 negative as well as in CD14 positive cells,
there appears to be other cell surface proteins that can bind LPS and transmit signals, albeit at
concentrations higher thaﬁ those required for signaling through CD14. The function of CD14
as an LPS receptor in M¢s and polymorphonuclear phagocyte§ (PMNs) will be discussed in
more detail below.

Using a photoactivatable, radioiodinated LPS, Halling et a/. (19) described the presence of
several proteins in human blood cells, including M¢s, that are able to bind LPS in a specific
manner under serum free conditions. A 73 kDa LPS-binding protein was- noted to be present
in the aiffé;'ent cell types examined in this study. The qUestion of whether this protein is at the
cell surface or intracellular was not addressed in this work. In the same study, when
lymphocytic cells were examined, several additional lower molecular weight LPS-binding
proteins were detected, the most abundant having approximate subunit sizes of 50, 31 and 18
kDa. These secondary proteins were als_o present in the adherent monocytic preparations,

although they were less prominent. Surprisingly, éven though several other LPS-binding
protéins were reported, none had a size in the rahge of 55 kDa, potentially corresponding to
CD14. Lei ahd Morrison (20) desﬁribed a» similar LPS binding protein of 80-kDain Band T
lymphocytes and in lerine rﬁacrophage membranes with specificity for the lipid A region of
LPS. Approximately S,OOO-I 0,000 molecules of_this putative LPS receptor were detected on
these cells indicating that it appeared to be less abundant than CD14 [approximately 1x105
copies/monocyte (21)]. Ch'en‘and colleagues reported that addition of puﬁﬁed mAbs speciﬁc

»

for the 80-kDa protein to bone marrow-derived macrophagesl from LPS-responsive CIH/HeN

mice, led to activation of these cells for tumoricidal activity towards mastocytoma cells in vitro

(22). In contrast, when these antibodies were used with M¢s derived from LPS unresponsive




C3H/He) mice, no tumoricidal activity was observed, even though there was equivalent binding
of mAD to cells from these two strains. Using affinity-purified rabbit antibodies with specificity
for thé-80 kDa protein, and a variety of techniques to detect this protein at the surface of
thioglycollate-elicited peritoneal macrophages, Perera et a/. (23) were also unable to detect any
difference in the surfacé expression of this putative 80-kDa LPS-receptor from cells derived
from C3H/HeH and C3H/He) mice. Taken together, these results indicate that LPS
hyporesponsiveness in macfophages from C3H/He]) mice is not due to lack of this ~ 80-kDa
LPS-binding protein, but to events distal to LPS binding.

Although some of the data regarding this 70-80-kDa LPS binding protein suggest that it

may be a functional receptor, recent findings have called this into question. Dziarski (24)

reported in 1994, that a 70-kDa protein present on the surface of lymphocytes and

macrophages, capable of binding LPS, was in reality, cell bound albumin. Species-specific anti-
bovine, anti-human, and anti-mouse albumin antibodies recognized the 70-kDa protein on
mouse and human cells according to 'd1e species of albumin that was present in the culture
medium or in the serum /n 'vivo,'but not accordihg to the species of the cells. Anti-albumin
antibodies immunoprecipitated a radiolabeled 70-kDa prdtein from 125]-ASD-LPS cross-linked
THP-1 cells grown in the presencev of FCS. qutherhor’e, sbluble albumin per se was also found
to- bind radiolabeled-LPS /in V/’t_rb. Last!y, this “LPS-binding protein’ was shown to originate
from the cell culture medium or from the serum in vivo, but was not produced by the cells.
Thus; these results indicate that} this 70-8Q-kDa putative LPS réceptor may be an artifact.

In addition to tl;le proteins described above, some of which may function as specific

receptors for LPS or lipid A, there are other macrophage receptors with well defined ligands

that have also been shown to bind LPS. Among these, the scavenger receptor has been




reported to bind Iipid A. For example, subsequent to binding to the scavenger receptor, lipid
IVp, a bioactive precursor of lipid A, is metabolized to a less active form by the .murine
macrophage-like RAW 264.7 cells (25). Both binding and deactivation of lipid was shown to
be mediated by the macrophage scavenger receptor. It seems unlikely, however, that this
protein is involved as a functional LPS receptor in mononuclear phagocytes, since its natural
ligand, acetylated LDL, is unable to block induction of TNF-a production by endotoxin.
Similarly, Golenbock et al (26) found that transfection of CHO cells with CD14 confers
responsiveness to LPS as assessed by arachidonate release. In contrast, transfection with the
macrophage scavehger receptor failed to produce the same effect. Thus, while not functioning

as an LPS “signalin'g” receptor, the macrophage scavenger receptor may play an important role
| in clearance and detoxification of LPS /in vivo.

Members of the CD18 or B2 complex of Ieukotyte integrins (CD11a-¢/CD18), are
known to participaté in numerous cell-cell and cell-substrate interactions. In addition to
functioning as adhesio.n holecules,’ B2 integrins. on monocﬁes, macrophages and
polymorphonuclear leukocytes (PMN) have also been shown to bind LPS (27). Using
antibodies against this compléx, Wrigﬁf and c_owovrker's‘ (28) were able to block the binding of
particu]ate LPS to M¢s when it was preseﬁted on the sur_face of bacteria or as LPS-coated
efythrocytes. However, the imbortance of this complex in M¢ fu:r.1ctional response to LPS is
unclear for several reasons. Firs;, antibodies .to CDI.8 do not prevent LPS-induced synthesis of
TNF-d by ’wﬁole human blood (29); ‘Sec<.)r.\d, antibodies agﬁinst CD11a, CDI IB or CD18 do
not block the LPS-induced secretion of IL-I‘B and TNF-a by normal human monocytes (30).
Finally, M¢s from _patients genetically deﬁcient in CD 18 show /n vitro responses to LPS that are

indistinguishable from those observed using cells from normal volunteers (31).
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Recombfnant human CD14 expressed at the surface of Chinese hamster ovary (CHO)
fibroblasts interacts rapidly with LPS in the presence of serum or LBP, being almost complete
within 5 min and reéching maximal binding by 10 min (32). If LPS and LBP are preincubated
before being présented to the cells, binding occurs in a similar manner either at 10 © or 20 °C,
This suggesfs that this process does not require extensive mobility of CD14 within the cell
membrane. The molar ratio of LPS bound to surface CD14 varies from 8:1 to 20:1. One
exblanation for this high stdichiometry is that LPS is present, not as a monomer, but as an
aggregate of 8 to 20-mers and binds to CD14 as such. Another explanation is that CD 14 hﬁs
multiple LPS binding sites. In this respect, it has been found that there are ten leucine-rich
. repeats within CD14 that may be LPS binding motifs (33). If each leucine repeat has the
capacity to bind one or.two LPS molecules, this would a_IIow for the observed stoichiometry.

Several human, promonocytic cell lines have also been used to study the effects of LPS.
.T_HP-I, U937 and HL-60 are amongst the cell lines used most commonly. Although CD14
can be detected in some of these cell lines (21,34) the level of expression of CD 14 is minimal,
and these cells respond poorly to Ibw Eoncentrations of LPS in terms of IL-1 and TNF-a
production. Treatment of immature THP-I cells with vitamin D3 induces the expression of
CD14 in a time _and dose depen_dent'}manner‘. After 48-72 h of treatment with 100 nM of
D3, maximal expression of CDI}4 is 6b§erved 3 5-fo|d increase over baseline), whereas
expressidn of other surface ma‘rkers;. such as CD18 increase less s_ubstantially (35). As THP-1
cells diffe;entiate in the presence of D3,.they become increasingly responsive to LPS and LPS-
LBP complexes. This phenomenon |s likely .explained .by the interaction of the LPS-LBP

complex with CD14 now present at the cell surface in greater numbers. Induction of

competence for LPS cell activation is also seen in cells that are stably transfected with CD14.
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CD14 wansfected murine. B-Iyn;phoma cells respond to 1000-fold lower LPS concentrations
than do parental CD.I 4-negative cells (18,36,37). Similarly, CHO fibroblasts, a CD14
negative, LPS-unresponsive cell line, also become responsive to LPS when transfected with
CD14 (26).

CD14 present at the surface of.neutrophils appears to be i‘ndistinguishable from M¢-
CD14. Asis the case for monocytes, it is also anchored to the membrane of PMNs by a GPI-
tail and is shed into the culture medium. M¢s and PMNs derived from patients with
paroxysmal-nocturnal hemoglobinuria >(PHN), a disease characterized by a defect in the CPI-
anchoring mechanism of proteins, Show decreased levels of mCD 14 (16,38,39). /n vitro, cells
from patients with PHN exhibit diminished functional responses to LPS, thus further
substantiating the critical role of CD14 in LPS signaling.

The precise role of membrane CD14 in LPS signaling is a subject of infense interest.
Some insight into this question was provided by Kuhns er a/. (40) who-repOrted the case of a
1 5-year old patient with recurreﬁ; bacferial infections who showed hyporesponsiveness to LPS,
both /n >VI;V0. and /in vitro. The neﬁtrophils and monocytes from this patient showed normal
levels of various: ;urface markers, including CD1 4; and- the binding of LPS to CDI 4 was not
different_frdm that observed u.sing cells from normal donors. /n vitro incubation of Mos with
LPS and IL-1 failed to induce the produ_ctjon éf either TNF-a or gr;inulocyte colony stimulating
factor .(G-CSF).? LPS priming of neutrophils for N-formyl-methionyI-IeUCyijhenyIalanine
(fMLP)-induced superoxide productibh was also deficient, while the Cells responded to TNF-a-

and PAF-priming for fMLP-ihduced superoxide production. The defect in this patient’s cells,

appears to localize to an early 'upstream event in the signal-transduction pathway activated by
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LPS and IL-1. Thus, although required for binding of LPS to M¢s, the presence of CD14 per se

is not sufficient to confer functional responsiveness.

Soluble LPS binding proteins

A méior advan'ce in the understanding of LPS signaling was the discovery of LPS binding
protein (LBP), a plasma protein capable of binding LPS specifically and which is .required for
Iigand binding to CD14 (41,42). LBP is present in human serum at concentrations of < 5
ug/ml, and iﬁéreaseé more than tén-fold after induction of an acute phase response, a
phenomenon that develops rapidly after.an infection where the concentration of a number of
serum proteins increases dramatically. LBP has ‘a predicted size of 50 kDa and is producgd in

the liver. Before secretion, LBP is glycosylated and circulates as a 60 kDa glycoprotein with a

. binding site for lipid A, the active component of LPS (43). The binding of LPS to LBP appears

to be mo‘noméric, with a dissociation constant of 10" M (43). The region of LBP between
amino acids 7 and 10 is necessary fOr signaling, but not for LPS binding, as constructs Iackiﬁg
this region, although capable of binding LPS, are unable to mediate LPS-dependent up-
regulation of IL-6 in U373 cells, integrin activation in neutrophils, or NF-xB activation in
ue37z chIs (44). The N-terminal 197 residues o_f the protein are involved in LPS binding
(45). In the presence of LBP, rabbit peritoneal exudate Mé¢s respond to LPS at <1 ng/ml by
secreting TNF-a. Under these conditions, cells also show more rapid induction of cytokine
mRNA, higher steady-state mRNA Ieyels énd increased mRNA.stability for TNF-o. when
compared to serum-free cbnditions (46,47). Similar_effeéts'of LBP are observed in the

responses of rabbit and hunian élveolar M¢s to LPS (48). The role of LBP is believed to be to

bind endotoxin in blood and to transfer it to CD14 at the cell surface. Thus, by making LPS
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more readily available to the cell, LBP lowers the threshold concentration of LPS required to
activate CD 1 4-positive cells (49).

~ Wright and coworkers (50) described a distinct plasma constituent named septin, also
able to bind to LPS. | Septin activify is present at very high levels in plasma and is thought to be
formed by at least two protein species requir_ing proteolytic degradation of one of the
components for LPS opsonic activity. The biological activity of septin appears to be similar.to
that of LBP and a model has been proposed in which, like LBP, septin mediates binding of LPS
to CD14 in Més and PMNs. According to this model, the concentration of LBP in serum
under basal conditions -in the absence of an ﬁcute phase response- is too low to mediate
efficient transfer of LPS to CD14. This model proposes that under normal conditions, septin
and not LBP is the principal means for opsonizing LPS for recognition by CD14.

As discussed above, over 90% of the total pool of CD14 detectable in the circulation is
accounted for by soluble CD14 (sCD14) with the remainder being associated with M¢s or
PMNs. Soluble CD14 is estimated to have a concentration in plasma of approximately 5 ug/mi
(51). There appears to be two sources fo'r. sCD14: (i) mCD14 is shed from the cell surface by
protease dfgestioﬁ, and_ (ii). before export to the cell sﬁ?fa'ce, some of the in&acellular pool of
CDI4 esdpes the GPl-anchoring broéess and is Secreted. The latter mechanism is supported
by the ﬁndihg that part of the sCD14 shed from cells spontaneously at 37 ©C lacks
ethanolamihe,pre;ent in the GPI-tail of normal mCD14 (16). Additional evidence that this
form of sCD1 4; present in the vculture. supernaﬁnt.of CD14" cells as well as in various body
fluids, is not derived from mCD14, is its’moleculér size of 56 kDa. In contraSt, sCD14
genera;ed from protéolytic release of mCDI4 has a mdlecular mass of 48 kDa. Protéins

reserved for GPI anchoring have a C-terminal hydrophobic region of about 30 amino acids that
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serve as a signal peptide for an enzyme responsible for GPI tailing. Normaﬂy, this peptide is

replaced by the GPl'anchor. Escape from this process, results in an unprocessed C-terminus

and direct secretion. As demonstrated by Bufler et al (52), the larger (56 kDa) form of

~ sCD14 is not truncated at the C-terminus implying that the protein escapes the GPI anchor

attachment and is directly secreted.

The surprising finding that some CD14-negative cells are able to respond to LPS
suggested the possibility that other LPS receptors besidé; CDI 4 might be present in these ce]ls,
or that sCD14 present in blood might be involved in mediating these responses. In the
presence, but not in thé absence of hormal human serum (NHS), CD14-negative human
umbilical vein endothelial cells (HUVEC)‘ respond to LPS by producing increased levels of PAF
(53), TGF-‘B‘ and intercellulaf cell adhesion molecule 1 (ICAM-1) (54), and activation of the
transcription factor NF-xB (55). Frey and coworkers (56) demonstrated that in the presence'
of NHS, HUVEC respond to LPS in the range of 1-10 ng/ml with ,i.ncrea'sed producti;)n of
endothelial-leukocyte adhesion molecule 1 (kELAM-I) after a 4 h treatment, and U373 -ceIIs
produce IL-6 after 24 h of incubation Wi.th' 0.1-100 pg/ml LPS. CD14-negative pulmonary
arterial endothelial bovine cells (CPAE) also respond to LPS in the presence of NHS resulting in
enhanced cell permeability and cell death. None of these effects of LPS in these two cell types
are observed if serum is omitted or if if has been immunodepléted_ of sCD14 (56). If sCDI4
aﬁts ih a marinef sfmilar to LBP, i.e. simpiy as é carrier for LPS, it would bé expected that LBP
couldasubstjtute for sCDl'4'_in this s‘ys_tem.‘ However, the involvement of LBP in this system

seems neg1igible as it is not able to support the responses brought about by the presence of

'sCD_I 4. In addition, Frey and co,wor.kersj found' that IL-6 prqducﬁbn by CD14-negative U373

cells in the presence of NHS is also blocked by preincubation with anti-CD 14 antibodies, but
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not by control anti-CD18 antibodies. Haziot et al. (54) noted that LPS is able to bind to
sCD14 directly, and that under serum-free cenditions, 5-50 ng/ml of LPS- elicits ICAM-I(
expression in human endothelial cells if sSCD14 is present. However, working with ‘lower
cdncentrations of LPS (5 ng/ml), it} was feund that sCDi4-stimuIated activation is enhanced in
the presence of LBP. These results suggest that sCD 14 alone is sufficient for opsonization and
presentation of LPS to CD | 4-negative cells. As a corollary to vthis, »for cells devoid of mCD14,
the lack of surface anchor does not hinder the capacity of sCD14 to bring LPS to the cell
surface in a manner that elicits iunctional responses. This implies that sCD14 may bind to
additional proteins on the cell resulting in transduction of a signal. In this respect, Vita et a/.
ret)orted specific and saturable binding of sCD14 in a manner indicative of a receptor-ligand
interaction, consistent with the presence of a cell surface binding structure for complexes of LPS
and sCD14 (57).

The observed effects of sCD14 on CD14-positive | cells have been somewhat
inconsistent. Human M¢s vshow increased synthesis of PAF when stimulated with LPS (1 ng/mi)
in the presence of LBP. However,'\ivhen sCD 14 is added to LPS-LBP, a signiﬁcant reduction of
this response is observed (53).. A similar effect is observed in peripheral blood Mé¢s, where
increased secretion of TNF-a in response to LPS in vthe presence of LBP is blocked by sCD14 in
a dose dependent‘manner (58). In the murine n10del of -endotoxic shock, the use of
recombinant sCD14 has proven beneiicial as it is able to protect animals from LPS-induced
mortality (58). These'results‘ indicate that the predoniinant effect of sSCD14 on CD1 4lpositive
cells is inhibitory in respect to LPS action. By contrast, freshly isolated PMNs show LPS-induced

adherence even when sCD14 and LBP are pre'sent simultaneously (59). It has also been found

(49) that the sensitivity of_human Mgs (IL-6 production) and neutrophils (adherence) to
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complexes of LPS-LBP is the same as for complexes of LPS-sCD14. Thus, depending upon the
experimental conditions, the effects of sSCD14 on CD14+ cells have been observed to be either
inhibitory or indifferent when LBP is also present, and in fact, sCD 14 can substitute for LBP in

some systems.

Seyeral models can be proposed to explain how LPS. might induce a signal through
bihding to CD14. In the first model, when LPS or LPS-LBP bind to mCDI4, the receptor
directly initiates a signaling cascade leading to activation of the cells. The fact that anti-CD14
antibodies mimic some LPS-eIicited responses such as induction of homotypic adhésion (60),
indicates that occupancy of CD14 alone might be sufficient to elicit a response. CD14,
however, does not need to be the signal transducer per se. A protein analogous to gp130 in
the IL-6 receptor complex could be active in the LPS system and be respo-nsible for Uansduciné
the signal into the cell after LPS binds to CD14. A second model may be envisioned in which
~ CD14 brings LPS to the membrane, acting Iiké 5 shuttle, delivering it to a transmembrane co-
receptor which is responsible for propagation of the signal. |

CD14 may also function.as a ”'patt_érh recognition” receptor with the capacity to bind
structural components common to multiple micrébial ligands, bﬁt without providing by it.§e|f
ligand-specific respohses. With respecﬁ to ligand binding, CD14 appears not to discriminate
between stimulatofy, molecules, and thbse that are antagonistic to the effects of LPS. For
instance, CD14 is capable of bfnding to.lipid A, to soluble peptidoglycan from graﬁ positive
bacteria (61), or to Iipoarabinomahnan from Mycdbacteria (62), as well as to antagonists, such
as lipid IV, (63), deacylated LPS (64,65), or LPS from Rhodoba;ter sbheroides (66,67).

Despite binding to CD 14, M¢ responses to these various ligands are disparate. These findings



16

point to the presence of an as yet unidentified element, distinct from CD14 that is responsible

for signal propagation in response to LPS which imparts functional specificity.

LPS-INDUCED CELL SIGNALING
Protein Tyrosine Kinases |

The functional cons'eqbuences of M¢ activatioh by LPS have been studied extensively and
are well described [reviewed in (8,9,13)]. However, the details of the intracellular events that
take place after engagement of LPS at the cell surface are only now beginning to be elucidated.
Ligand-induced protein tyrosine -phosphorylation is a fapid and common event mediati‘ng
subsequent intracellular responses through diverse receptors in many cell types (68). Increased
protein tyrosine phosphorylation in resbonsg to LPS is also observed in murine and human M¢s
(69-71), and in B cells transfected with CD1 4.(36,37). In the presence of sCD14, bovine
and human endothelial cells also resbond .to LPS with transiently increased tyrosine
phosphdry;lation (72). |

Tyrosine phosphorylation appeafs to. be ’irﬁportant for downstream events‘ taking.place
after LPS sﬁfnulétion. Treatment with‘_the'.p_rotein tyrosine kinase (PTK) inhibitor Herbimycin
prevents LPS-induced r.elease'of eicosanoid .mediétors from the 'r:nurine M¢ cell line, RAW
264.7 (69). Herbimycin also bIocks' LPS-inducéd tumoricidal activity (73,74) and nitric oxide
synthase activity of peritoneal M¢s '(21.). Protein ;yrosine kinase inhibitors of the tyrphostin
family have al's_d been observed to protect mice 'égains_t LPS-indLlced lethal toxicity (75).
Inhibition of tyrosine phosphorylation by these yarious compounds appears to correlate with
their capacity to block LPS;induced production of TNF-a and nitric oxide by M¢s in vitro, as

well as LPS-induced production of TNF-a in vivo.
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The importance of tyrosine kinase activity for LPS-elicited responses of M¢s vcontrasts
with ﬁndiﬁgs in CHO cells transfected with CD14. CHO cells expressing CD 14 show Mg-like
responsiveness to LP'S.as treatment with endotoxin results in the production of arachidonate in a
dqse and time dependent manner similar to that observed in M¢s (26). However, in contrast
to Més, no increased tyrosine phosphorylation is observed in CD14 positive CHO cells after
LPS treatment. Furthermore, in CD14-transfected CHO célls, translocation of NF-xB by LPS,
usually considered equivalent to its activation, is PTK-independent. This conclusion iS based
upoﬁ the finding that LPS-induced translocation of NF-xB is not blocked by pretreatment with
either herbimycin A or genistein (76). These ﬁnding; suggest that tyrosine phosphorylation is
not always z;n eséntial event in eliciting functional responses to LPS. NF-xB had béen thought
to play a central role in the transcription of the IL-1p gerie. HOwever, in contrast to the finding
on translocation of NF-kB in CHO cells, LPS-indﬁced expression of IL-1pB in M¢s, is attenuated
by PTK inhibitors. These apparently conflicting results, can be expla_ined nevertheless, by the
fact that even though treatment with tyrosine kinase inhibitors does not block NF-xB
translocation, its ability to induce transcription is ihﬁpaired under these conditions, indicating
that translocation to the nucleus per se might n-ot be sufficient to induce transcription (77).

At least some of the tyrosine kinases that bécome activated in LPS-treated M¢s belong
to the Src family of protein tyrdsine kinasés. In addition, treatment of macrophages with either
LPS or LPS and interferon-gamma (IFN-y) has been shown to increase steady-state levels of
p58/64/7d" and p53/56/1 (78,79). Stefanova et al. (80) demonstrated that in human Mgs,
LPS treatment results in the transient activation of p53/56/)”7, p58/64/7‘/‘, and p 592", In this
system, despite its‘l_-lack of a transmembrane do.main, CD14 was shown to associate with

p53/56/YM in LPS-treated cells. In this regard, CD14 is similar to other GPI-linked molecules
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" such as decay écceleraﬁng factor, CD59, CDS5, and CD48 whiéh have also been reported to
associate with Src tyrosine kinases in agonist-treated cells (81-83). Despite the unambiguou(s ,
evidence that LPS brings about activation of Src kinases in Mos, it is not clear to what extent
this is mechanistically important. Thus, Meng and Lowell (84) recently showed that peritoneal
and bone marroW—derived Més from hck-/-fer-/-lyn-/4riple knock-out mice have no major
defects in LPS-induced activation in terms of nitrite production and cytokine secretion.
Similarly, it was found that the tumoricidal capacities of bone marrow-derived M¢s from these
animals were appropriately ehhanced after LPS stimulation /in vivo. In the case of peritoneal
Mg¢s, induction of tumori;idal activity was only partially impaired. These results seem to
indicate that despite the biochemical evidence that Hck, Fgr and Lyn are activated by LPS
treatment of Més, cells devoid of these proteins and expressing no other détectable Src-family
kinases, appear to have normal functional responses to LPS. It is important to note, however,
that the responses measured by Meng and Lowell were induced after prolonged exposure to
IFN-y and LPS. Under similar conditions, Ziegler and coworkers (78) reported that exposure
to LPS for 6-24 h resulted in incréased expression of Hck in human macrophages and this was
potentiated by priming of cells with IFN-y. | Therefore, the possibility exists that incubation of
macrophages from knockout mice for prolorjged p-eriods with LPS and IFN-y may induce the de
novo expression of protein kinases -including Src-famfly kinases- that are not abundant under
basal conditions. These newly in-duced' enzymes may _bé able to compénsate for the absence of

Lyn, Fgr, and Hck.
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Phosphatidylinositol 3-kinase

Ndn-receptbr tyrosine ‘kinases have been shown to associate not only with cell surface
receptors, but also with cytosolic proteins. In this regard, the p85/p110 lipid kinase,
phosphaﬁdylinositol 3-kinase (Pl 3-kinase) has been found‘to .associate with tyrosine kinases and
with other tyrosine phosphorylated proteins in response to a variety of signals including those
mediated by growth' factors, cytokines and G proteins (85-87). Prior to the studies repbrted in
this thesis, no relationship between LPS signaling and Pl 3-kinase had been established.
However, since Pl 3-kinase is known to be activated in association with tyrosine kinases -some of
which are known to be regulated by LPS-, we postulated that Pl 3-kinase may be involved in
LPS cell activation. - |

Pl 3-kinase phosphoryl;tes the hydroxyl group at position 3 (D3) on the inositol ring of
phosphoinositides (88). The niost thoroughly studied of the Pl 3-kinase family is a
heterodimeric form comprised of a catalytic subunit (either p110c or p1 10B) and a regulatory
subunit (p85a or p85pB). The interactions of p85/p110 Pl 3-kinase with other tyrosine
phosphorylated signaling molecules appear to be mediated by SH2 domains in p85 and
phosphotyrosine residues in the interacting proteins. A second mechanism for this association
involves SH3 domains in p85 and.proline-rich regith in the associated proteins (89,90), or
vice versa (91). These interactions lead to ;he activation of the p110 catalytic subunit of Pl 3-
kinase resulting in increased levels of D-3-phosphbrylated metabol‘ites_ of phosphatidylinositol.
Another Pl 3-kinase enzyme, pl10y, present in neu&ophils and U937 cells, is specifically
-activated by G protein By subunits (92). This Pl 3-kinase does not interact with any of the
p85 subunits described thus f#r, and possesses a pleckstrin homology domain near its amino

terminus (93). A third PI '3-kinase family member has recently been _described by Stephens



20

and coworkers. This Gpy-activated Pl 3-kinase is a heterodivme.r comprised of a- 120 kDa
prbtein highly related to p110y, and a p101 subunit that is not substantially related.to protein
in current protein sequence databases (94). The tight association existing between these
subunits seems to be the mechanism for activation of the enzyme, as it Iead; to an amplified
effect of GBy on the Pl 3-kinase activity of p120.

The roles played by Pl 3-kinase metabolites in cell regulation are not completely clear.
Levels of these metabolites, especially PtdIns3,4P, and Ptdins3,4,5P3 (Figure 3), in resting
cells are negligible. Cell activation by various agonists, including membrane Ig cross-linking in B
lymphocytes (95,96), IL-1 treatment of fibroblasts (97), and fMLP activatidn of neutrophils
(88), leads to transient increases in their concentration. This supports a role for these
polyphosphoinositides as second messengers. In contrast to the activity displayed by the
enzyme in vitro, where Ptdins is the preferred substrate resulting in the formation of Ptdins3P,
levels of this metabolite change minimally /7 vivo in résponse to agonist treatment (85). The
D-3 phosphorylated phosph;)inositides are not substrates for phospholipases,l thus' they are not
sources of either inositol phosphates, or diachg1_YceroI§. D3-pﬁosphowlated phgsphofnositides
have been reported to bind to SH2 domains of Src and the p85 subunit of Pl 3-kinase, to PH

domains of Akt/PKB and to the non-receptor, Bruton’s tyrosine kinase and to other proteins

with noyel phosphotyrosine binding domains [reviewed in (98)].
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Figure 3. Metabolism of phosphoinositides. Generation ' of different.inositol-derived

“metabolites and the enzymes involved. K= kinase; PI/Ptdins = phosbhatidylihbsitol; PLC =

phospholipase C; Ptase = phosphatase.

Several downstream signaling elements appear to be regulated by Pl 3-kinase. This lipid
kinase, for instance, appears to mediate activation of p70%6K as treatment of cells with the Pl
3-kinase inhibitor, wortmannin, prevents activation of p7056% (99) and partially inhibits
activation of p42 and p44 MAP‘kinases by growth hormone (100), as well as platelet
activating factor-induced MAPK activatiovn in neutrophils (101). Similarly, activation p7056k
through the platelet-derived growth fac£0r (PDGF) receptor seems to be‘mediated by Pl 3-
kinase, as activation of p7059K js re'd‘uced either in PDGF-treated cells expressing a recepltor
unable to bind Pl 3-kinase, or in normal cells after treatment with wortmannin (102). The
protooncogene produci, protein kinase B (Akt/PKB) is also activated by growth factors
operating through Pl 3-kinase. It has been shown that activation of PKB is inhibited by
wortmannin and by coexpression of a dominant. negative mutant of Pl 3-kinase (103). In

addition, Akt-1/PKB is able to bind to Ptdins3,4,5P3 in vitro, but this binding does not affect
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- the enzymatic activity of the protein (104). T'hese' findings suggest that some other protein or
factor may be required for activation of Akt/PKB /in vivo, but that binding to phosphoinositides
might recruit PKB to the membrane where it is 'a'ctivat'ed in the context of other elements.
Thus, PI 3-kinase, or its metabolites, may act as priming agents, in a manner analogous to the
mechanism by which Ras is thought to prime c-Raf for activation. The involvement of Pl 3-
kinase in the activation of Akt/PKB is reinforced by findings that Akt can be directly regulated
by phosphatidylinositol 3,4-bisphosphate both in vivo and /in vitro (105). The PH domain
present in the. amino terminal region of PKB is known to bind to D3 inositol phospholipids /n
vitro (106), and PKB mutated at the PH domain is activated neither by PI 3-kinase in vivo nor
by PtdIns3,4Po in vitro (105). Other proteins with PH domains such as cytohesin and
“general receptors for phosphoinositides” (GRPs), have also l?een shown to bind PtdIns3,4,5P3
in vitro (107). A PtdIns3,4P,-dependent protein kinase-1 (PDK1) is also directly activated by
both PtdIns3,4P9 and PtdIns3,4,5P3, and interestingly, has been fouvnd to phésphorylate and
activate Akt /n vitro (108). Other poténtial .targets of a PI 3-kinase cascade include some
mémbers of: the protein kinase C family (PKC). Certain PKC isoforms have béen reported to
be activated by Pl 3-kinase fnetabolités (1.09) and this éspect is discussed below.

The functional alterations mediated by Pl 3-kinase are only now being elucidated. PI 3-
kinase has been implicated iﬁ protein sorting, as the sequence of the catalytic subunit p110,
shows homology with another lipid kinase Vps34p, a yeast enzyme impiicated in sorting of
proteins to vacuoles (86,110). In neutrophils, function‘él responses to chemotactic peptides
have been linked to activation: of Pl 3-kinase. Thus, the Pl 3-kinase inhibitors wor_tmannin. and
LY294002 have been shown to block B cell proliferative responsés (111), MLP-induced

superoxide production (112,113), and neutrophils treated with wortmannin develop

N
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oscillatory changes in F-actin content (114). In contrast to observations in neutrophils where
Pl 3-kinase does not appear to be involved in cytoskeletal rearrangements (113,114),

treatment of T cells with wortmannin leads to collapse of the actin architecture (115).

Protein kinase C and lP.S' cell ;ignaling

An important, ubiquitqus family of protein kinases also known to be involved in diverse
signaling pathways in mammalian cells is protein kinase C (PKC). PKC participates in cellular
differentiation, maturation and proliferation. This family of enzymes includes multiple isoforms
with different biochemical characteristics and distinct patterns of tissue distribution. Eleven
isoforms of PKC have been identified in mammalian tissues thus far, and they have been divided
into three subfamilies (116): classical or conventionaI-F"KCs (cPKC), new or novel PKCs
(nPKC) and étypical PKCs (aPKC). cPKC isoforms (o, B, BII, y) are activated by diacylglycerol
(DAG) and Ca+2, Tumor-promoting phorbol estérs act as analogues of the physiological
activator DAG, and activate some PKC isoforms in vitro. The nPKC isoforms (8, €, n, 6) do
not require Ca2+ and exhibit enzymatic activity in the presence of phosphatidylserine (PS) and
DAG or phorbol ésters, whereas the activities of dig members of ﬂ1e third PKC subfamily,
aPKC (£, A/1) are not affected by either DAG, Ca+2 or phorbol esters.

Regulation of atypical PKC_subfémin members is nofeworthy for marked differences
from that of other PKC isofofms. Phorbol esters have vbeen shown to have profound effects on
several members of the PKC family. Brief exposure of cells to phorbol 12-myristate, 13-acetate
(PMA), for instance, results in translocation of some PKC isoforms to the membrane résulting

in enhanced enzymatic activity. As well, prolonged exposure of cells to-this tumor promoting

agent results in reduced expression and downregulation of certain PKC isoforms [reviewed in
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(117)]. In con&a;g phorbol. ester treatmént of cells does not Uanslécate PKC to the
membrane (118), does not bind to it (119), and fails to alter its expression (120). The
| prim;lry structure of aPKC family members explains, at Ieast' in part, their atypical biochemical
characteristics (Figure 3). For example, atypical PKCs have on'Iy the first of two cysteine-rich
zinc-finger motifs, common to all other isoforms of PKC. These cysteine-rich motifs have been
reported to function in the phospholipid-dependent binding of tumor-promoting phorbol esters
or DAG, thus explaining the insensiu;vity of the aPKC isoforms to PMA. Likewise, the C2
domain present in cPKC members confers calcium sensitivity upon conventional isoforms of the
enzyme. Both nPKCs and aPKC lack a C2 domain and hence are insensitive to Ca2+ (Figure

4) (121,122).

Regulatory Domain : Catalytic domain
V1 Ci C2 VI C3 V4 . C4 V5
Zeta _ ' 4
Lambda/ I |
lota : A : A ’
’ Cys-Motif ATP-binding site

Figure 4. Structure of the atypical PKC isoforms. From Zhou G. et al (122).

The regulation of aPKC family members in vivo, especially of PKC-¢, is not yet fully
understood, but the substrate preferences of these enzymes and the effects of different

cofactors that modulate their activities /n vitro have been examined (123). As stated above, in
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contrast to other PKC isoforms, PKC-¢ expreSsion is not downregulated by chronic exposure to
phorbol esters. Depending on the assay conditions, the cell type, or whether it is a recombinant
protein, wide variations in the biochemical‘characteristics of PKC-¢ have been reported. Several
investigators have shown the activation of PKC- by Pl 3-kinase metabolites. In particular,
Ptdins3,4P2 and Ptdins3,4,5P3 have been shown to stimulate the activities of PKC-{ and PKC-1
(109,124). |

The role of PKC in LPS signaling has been somewhat controversial. Findings supporting
the participation of PKC in LPS signaling include experiments in which pretreatment of 774
cells with the PKC inhibitor H-7, abrogates LPS-stimulated tumoricidal activity (125).
Similarly, it has also been shoWn that LPS transiently activates a PKC in human monocytes and
treatjnent of these cells with H-7 completely blocks TNF-a. and IL-1p secretion in response to
LPS (126). Intracellular levels of the endqgenous-PKC activator DAG, were not, however,
significantly modified by endotoxin in this study, indicating activation of a DAG-independent
PvKC isoform. The identity of thé specific isoform(s)'_ihVOIved was not determined.

Translocation of PKC has frequently been associated with its activation, and this
phenomenon has been repofted “for '_différent effectbrs, especially for phorbol esters.
Thiogiycolate-elicited murine péritoneal Mﬂ>s show LPS-induced translocation of PKC-p to the
cytoskeleton. This effect is observedih LPS-respon‘sive C3H/HeN mice, but not in LPS-
hyporesponsive C3IH/He] mice. Never.tl'neless,' cells from the latter ar;imals show PKC
translocation in response to PMA (1'27). Results with murine macrophages, however, have not
been consistent in respect to PKC aétivation. Fof instance, Hamilton and coworkers were

unable to show LPS stimulation of Ca+2/DAG/PS-dependent PKC in murine peritoneal M¢s

(128).
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Numerous PKC-isoforms have been found to be expréssed in primary Més and in M¢
cell lines. For instance, thioglycolate-elicited peritoneal M¢s from C3IH/HeN (LPS-sensitive),
and C3 H/He] (LPS-hyporesponsive) mice express the conventional PKC-p isoform, as well as
two members of the nPKC family, PKC-8 and PKCr. PKC-Q, as well as PKCB-Il and PKC<
were observed to be expressed in the lerine M¢‘ cell Iiné J774 (129), and PKC-B, and PKC-a
have »'been‘.\ (ietected inA ‘human monocytes by Western blot analysis (130). Tﬁe human
promonocytic cell line U937 expresses, both PKC-BI and PKC—BII, as well as PKC-¢ (131).

The-pérﬁcipaiion of PKC-¢ in downstream events .SLlICh as acﬁvation of NF-xB has been
demonstrated in several different systems.. For example, activation Of.NF'KB is observed in
Xenopus laevis oocytes after insulin treatment or following microinjection of PC-phospholipase
C (PC-PLC). This effect is abrogated when cells are microiniected with peptide Z, a specific
PKC+ inhibitor based on the pseudosubstrate region of the enzyme (132). Likewise,
overexpression of PKC-¢ in NIH-3T3 fibroblasts is sufficient to stimulate a persistent
translocation of functionally active NF-KB. Transfection of a kinase-defective, dominant
negative mutant of PKC-{ dramatically inhibits kB-dependent transactivation Qf a reporter gene
(133) as well as activation of NF-xB by Sphingomyelinase in .NIH-3T3 cells (134). As
discussed pfeviously, LPS brings about the activation of NF-B in Més. and this .suggests the

possibility that PKC-¢ may play a role in the induction of functional responses elicited by LPS.

Ceramide-activated protein kinase
Ceramide-activated.pl_'otein kinase (CAK) is a 97 kDa membrane-associated Ser/Thr
protein kinase. The enzyme appears to be identical to kinase suppressor of Ras previously

detected in Caenorhabditis elegans and Drosophila (135). CAK is activated in vitro by
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ceramide, but not by other lipids such as diacylglycerol or arachidonic acid, and is able to
phosphorylate Raf-1 ver;r efficiently /n vitro (136). LPS has also been shown to activate CAK
in HL-60 cells and in human neutrophils in a CDI4-dep'endent manner. Acﬁyaﬁon of this
enzyme by LPS, in contrast to its activation by IL-1 or TNF, apbears_to occur independent of
the hydrolysis of sphingomyelin and the generation of ceramide (34). Rather, LPS appears to
act by mimicking the second messenger function of ceramide in these cells. Not surprisihgly
then, the LPS and ceramide signaling pathways appear to be regulated by some common
elements. Macrophages from C3H/Ou] mice not only fail to respond .to LPS, but also do not
respond to ceramide analogues that enhance expression of LPS-inducible genes in ‘LPS sensitive
mice (137). These findings suggests the possibility that CAK may be involved in LPS stimulus-

response coupling.

Mitogen-activated protein kinases, » p2135-and other 5/’gha/ing proteins

| ‘An additional signaling pathway poténtial_lyéctivated bf LPS is one involving activation
of mitogen activated protein kinases ('MAPK); Indeed, human and murine M¢s exposed to
LPS, show increased tyrosin‘e phosphowlaﬁon of a number of proteins, including the 42 and 44
kDa isoforms of MAP kinase (MAPK2 and.MAPK-I_, respectivély, also known as ERK2 and
ERK1) (70). Dong et 4., demon_’strated- that cells from the LPS-rgsponsive strain C3JH/HeN
show increased tyrosine phosphory_lation of‘numerous proteins including three with subunit sizes
of 35, 41 and 45 kDa. Based upon immuhe complex kinase assays, the 41 and 45 kDa
proteins appear to be respectiVer, MAPKZ and MAPK1 (1'38). In contrast, acﬁvaﬁon of
MAPK was not observed in cells from LPS-unresponsive C3H/He) mice. In human neutrophils,

in addition to the activation of MAPK1 and MAPK2, exposure to LPS results in tyrosine
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phosphorylation and activation of p38 MAPK. This occurs in a dose-dependent manner
through CD14 (139). Cloning and characterization of p38 has confirmed it to be member of
the MAPK family (140). Increased tyrosine phosphorylation of p38 is also obsewed in
response to LPS in 70Z/3 cells transfected with human CD1 4, and in peritoneal exudate Mos
from LPS-responsive. mice (C3HeB/Fe])). On the other hand, cells derived from LPS-
unresponsive CIH/He) mice do not respond to LPS with increased phosphorylation of p38.
On the other haﬁd, exposure of these cells to hyperosmolarity does activate p38. Because M¢s
from hyporesponsive mice.express normal levels of CD 14, these results indicates that the defect
in cells from these mice is localized to a functional element located distal to the LPS receptor
and proximal to p38/p42/p44 MAPKs and CAK (140).

Activation of MAP kinases by growth factors and mitogens has been shown to involve a
series of phosphorylating enzymes. One of the earliest events observed after engagemeht of
certain cell surface receptors is the activation of p21/3 and with it, activation of a p:iotein
kinase cascade consisting of the Raf-1 kinase, the MAP kinase activator, MAP/Ek'K kinase
(MEK), and ultimately MAP-kinases [reviewed in (141,142)]. The involvement of p21/3s in
the activation of MAPK by LPS in M¢s is as yet not' cléar. The mufine macrophage celi line
BAC-1.2F5, when stimulated with LPlS shows increased MAP kinase activity in a Raf-dependent
mannef. This is also independent of increaséd p2173 activity (143), whereas in the same
system, acﬁvaﬁon of MAP kinase via colbny sﬁmulaﬁng féctor I (CSF-1) involves activation of
both Raf-1 kinase and p21/3s, The different signaling pathways re_crufted by these two agonists
may underlie the contrasting responsés' elicited by thése .corﬁpounds in M¢s. Thus, CSF-1
stimulates proliferation of M¢s, while LPS inhibits cell growth and stimulates différentiat_ion and

activation. In contrast to these findings, Geng er al. (144) reported that LPS stimulation of
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human M¢s resufts in ‘activation of p53/56" and this is associated with tyrosine
phosphdrylation' of Vav, and activation of p21/35, The product of thé protooncogene vav is a
guanine nucleotide exchange factor for Ras, specifically expressed in cells of lymphoid lineage
that becomes tyrosine phosphorylated upon cell activation. Nevertheless, these findings remain
to be confirmed since in other studies, LPS did not activate R,_as or Vav in human mdnocytes

(Herrera-Velit P. and N. Reiner, unpublished, see below). -

Thesis Rationale and Objectives
General Objective

Activation of Més in response to extraceilular signals is essential to induce
immunological competence and maximal effector functions. While there is an extensive body -
of knowledge about the functional changes in M¢s after activaﬁon, less known is about the
signaling bathways used to bring about these chanées. The activation process is known to
involve a series of intracellular events including activation of protein kinases, gene transcription
and new protein synthesis. To undersfand cell. regulation leading to M¢ activation, it is
impqrtant to define the signaling el_ements involved in the pfocess. As LPS is one of the most
potent agonists of M¢s,_the studies describéd below éxamined-signal transduction events taking

place in response to LPS and their potential relationship to M¢ activation.

Hypotheses and Specific Objectives
- Hypothesis 1. LPS-mediated cell signaling ih humén'Mq)s involves activation of tyrosine

kinasés signaling through the LPS receptor, CD14.
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Rationale: Increased protein tyrosine phosphorylation and acﬁvétion of tyrosine kinases i_s a
common phenomenon resulting from engagement of cell surface receptors with different
agopists. LPS is a potent effector of Mé responses and tyrosine phosphorylation of different
cellular proteins in response to LPS has been reported for Mos of different origins. This signal
may originate at the M¢ membrane through CD14, a monocyte differentiation, cell surface

molecule described as an endotoxin receptor.

- Hypothesis 2. LPS brings about the activation of Pl 3-kinase leading to increased levels of D3-
phosphor_ylated phosphoindsitides.
Rationale: Both receptor and non-receptor tyrosine kinases have been shown to associate
with the Iipid kinase, Pl 3-kinase, leading to its activation. Pl Z;kinase phosphorylates position
D3 of inositol phospholipids resulting in a dramatic and transient increases in the intracellular
levels of these novel second messengers. This lipid kinase associates with different proteins,
includi'ng tyrosine 'kinases,‘ and aCtivaﬁon of Pl 3-kinase results from this association. LPS hss
been foundvto acﬁvate several protein tyroSine kinases in myeloid ceIIs,‘ thus indicating the

possible stimulation of PI 3-kinase through a pathway involving activated tyrosine kinases.

- Hypothesis 3. LPS treatment of M¢s involves the activation of p21/35 and the Ras guanine

nucleotide exchanger Vav.
Rationale: Activation of different enzymes, including MAPK, PKC and Pl 3-kinase has been
reported to be linked to activation of the protooncogene product p21/3s, Activation of Ras

may occur through Vav, a guanine nucleotide exchanger for Ras present in. several

lymphocytic cells. Activation of M¢s and neutrophils by different agonists, including LPS, has
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been shown to result in activation of MAPK and some isoforms of PKC. This indicates that

somé LPS responses may be Ras-dependent.

- Hypothesis 4. LPS activation of Pl 3-kinase, IeadiAng to incu;eased levels of D3-phosphorylated
inositol phosphoIipids, results in activation of PKC-¢, an.ét.)lbical isoform of PKC.
Rationale: The activation of Pl 3-kinase by different agonists results in increased IeveIS of D3
phosbhoinositides. These m,etabolités have béen shown to activate atypical isoforrr_\s of PKC¢
in vitro. LPS-treatment of M¢s results in activation of a PKC isoform indepehdent of calcium
and DAG for its activity. These features are characteristic of members of the aPKC

subfamily, including PKC<.

- Hypothesis 5. LPS e;ctivatio‘n of M¢-PI 3-kinase regulates monocyte adherence and cytokine
induction. - |
Rationale: LPS treatment of .M¢s resulfs in incrgased producﬁdn of different cytokines, and
enhanced cellular adhesion. LPS activates Pl 3-kinase in M¢s, and in T cells and neutrophils
this lipid kinase has been linked .to changes in F-actin content and to cytoskeletal

rearrangements. These findings suggest the pbssibility that Pl 3-kinase may regulate

monocyté adherence and cytokine production in response to LPS.
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VIIl. MATERIALS AND METHODS

A. MATERIALS
1. Antibodies:

Horse radish peroxidase (HRP) conjugated goat anti-rabbit 1gG was from BioRad
laboratories (Mississauga, Ontario, Canada). Upstate Biotechnologies (Lake Placid, NY) were
the suppliers _of: mouse monoclonals anti-phosphotyfosine (4G10, #05-321), and anti- PI 3-
kinase, N-SH2, antibodies (UB93-3), and rabbit polyclonal antibodies against_-MAP kinase
(anti-ERK-I-CT ), pan PKC, human lyn kinase (p53/56%7), PI 3-kinase, and PKC—C. A second
ponc'Iona‘I anti-PKC-¢ (C-20), ahti-p70 $6 kinase V(C-l' 8), mouse monoclonal anti-PKC (MC5),
and goat polyclonal anti-PI 3-kinase p110a (C?I 7) were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). GIBCO (Burlington, Ontario, Canada) was supplier of a third

* rabbit polyclonal anti-PKC-¢. ‘Goat anti mouse HRPO 1gG was purchased from Cedarlane

Laboratories Ltd. (Hornby, Ontario, Canada). Mouse monoclonal anti-MAP kinase (#03-

6600 recognizing both ERK1 and ERK2) was from Zymed Laboratories Inc. (San Francisco,
CA). Anti-CD14 monoclonal antibo‘dy}ZCIO was a generous gift from Dr. Wesley C. Van
Voorhis (University of Washington, Seattle, WA), rat monoclonal anti-p21/25 antibody Y 13-
259 was a gift frém Dr. Vince Duronio (UniVersity of B.ritish Columbia, Vancouver, B.C.), and
rabbit polyclonal antibody against p97V4¥ was a gift froﬁ Dr. Amnon Altman (Division of Cell

Biology, La Jolla Institute of Allergy and Immunology, La Jolla, CA).
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2. Reagents

The following reagents were from Sigma Chemical Company (St. Louis, MO): agarose,
ammonium acetate, aprotinin, benzamidine, boric acid, bovine serum albumin (BSA),
bromophenol blue, dimethyldichlorosiline, cAMi’-dependent protein kinase peptide inhibitor
(TTYADFIASGRTGRRNAIHD), ethylendiaminetetraacetic acfd,_ disodium salt, dihydrate
(EDTA), ethylene g1ycol-bis(B-amvinoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA) Ficoll-.
Paque, p-glycerophosphate, herbimycin A, hisfone lI-S, isoamyl alcohol, lauryl sulfate, sodium
salt (SDS), leupeptin, miﬁeral oil, 3-[N-Morpho|iho]propanesulfonic acid (MOPS), myelin
basic protein from bovine brain (MBP), pepstatin A, phenylmethylsulfonyl fluoride (PMSF), L-
a-phosphatidylinositol (Ptdins), L-a-phosphatidylinositol 4,5-bisphosphate (PtdIns4,5,P,), _‘L-oc-
phosphaﬁdyI-L-seri.rie .(PS), piperazine-N,N’-bis[2-ethanesulfonic acid] (PIPES), phorbol 12-
myristate 13-acetate .(PMA), protanﬁine sulfate, protein A Sepharose, RNase A, sodium
chloride, soybean trypsih inhibitor, Trizma Base, Trizma hydrochloride, Tris-saturated phenol,
xylene danol, and wortmannin. Reagents for pol)}acrylamide gel electrophoresis, protein A-
agarose and D ¢ protein assay kit were from BioRad‘ Laboratories. Peptide £ and MAPK peptide
substrate (APRTPGGRR) were from .Ubstaté Biotechnology.  Rainbow molecular 'weight
markers, reagents and film for enhanced chemiluminiscence (ECL), 32P043-, 5'[0-32P]UTP,
triethylammonium salt (3000 Ci/mmol), [3H]PtdIns4Pand [3H]PtdIns4,5P, were purchased
from Amersham International (Oakville, Ontario, Canada). ATP, CTP, GTP, and UTP (alf 10
mM), and 100 mM dithiothreitol (DTT),JnucIease_—free water, 5X transcription buffer,
bacteriophage T7 RNA polymerase, recombinant RNasin RQI, RNase-free DNase, and
proteinase K were from Promega Corporation (Madison, WI). Yeast tRNA, formamide, RNase

Tt1, TRIzol, LipofecfAMlNE were from Gibco BRL. Human AB+ serum was provided by the
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Canadian Rgd CrossA(Vancouver, BC). RPMI 1640, phosphate-free RPMI 1640, Iscove_’s
methylicellulose, penicillin/streptomycin and Hank's Balance Salt Solution (HBSS) were from
Stem Cell Technologies}(Vancouver, British Columbia, Canada). Lipopolysaccharide (£. coli.
0127:B8) was from Difco Laboratories (Detroit, Ml). Microc_ystih-LR, LY294002, and a,25-
dihydroxy-vitamin D3 were from Calbiochem (San Diego, CA). [y-32P]JATP (sp. act. 3000
Ci/mmol) was obtained from Dupont (Wilmingtoq, DE). Mono Q HR5/5 cdlumns and protein
G-Sepharose were from Pharmacia Biotech Inc. (Piscataway, NJ). Unless specified otherwise, all
reagents were of the highest quality available

The human monocytic cell lines U937 and THP-1 were from the American Type
Culture Collection (Rockville, MD). THP-I cells stably transfected with CD14 (THP1-WT)

were provided by Dr. R. ]. Ulevitch (Scripps Research Institute, La Jolla, CA).

B. METHODS
1. Isolation of monocytes and cell cillwre.

White cell enriched fractions of peripheral blood were bbéined from normal human
volunteers by the Cell Separator Unit of the VancouVer Hospital énd Health Sciences Center
(Vancpuver, British Cplumbia) and fractionated by centrifugation (800 x g.for 15 min) over
Ficoll Hypaque as previously .described (145). Aﬁer three washes in HBSS,‘the ceIIS were
resuspended in RPMI 1640 with 10% hﬁman AB* serum at 107 viable cells per ml, dispensed
into 150 cm? cell culture flasks at a density of 1.5 x 108 cells per flask, and inéubated at 37
°Cina humidiﬁed atmospheré (5% CO3, 95% air [vol/vol]) for 45 min. Non-adherent cells

were removed by vigorous washing with divalent cation-free HBSS (37 ©C) and the flasks were -

replenished with RPMI (without serum). The monolayers were aIIowedv to equilibrate for 1 h
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before fﬁrther treatment. Adherent monolayers prepared in this manner were 89% + 5%
monocytes by morphologic and phagocytic cfiteria as determined by microscopic examination
of preparations stained with Diff-Quik (CanLab, Vancouver, British Columbia). Cells were then
either left untreated (controls) or incuﬁated with different concentrations of LPS solubilized in
RPMI + 10% human serum (final serum concentration O.l.%). Incubations were terminated
by rinsing flasks with ice-cold phosphate buffered saline (PBS: 1.0 mM NaHoPOy, 8.1 mM
NaHPOy4, 154 mM. Nadl, pH 7.4) and monolayers weré immedvia‘tely frozen under liquid
nitrogen and stored at -70 °C before further analysis.

Cell lines were cultured in RPMI supplemented wiﬂ1 10% heat inactivated fetal calf

serum (FCS) and incubatéd ina hunﬁidiﬁed atmosphere (5% COj, 95% air [voI/vbI]). THP-

~1-WT cells were maintained in a similar manner except that the medium was supplemented

with G418 (350 ug/ml) for selection of pdsitive transfectants. Unless otherwise stated, 12 to
15 h prior to incubation with LPS,»ceIIs were rendered quiescent in RPMI without FCS at a
concentration of 5 x 1035 cells/ml.  Following stimulaﬁon with LPS, cells were lysed

immediately and the detergent soluble material was frozen at -70 ©C until further analysis.

2. Preparation of cell /y?ates
a. High speed supernatants

Monolayers were rapidlly thawed by the addition of ice-cold gxtrécﬁon buffer (pH 7.5),
containing 20 mM Hepes, 12.5 mM B-glycerOphésphate, 5mM E..DTA, 2 mM EGTA, 1| mM
NazVOy4, 0.2 mM PMSF, 2.5 mM benzémidiné, 5 mM ‘2-mercaptoetha_nol, 100 nM
microcystin, 2‘ ng/ml aprotinin, 2 pg/ml pepstaﬁn, and 2 pg/ml Ieupebtin. Cells were

dislodged and transferred to prechilled, Dounce glass homogenizers and disrupted by 20 strokes
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on ice. After disruption, extracts were centrifuged at 100,000 x g for 60 min at 4 °C and

high speed supernatants were assayed directly for protein kinase activity.

b. Lysates for anion exchange cHromamgraphy

‘ ‘Extractswere' 'pfepared by lysing cells on ice (20 min) in fast performance liquid
.chromatography (FPLC) extraction buffer (l. % Nonidet P-40, 12.5 mM MOPS, pH 7.5,12.5
rﬁM B-glycerophosphate, 2 mM EGTA, 1.0 mM N33V04; I mM PMSF, 100 nM
microcystin, 10 pg/ml aprotinin, 10 pg/ml qupeptjn, and 10 pg/mi pepstatin). Lysates were
centrifuged at 16,000 x g to remove insoluble material and were passed through a 0.2 um

filter prior to chromatography.

C. Lysates for analysis of phosphotyrosine content

Cells lysates for phosphotyrosine analysis, énd for anti-Lyn, anti-Vav, anti-CD14, and
anti-P1 3 kinase immunoprecipitates were prepared by addition of cold phosphotyrosine (PY)
tysis buffer for 15-30 min at 4 °C (1% Triton X-.I 00, 20 mM Tris-HCl, pH 8, 137 mM
NaCl, 10% glycerol, 2 mM EDTA, 1 mM Na3zVOy, 5 mM NaF, 100 nM microcystin, | mM
PMSF, 10 pg/ml Ieup.eptin,.IO pg/ﬁl.pepstaﬁn, 10 pg/ml aprotinin; 1 ml. per flask, for
appréximately 4 x 106 cells in suspensiqn). Detergent-insoluble material was femoved by

centrifugation for 15 min at 16,000 x gin the cold. |

3. Ras immunoprecipitation
Adherent monocytes wére incubated in phosphate¥free RPMI for 1 h and labeled with
32[P]orthophosphate for 2 h (2 mCi/150 cm?2 flask). Following stimulation, medium was

removed and cells were rinsed in cold PBS. To increase labeling of cells, adherent monocytes
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were removed from tissue culture flasks by incubation with 5' ml of cold HBSS (divalent cation-
free) and gende scraping. Cells were resuspended in Pi-free RPMI, and cell viability was
assessed by trypan blue dye eidusion (~90% viable cells). After 1 h, cells were centrifuged
and resuspended in RPMI + 0.5 mCi/ml 32P-orthophosphate and incubated for 3 additional h.
Cells were then solubilized in icé cold buffer consisting of 50 mM Hepes (pH 7.4), 1% Triton
X-100, 100 mM NadCl, 5 mM MgCly, 2 pg/ml leupeptin, 1 uM pepstatin, 10 pg/ml soybean
trypsin inhibitor and 40 pg/ml PMSF and centrifuged i_n a microfuge for 1 min. Supernatants
were transferred to new tubes and were immediately made up to 500 mM NadCl, 0.5% sodium
deoxycholate, and 0.05% SDS. Protein A-Sepharose beads.were precbated with 0.1% BSA,
rabbit anti-rat IgC antiserum (1 h).and. anti-p2 1735 antibody (Y 13-259; 1-2 h) -and added to
the lysates. Aftef incubation for 45-60 min, the beads were washed 4 times with wash buffer

(50 mM Hepes, pH 7.4, 0.1% Triton X-100, 500 mM NaCl, 0.005 % SDS, 5 mM MgCly)
and resuspended in eluﬁon buffer (2 mM EDTA, 2 mM DTT, 0.5 mM GTP and 0.5 mM
GDP). Samples were incubated at 67 ©C for 20 min after which they were centrifuged and 10
ul of supernatant were loaded into poifemylenimin_é (PEl) cellulose plates with fluorescent
indicator. Samples Were developed in 1.0 M KH 2"04, pH 3.4 and radioactive Spots detected
on X-ray film were éc;mpared with unlébeled' s;andards (CDP and GTP) detected using a UV

lamp.

4. Anion-exchange chromatoéraphy
Detergent extracts were loaded onto a Mono Q FPLC column pre-equilibrated in buffer
A (12.5 mM MOPS, pH 7.5, 12.5 mM B-glycerophosphate, 2 mM EGTA, and 0.5 mM

Na3zVOy). Proteins were resolved with 2 20 ml linear gradient of 0-0.8 M NaCl in buffer A
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~ at a flow rate of 0.5 ml/min. Fractions of 0.25 ml were collected and aliquots were assayed
for protein kinase activity or immuhoreactjvity as described below._ No significant MBP
phosphorylating activity could be detected either in the column flow-through or wash fractions

prior to initiation of the salt gradient.

5. Immunoadsorption of kinase activity

| Cell lysates (1 mg)'.prepared in. FPLC-extraction buffer from LPS-treated U937 cells,
were incubated with either 7.5 pg of two commercially available rabbit anti-protein kinase C-¢
antibodies (Santa Cruz. Biotechnology and Gibco) or ‘with 7.5 pg of monoclonal anti-PKC
antibody (recognizing o, B and y isoforms) for 2-3 h at 4 °C. Immune complexes were then
incubated for 1 h with either protein A-agarose or protei‘n G-Sepharose. Solid phase complexes
were washed 2 times with FPLC extraction buffer by centrifugation at 14,000 x g for 1 min
and the supernatant fraction was subjected to a second immunopreéipitation with the same
antibodies. Ilmmunoadsorbed supernatants were fréctionatéd by Mono Q chromatography as

described above and fractions were analyzed by immunoblotti'ng and protein kinase assays.

6. Western b/ottin_g

Samples were subjected to SDS-PAGE and separated protéins were transferred to
nitrocellulose mémbfanes. Membranes Were blocked overnight at 4 °C, with 3% BSA
dissolved in TBT-T (20 mM Tris, pH 7.4, 137 mM NaCl, 0.1% Tween 20) and
immunoblotting was carried out by incubating the membranes for 2 h at room temperature

(RT) with diffe(ent monoclonal antibodies or with bolyclonal rabbit antibodies raised against

proteins of interest as described in figure legends. Immunoreactive bands were then detected
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by inéubation (1 h at RT) with horseradish peroxidase (HRPO) conjugates of either goat-anti-
mouse or goat-anti-rabbit (1/5,000 dilution) antibodies and enhanced chemiluminescénce
(ECL) reagents (Amersham). When appropriate, after developing, 'antibodies were removed
from membranes by incubating in stripping buffer contai.ning 62.5 mM Tris, pH 6.7, 100 mM
2-mercaptoethanol and 2% SDS at 50 °C for 30 min. Membranes were then blocked and

reprobed with antibodies of interest as just described.

/. /mmuhoprecipitation

Cell lysates (~500 ng protein) were incubated with either a monpclonal a.ntibody
specific for Pl 3-kinase, rabbit anti-Lyn antiserdm or irrelevant control anu‘bodi__es (normal
mouse sei'um and normal rabbit serum, respectively) ovérnight at 4 °C. Immune complexes
were collected by incubation with protein A-agarose for 1 h and washed 5 times with lysis
buffer. Samples were resuspended in Laemmli sample buffer (125 mM Tris, pH 6.8, 20%
glycérol, 4% SDS, 2% 2-mercaptoe_than_d plus brohophenol blue) and proteihs were separated

by SDS-PAGE and transferred to nitrocellulose membranes for immunoblotting.

8. In-situ renawration kinase asssy o

Whole cell lysates prepared in PY lysis buffer were used for detection of protein tyrosine
kinases in an in situ renaturation kinase assay with a poiydispersed tyrosine kinase substrafe’,
[poly(Glu, Tyr) 30 to 94 kDa)] as described by Durocher et a/. (146). Briefly, samples were
mixed with substrate and separated by PACE. * After electrophoresis, SDS was removed from
gels, proteins were denatured in guanidine hydrochloridé, and renatured by incubating in buffer

containing 0.04% Tween and 10% sucrose (four washes for a total of 19 h). Gels were
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equilibrated in 10 mM Hepes pH 7.4 plus 10 mM 2-mercaptoethanol, 10 mM MgCly, 5 mM
MnCl; and 0.1 mM Né3V04 and kinase assays were performed m the same buffer with the
addition of 100 uCi [y -32p)ATP. Gels were soaked in 1 M KOH for 1 h at 56 °C to
eliminate signals from non-tyrosine kinase enzymes and after staining and - drying,

phosphorylated bands were detected by autoradiogfaphy.

9. Immune complex kinase assay

I_m_mune complexes“ precipitated with anti-Lyn antiserum, monoclonal anti-CD14
antibodies or appropfiate controls plus protein A-agardse, were washed three times with lysis
buffer and four times with kinase buffer (20 mM Hepes, pH 7.4, 10 mM MgCIZ). Washed

immune complexes were suspended in 40 ul kinase assay buffer (20 mM Hepes, pH 7.4, 5

~mM MnCl, 5 mM MgCly, 10 uM ATP, 10 uGCi [y-32P]ATP) and incubated at RT for 15

min. Reacﬁons were stopped by adding 40 pl of- 2X sample buffer (125 mM Tris-HCI, pH
6.8, 20% glycerol, 4% SDS, 2% 2-mercaptoethanol with bromophenol blue). Sémples were
boiled for 10 min and subjected to SDS-10% PAGE. Gels were dried and exposed to X-ray

film at -70 °C.

10. PKC-¢ assays

Quiescent THP-1 cells were incubated with 1 ‘pg'/mI' of LPS for different times or Ié&
untreated. When the effects of PI 3'-kinése inhibitors were analyzed, cells wére incubated with
either 32 uM' LY294002. or 100 nM Womnannin prior to LPS‘Ueaﬁnent for 10 min unless
otherwise stated. CeIIS' were immediately lysed for 30 min at 4 9C_in lysis buffer (1% Triton

X-100, 50 mM HEPES, pH 7.4, ISO mM NaCl with protease and phosphatase inhibitors at
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the same concentrations as described for PY lysis bu{ffer). Lysates were precleared with protein
A-Sepharose and 'PKC—Q was immunoprecibitat'ed with rabbit pblycloﬁal anti-PKC-¢ (5 pg per
sample, Upstate Biotechnology). Kinase activity was me;sured in immunoprecipitates using
MBP as substrate a§ previously descﬁbed (115). Quantitation: éf kinase activi_ty was done by
excision- of the bahd corresponding to VMBP aridA sCiﬁﬁIlaﬁon counting.  Incorporation of
radioactivity into MBP in the absence of lysate was used as background and was subtracted from

radioactivity present in the immunoprecipitates.

1 1. Protein kinase assays

Alliquot_s of either high speed supernatants or fractions from Mono Q chromatography
(5 ul) were assayed for MBP phosphotransferase activity as described (147). When substrate
preference of FPLC fractions was analyzed, substrates were used as indicated in thé
corresponding figures. Substrate vph'osphorylation was carried out in a final vqumg of 25 ul of
kinase assay buffer_ (pH 7.5) containing . 12.5 mM MOPS (pH 7.5), 12.5 mM B-
giycerophosphate, 2 mM EGTA, 0.5 mM N33V04, 2 mM DTT, 10 mM MgCl,, MBP (0.5
-mg/ml), 75 ng/ml AcAMP dependent protein kinase inhibitor peptide and [y-32P]ATP (50
pM). Reactions were allowed to continue fo_rI'IO min at 30 OC, unless othérwise stated, and
were terminated by spotting 22 ul of the assay mixture onto Whatman ‘P-8I phosphocellulose
filter squares (1.5 x 1.5 cm2). Filters wefe washed six times with ice-cold 175 mM phosphoric

acid over a period of 60 min and incorporatioh of radioactivity was determined by liquid

scintillation counting.
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12. In vitro Pl 3-kinase assay

" Aliquots of cell lysates normalized for protein content (300-500 ng protein) Were
incubated overnight at 4 °C with either antibody (mAb) to Pl 3-kinase, anti-Lyn antiserum or
with appropriate control antibodies. Immune complexés were adsorbed onto protein A-agarose
for 1 h. When 4G10 was used, it was first incubated with protein A-agarose for 1 h and cell
lysates were then added for 2-4:h. Immunoprecipitates were washed twice with lysis buffer and
three times with 10 mM Tris-HCl, pH 7.4. Pl 3-kinase activity was measured as described
(148). Briefly, immunoprecipitates were incubated with IO ug of sonicated Ptdins and 10 pCi
of [y-32P]ATP 'in the p"resence‘ of adenosine in a ﬁnél voll‘ume of 40 pl. Reactions were carried
out for 15 min at room temperature and stopped by the addition of 0.1 ml of 1 N HCl and
0.2 ml of chloroform:methahol (1:1, v/v). Lipids were separated on oxaiate;treated silica TLC
plates using a solvent system of chioroform: methanol: water: 28% ammonia (45:35:7.5:2.5,
v/v/v/v). Plates were exposed to X-ray film at -70 ©C. Incorporation of radioactivity into
lipids was quantitated by excising the corresponding portions of the TLC plate followed by

liquid scintillation counting.

13. Cell labeling and extraction of inosito/ pﬁosphoﬁbfds

After édherence of monocytes to culture flasks, cells were inéubated for 30 min at 4
.°C with cold HBSS, without d+2, or Mg+2 and removed gently with a cell scraper.
Monocytes were then pelleted by centrifugation and resuspended in phélsphate-free RPMI in
sterile polypropylene tubes. Cells were incubated ata density of 2-4 x 106/ml for 1 h at 37

oC and labeled with 0.5 mCi/ml 32PO43- for an additional 2 h. Samples containing equal

numbers of cells were treated or not with LPS for the indicated periods of time, and incubations
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were terminated by the addition of 3.75 volumes of methanol:chloroform (2:1, v/v).
Extraction of lipids was perfqrmed as "described (95). Phases were separated by the addition of
1.25 volumes each of 24 N HCI and chloroform, and the lower organic phasé was recovered
after centrifugation. The upper phase was reextracted with 1 volume of chloroform;methanol
(2:1, v/v). The combinéd lower pﬁases were washed twice with 1 volume of methanol:0.1 M
EDTA in water (1:0.9, v/v) and then dried under liquid nitrogen, resuspended in chloroform
and loaded into oxalaté-treated TLC plates for separation using a solvent system of n-
propanol:2M acetic acid (13.7:7, v/v). Plates were exposed to X-ray film at -70 °C and spots

were excised and counted as described above.

14. HPLC analysis of deacylated lipids

U937 celis cultured in RPMI plus 10% FCS were incubated in Pj-free RPMI (without
serum) and labeled for 3 h with 0.5 mCi/m|-32Po43- as done for normal human Mgs. Cells
.were recovered by cenl'trifugatidn and resuspended at 4 x 107/ml before treatment with LPS
(100 ng/ml) for either 5 or 10 min. Lipids weré, extracted as described above. Dried lipids
Were deacylated by addfng 1.8 .mI methylamine solution (methan_ol/25°/o methyl#mine/n-
butanol, 45.7:42.8,'1 1.4, v/v/v) for 50 min at 53 °C ( I 48)' Samples were dried in vacuo,
resuspended in water, and extracted three times'with equal volumes of n-butanol:light
petroleum ether:ethyl formate (20:4:.1', _v/v/v). The éqdeous phase was dried again,
resuspended in water and stored at -70 °C until analﬁed by HPLC on a Parﬁsil SAX ion
exchange column. Column runs were calibrated by coinjecting ADP and ATP as internal
standafds. Samples were separated With a 60 min linear gradient of O to 0.25 M ammonium

phosphate, pH 3.8 followed by a 50 min gradient of 0225 to 1 M ammonium phosphate, pH
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3.8. Fractions (0.5 ml) were collected, mixed with scintillation fluid (Ecolite+, ICN) and
quantitated by liquid scintillation counting. The elution times of deacylated Ptdins3?,
PtdIns3,4P, and Ptdins3,4,5P3 were determined by preparing these metavbolites in an /in vitro
kinase assay with anti-Pl 3-kinase immunoprecipitates using Ptdins, Ptdins4P and PtdIns4,5P, és

substrates. The elution times of deacylated. Ptdins4P and PtdIns4,5P, were determined using

" [3H]PtdIns4P and [3HIPtdins4,5P,.

15. Transfection of U937 cells

pSRa-based mammalian expression pla;mids, containing the entire coding regions of either
wild-type bovine p85a or mutant bovine p85a (Ap85a) were kindly provided by Masato
Kasuga (Kobe University School of Medicine, lKobe, Japan) (Figure 5). The mutant has a

deletion of 35 amino acids from residues 479-513 of bovine p85a and the insertion of two

- other amino acids (Ser-Arg) in the deleted p_osition. This alteration prevents the association of

mutant p85a with the p1 10 catalytic subunit. However, mutant p85« is able to compete with
native p85 for binding to essential signaling proteins and behaves as a dominant negative

mutant (149).
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A. SRM (EcoRl)/wild type p85 = SRa/Wp85

Hincll
: Pstl Accl EcoRl  BamHI Smal Kpnl
Sall . '
SRM (EcoRl)vector % \ l ; , , polyA
EcoRl cut Smal cut '

%——o———! ' Y———— polyA

SRM(EcoRl)vector/

EcoRI-Stul fragment from original
¢DNA of p85a in Bluescript

B. SRa(Xbal)/Ap85 = SRo/Ap85

Pstl EcoRl Xbal EcoRl Kpnl
SRa(Xbal) vector % l t ! polyA
: EcoRl cut _ Kpnl cut
o A \
L o
Xbal site.
SRa(Xbal)/Ap85 %—v——« Ap8S polyA
. . :
| EcoRI-Xhol Xhol-Kpnl
fragment from 4  fragment
p85a cDNA by PCR
Xhol Xba site
v vy
A_ SH3 SH2 l SH2 —
EcoRll - Kpnl

Figure 5. Cloning of wild-type bovine p85a (A) and dominant negative mutant Ap85 (B).
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U937 cells were grown to a d‘ens,ity'of' 4-8 x 105 cells/ml in RPMI-1640 media
supplemented with 10% héat—inactivated FCS. Cells were washed and resuspendéd in 800 pl
of anﬁbioﬁc-ﬁee RI;MI (without FCS).' Transfection was done using LipofectAMINE according
to the prptocol suipplied by the manufa‘cturep pSRa. plasmids conta_ining either wild-type or
muta'nt p85a were cbtraﬁsfected along with pMC1neo-polyA, a pla§mid encoding resistance to
the antibiotic, G418 sulfate. DNA/liposome complexes were added to the Cells followed by a
5 h incubation after which the cultures were supplemented with RPMI containing 10% FCS,
penicillin, and gentamicin. Expression of foreign DNA was allowed 'to proceed for 2 days
followed by the addition of 350 pug/ml of C418. After 4 days in G418, the cells were
suspended in Iscove’s methylcellulose supplenﬁented with 2-mercaptoethanol, FCS, BSA, G4‘l 8
and glutamine. The cells were in_cubated at 37 oC for ten days and colonies were picked and
resuspended in 400 wl of RPMI + 10 % FCS supplemented with G418. Thereafter, cells

were maintained in medium containing 350 pg/mi G418.

16. RNase Protection Assay

Cells were incubated with LPS (0.1 or 1 pg/ﬁl) for 2 h and RNA was extracted from cells
using Trizol according to the manufacturer.’s-instruction. Equal amounts of RNA (5-10 pg)
were subjected to an RNase protection as;ay as desc'ribed by Hobbs et al. (150). One
cytokine—speciﬁc probe templafe sét, HL-I 4, was assembled from EcoR1 -Iinearfzed and purified
subclones. The temp'late set synthesized a group of 32P-labeled riboprobes specific for several
cytokines (Tabie I); Radiolabeled anti-sense RNA probes were prepared and h'y_bﬁdized m
excess with test RNA dfssolved,in hybridization bqffer (8(.)°/oiformamide, 1 mM EDTA, 400

mM NaCl, 40 mM PIPES, pH 6.7) for 12-15 h at 56 °C. Single stranded unhybridized RNA
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was digested with RNase A and RNase T1. After treatment with a mixture of proteinase K
(0.5 mg/ml) and yeast tRNA (100 mg/ml), RNA duplexes were isolated , dissolved in 80%
formamide and dyes, and resolved in 5% acrylamide/8 M urea sequencing gels. Dried gels

were placed on X-ray film and developed at -70 °C.

Table 1. HL-14 Template Set

Cytokfne ‘ | Protectéd mRNA

» IL-6 .‘ - 320 bases
IL-10 v 294
Lie - 269
TNF-B o ' 220
GM-CSF 208
TGF-B | 170
IL-1B | 149,
™NFa 124
L32 ' 76

GeneBank Accession Number for nucleotide sequence for
protected RNA is described in reference (150). |

17. LPS induced adherence of Mgs
CbntrOI protein (BSA) or fibronectin (20 mg/ml) dissolved in 50 an bicarbonate
buffer (pH 9.6) were added to 96 well cell culture dishes and incubated for 1 h at room

temperature or overnight at 4 °C. Wells were blocked with 1% BSA in RPMI for 1 h at RT
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and washed twice with RPMI. Cells were then added and incubated with the Pl 3-kinase
inhibftors, wortmannin or LY2§4002 or with anti-CD14 antibodies (10 pg/ml). Cells werev
stimulated with 1 pg/ml LPS overnight at 37 °C, washed and fixed with methanol/acetone
(1:1 v/v) for 10 min at 4 ©C. Fixative was removed and cells were stained for 10 min with a
0.05% solution of crystal violet dissolved in 20% ethanol. After washihg and drying,
remaining material was solubilized in methanol and adherence was measured as absorbance at
570 nm.

Alternatively, cells were added directly to uncoated wells, incubated with inhibitors or
with anti-CD 14 antibodies and then treated overnight with LPS as described above. After
removing non-adherent cells, wells were observed at. 200X magnification under an inverted

microscope and the number or cells per field was taken as an estimate of adherence.

18. Protein determination
Prote'in. concentrations of high speed supernatants were determined by Bradford method
using Bio-Rad protein reagent and BSA as standard (151). Protein concentrations in detergent

solubilized samples were determ'ined by a modified Lowry method using Dc protein assay kit

and BSA as standard (152).
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IX. RESULTS

A. TYROSINE PHOSPHORYLATION AND TYROSINE KINASE ACTIVITIES INDUCED BY LPS IN Mas
1. LPS-induced tyrosine phosphory/étion of M¢ proteins

Treatment of peripheral blood M¢s (PBM¢s) with 100 ng/ml of LPS led to a rapid
increase in tyrosine phosphorylation of several proteins as observed by phosphofyrosine
infmuﬁoblotting with 4GIO antibodiés (Figure 6A). Responses wel;e observed within 2 min of
treatment and returned almpst to basal levels by 30-40 min. The major tyrosine
phosphorylated bands showed approximate subunit sizes of 35-38 kDa, 42 kDa, 77-79 kDa;
and 117-120 kDa. Enrithmeht of phosphotyrosine containing proteins by
immunoprecipitation with 4G10 allowed the detection of a similar pattern of tyrosine
phosphorylation (e.g. 117-120 kDa band, bottom arrow head in Figure 6B is also observed in
Figure 6A), and also of additional bands, including a protein of approximately 155 kDa (Figure
6B, top arrow head; ). For 'Comparison, parallel cell cultures were treated with 100 nM PMA.
.Almdugh somé proteins were phosphorylated in resbonse to both agonists, the presence of
phosphot&rosine-containing proteins unique to each agonist was detected (i.e. a 105 kDa band

observed after PMA treatment, Figure 6B).

2. LPS induced tyrosine kinase activity

The observed tyrosine phosphorylation of the proteins in whole cell lysates could be a
Conseéuéﬁc:e of autophosbhvorylati'on of tyfosine kinaseS occurring aﬁer cell activation. The
. proteins undergoing tyrosiné phosphorylation could also be substrates of tyrosine kinases that

become”activated in response to LPS. To examine directly for the presence of activated
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tyrosine kinases, a reﬁaturation kinase assay was performed using whole cell lysates from control
- and LPS stimulated PBM¢s. This assay takes advantage of the fact that some protein kinases
regain their enzymatic activity after PACE and renaturation. By renaturing the enzyme in the
polyacrylamide gel an approximate estimate of the molecular mass of the protein can be
obtained. As seen in Figure 7, PBM¢s show at least three bands with renaturable tyrosine
kinase activities with apparent subunit sizes of 47-49, 53-55 and 60-65 kDa (arrow heads).
The activities of these prqteins are increased in LPS treated cells as early as 2 min and return to

near basal levels after 30 min. Prolonged exposure of gels showed two additional bands of

approximately 75 and 79 kDa (n=2).
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Figure 6. Tyrosine phosphorylation of M¢ proteins in response to LPS. Adherent M¢s were

incubated for the indicated times with LPS (100 ng/ml dissolved in RPMI + 10% HS, final HS
concentration = 0.1%), 100 nM PMA (15 min), or medium alone. Reactions were stopped

by rinsing the flasks with cold PBS, cells were snap frozen, and kept at -70 ©C until processing.
Lysates were prepared as described in Materials and Methods and (A) 50 pg protein/lane were
loaded onto a 10% polyacrylamide gel. Alternatively, (B) 250 pg of lysates from control or
LPS treated cells were immunoprecipitated with anti-phosphotyrosine antibodies and immune
complexes were electrophoresed.  After electrophoresis proteins were transferred to
nitrocellulose membranes and blocked overnight at 4 °C with 3% BSA in TBST. Blots were
incubated with 4G10 (10 pg/ml) for 2 h, followed by goat anti-mouse HRPO-conjugated
secondary antibody and developed by ECL according to the manufacturer’s instructions. The

migration of molecular mass marker proteins are shown in kDa.
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C 2 5 10 15 30 min

Figure 7. Activation of protein tyrosine kinases in M¢s in response to LPS. Peripheral blood
Més were left untreated for 10 min (C) or were stimulated with 100 ng/ml LPS and reactions
were stopped after the indicated times. Lysates were boiled together with Poly(Glu,Tyr) and
electrophoresed in a 10% polyacrylamide gel. Proteins were renatured in the gel and enzyme
activity was detected by incorporation of [y-”l_’]ATP as described in Materials and Methods.
Gels were stained and radioactive bands were detected by exposure to X-ray film at -70 °C

(n=13). The migration of molecular mass marker proteins are shown in kDa.
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3. Association of CD 14 with tyrosine kinases and phosphotyrosine proteins in response to LPS
As many receptors are known to associate with tyrosine kinases after binding of their
ligands, the association of CD14 with tyrosine kinases was investigated. /n vitro kinase assays
using CD 14 immune complexes and performed in the absence of exogenous substrate showed
the presence of several protein kinases in the range of 55-66 kDa. Enzymau‘c activities were
increased in lysates from LPS stimulated cells, and although the time course varied from donor
to donor, increased activities were observed as earfy as 2 min, peaked by 5-10 min and
decreased by 30-40 min of LPS treatment (Figure 8). CD14 associated not only with tyrosine
kinases, but also with other tyrosine phosphorylated proteins lacking kinase activity. Fbr
.example, 4G10 immunoblotting of CD14 immunoprecipitates showed a. tyrosine
phosphorylated band of I70-i 80 kDa (Figure 9) in lysates from LPS-treated ‘ceIls, whereas no
immunoreactivity was observed in immunoprecipitates prepared using a control antibbdy.
Tyrosine phosphorylation of this protein was increased in response to VLPS in a time depgndent .

manner, was maximal at 2-5 min and returned nearly to basal levels after 20 min of treatment.
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Figure 8. LPS induces the association of CD14 with tyrosine kinases. Peripheral blood M¢s
were left untreated for 10 min (C) or treated with 100 ng/ml LPS for the indicated times and
lysed as described above. Equal amounts of lysates (750-1000 pg/ml) were
immunoprecipitated with either anti-CD14 monoclonal antibodies or an isotype matched
control overnight at 4 OC. After washing with lysis buffer, immunoprecipitated material was
subjected to an /n vitro kinase assay without exogenous substrate in the presence of [y-*?P]JATP
as described in Materials and Methods. After 15 min, reactions were stopped by boiling for 10
min with Laemmli buffer, and samples were electrophoresed in a 7.5% polyacrylamide gel.
Gels were stained, dried and exposed to X-ray film for detection of radioactive proteins.
Decreased intensity of bands in the lane corresponding to 10 min are a result of underloading
of the lane and not to decreased activity, as other experiments showed kinase activities
comparable to or higher than 5 min of LPS treatment. Shown is one of four similar
experiments with cells from different donors. Migration of molecular mass marker proteins are

shown in kDa.
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Figure 9. LPS induces association of phosphotyrosine containing proteins with CD14. After
stimulation of PBM¢s with medium alone for 5 min (C) or with LPS for the indicated times,
cells were lysed and equal amounts of protein were immunoprecipitated with anti-CD14 as
described for Figure 8. Immunoprecipitated material was electrophoresed in a 7.5%
polyacrylamide gel and proteins were transferred to nitrocellulose membranes for detection of
tyrosine phosphorylated bands with 4G 10 as described for Figure 6 (n=13). Migration of the

molecular mass marker proteins are shown in kDa.
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4. LPS treatment activates p53/56/¥" in Mgs

Treatment of PBM@s with LPS has been shown to bring about the activation of several
Src-family tyrosine kinases incIuding p53/56¥n p58/2r and p 59ck (78-80). TheSe responses
are CDI4-dependent. In thé case of p53/56/7 this involves physical association 6f the kinase
with CD14 (80). When p53/56%" immunoprecipitates were examined for kinase activity in
an immune complex kinase assay, the enzyme was found to be more active in LPS treated
sa'mples when compared to control PBM¢s (Figure 10A, B).

This effect of LPS on p53/56/n activity was also examined in U937 cells. Whether
left undifferentiated (Figure 11A) or differentiated with vitamin D3 for 72 h (Figure 11B) this
cell line showed increased activity of p53/567 after 10 min treatment with 0.1 or 1 pg/mi

LPS. As expected, p53/56¥7 activity in immunocomplexes was markedly reduced if cells were -

preincubated for 4 h with the tyrosine kinase inhibitor, herbimycin A (Herb) (5 pg/ml).
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Figure 10. Activation' of p53/567 in PBM¢s treated with LPS. (A) Cells were left
untreated (“C"”) or treated with 100 ng/ml LPS for the indicated times (hin). Cell extracts
were prepared and equal amounts of protein (~500 mg) were used for immunoprecipitation
overnight with anti-lyn antibodies (or normal rabbit serum as control, not shown) as described
under Materials and Methods. Immune complex assays were performed in the absence of
exogenous substrate and proteins separated by SDS-PAGE as described for Figure 8. (B) After
exposure of gels to X-ray film, radioactive bands were excised from the gel and quantified by

liquid scintillation counting. Activity is expressed as a ratio with respect to control untreated

cells (n=3, except for t=40 min where only one determination was done).
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Figure 11. LPS-dependent activation of p53/56/7in undifferentiated and D 3-differentiated
U937 cells. U937 cells were either left undifferentiated (A) in normal culture medium as
described in Materials and Methods, or were treated with 100 nM 1,25-dihydroxy vitamin D
(D3) for 72 h (B). Twelve to 15 h before treatment with LPS, cells were left in RPMI (no
FCS) and incubated with 5 pg/ml herbimycin A or vehicle alone (DMSO) for 4 h. Cells were
then stimulated for 10 min with the indicated amount of LPS or left untreated.
Immdnoprecipitates were prepared with anti-Lyn antibodies and immunocomplex kinase assays

were performed as for Figure 10.
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B. SERINE/THREONINE KINASES ACTIVATED IN M®S IN RESPONSE TO LPS
1. LPS induces time- and concentration-dependent increases in phosphotransferase activity
towards myelin basic protein

Cytosolic preparations from cells stimulated with LPS for 30 min showed a dose-
dependent increase of MBP-phosphotransferase activity. The stimulatory effects of LPS were
first apparent with concentrations as Iéw as 10 pg/ml,'an.d maxffnal with 10-100 ng/ml (Figure
iZA). LPS-elicited increases of MBP’ kinase aétiﬁty were dependent on the incubation time.
Increased enzymatic ac_tivity was first detected at 10 min of LPS treatment (100 ng/ml) and
peaked by 20-30 min of simulation (Figure 12B). By 40-60 min of LPS treatment, MBP

. kinase activity returned to a level similar to untreated, control cells. [n four different

experiments, activation of 2-5 fold over basal levels was observed with 100 ng/m! LPS.
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Figure 12. LPS treatment of M¢s leads to increased myelin basic protein phosphorylating
activity in a dose and time dependent manner. (A) PBM¢s were stimulated with different
concentrations of LPS for 30 min, or (B) with 100 ng/ml LPS for the indicated times. High
speed supernatants were prepared and protein kinase assays were performed using MBP as
substrate as described in Materials and Methods. After 10 min the reactions were stopped by
spotting the samples on phosphocellulose filter paper. Filters were washed five times in 0.85%
(v/v) o-phosphoric acid and incorporated radioactivity was measured by scintillation counting.
Activity is expressed as a ratio with respect to control untreated cells; shown is one of three

experiments with similar results.
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2. Activation of p42/p44 mitogen activated protein kinase by LPS in PBMps

Following exposure of cells to LPS (10 or 100 ng/ml) for 30 min two distinct peaks of
LPS-activated MBP phosphotransferase activity were resolved by chromatography of cell lysates
on Mono Q (Figure 13A). In a series of experiments with cells from different donors, both
peaks of activity were consistently observed. A third peak of MBP phosphotransferase activity
eluting later in the gradient was also present, but this was not consistently observed in
preparations from different donors. - |

Fractions from Mono Q peaks one ahd two were subjected to SDS/PAGE on 10% gels
and transferred to nitrocellulose for immunoblotting. Using rabbit polyclonal antibodies that
recognized both ERK-1 and ERK-2 members of the MAP kinase family, two proteins with
approximate subunit sizes of M 42,000 and M, 44,000 were detected (denoted by the two
arrowheads in Figure 138B, D, E) in fractions under peak one (the earliest eluting peak) from
both control (Figure 13B) and LPS-treated cells (Figure 13D). In contrast, no immunoreactive
MAP kinase protein was detécted in fractions comprising either Mono Q peak two or three
(data not shown). The anomalou; appearance of p44 MAP kinase in fraction 33 (the distorted
bands in Figures 13B and 13E) may have been due to the presence ‘of a large amount of
nonspecific protein of similar size (detected by staining with amido black, data not shown) that
eluted in this fraction and caused increased migration of p44 MAP kinase. This band could also
be accounted for by the 38 kDa perein kinase Hog that is known to become tyrosine
phosphorylated in neutrophils in response to LPS and is weakly recognized by erk!-CT |
antibodies (139).

Membranes that had been immunoblotted with anti-MAP kinase antibodies were

stripped and re-probed with the anti-phosphotyrosihe monoclonal antibody 4G10. Two
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proteins also of subunit sizes M, 42,000 and 44,000, that coincided precisely with the p42
and p44 isoforms of MAP kinase were shown to become tyrosine phosphorylated within
activated peak one fractions from LPS-treated cells (denoted by the two arrowheads in Figure
13E, fractions 30 and 31). No evidence for tyrosine phosphorylation of these proteins was
found in the corresponding Mono Q fractions prepared from extracts of untreated monocytes
(Figure 13C). Other protein species showed increased tyrosine phosphorylation in fractions
from extracts of LPS-treated cells, but not in extracts from control cells (data not shown).
Although the fdentities of the latter proteins have not been determined, their presence is
consisfent with the observation that treatment of mbnocytes with LPS was observed to provoke
increased tyrosine phosphorylation of multiple proteins as detected in whole cell immunoblots

(Figure 6).

3. Analysis of protein kinase activity us/nga MAP kinase-specific peptide substrate

To cﬁaracterize further the nature of the kinase activities p;'esent'in Mono Q fractions
from LPS-treated cells, /in vitro kinase assays were carried out in parallel using either MBP or a
MAP kinase-specific peptide substrate APRTPGGRR (147,1 53). As shown in Figure 14A, |
LPS-activated phosphotransfer#se activity towards MBP was detected in Mono Q fractions from
both, peaks one and two. In contrast, only-fractibns from Mono Q peak one demonstrated

stimulated activity towards the MAP kinase-specific peptide (Figure 1 4B);
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Figure 13. Anion exchange chromatography of PBM¢s shows several peaks of MBP-
phosphorylating activity stimulated by LPS. After 30 min of incubation with LPS (10 or 100
ng/ml) or vehicle (RPMI + 10% HS), detergent lysates were prepared and fractionated by
anion exchange chromatography on a Mono Q column. Proteins were separated by a 20 ml
linear gradient of 0-800 mM NaCl in buffer A (12.5 mM p-glycerophosphate, 12.5 mM
MOPS, 2 mM EGTA, 0.5 mM ortho-vanadate). Fractions of 0.25 ml were collected and (A)
aliquots were analyzed for MBP-kinase activity as described under Materials and Methods using
MBP as substrate. Aliquots (75-100 pl) of fractions from control (B, C) or LPS treated
samples (D, E) were analyzed for the presence of p42/p44 mitogen activated protein kinases
by immunoblotting with erk1-CT (B, D), an antibody recognizing both isoforms of the enzyme.
After stripping the blots of erk1-CT antibodies, the membranes were reprobed with 4G10 (C,
E) for the detection of tyrosine phosphorylated proteins as for Figure 6. Arrowheads shown in
B, D and E correspond to positions of p44 and p42 MAP kinases. |
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Figure 14. MBP and synthetic MAP kinase peptide substrate reveal distinct substrate
specificities of peak one and peak two of MBP kinase activity. After lysis and FPLC
fractionation, samples from control (untreated) or LPS (100 ng/ml, 30 min) treated PBM¢s
were assayed for kinase activity using (A) myelin basic protein as described for Figure 12, or
(B) the synthetic peptide (APRTPGGRR) as phosphate acceptors. Mono Q peak one was
comprised of fractions 27-34 and peak two of fractions 35-42. For ease of reference between
A and B, fractions 31 (Peak one) and 36 (Peak two) are labeled in both panels (arrows)
(n=2).
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4. Lipopolysaccharide-induced activation of protein kinase C-¢ in monocytes

Fractions from Mono Q peaks one and two were also subjected to immunoblotting with
anti-pan PKC antibodies. A prominent immunoreactive band with an approximate size of M,
81,000 was detected in peak two fractions from Mono Q that contained LPS-stimulated MBP
phosphotransferase activity (data not shown). A corresponding protein, with an identical
elution profile of subunit size M 80,000 was also detected in peak two fractions prepared from
extracts of untreated cells. In contrast no immunoreactive PKC was detected in Mono Q peak
one fractions obtained from LPS-treated cells. Based upon size, this protein was believed likely
b represent a PKC and indicated the possibility that the LPS-activated MBP kinase activity
detected in peak two may be due to PKC.

Compared to lysates prepared from untreated cells, the mean increase in activity of the
major MBP-phosphotransferase activity beak was 2.5 + 0.7 (mean + S.E.M., n=6) fold. Since
this activity (Figure 15A) was detected in the absence of calcium, phospholipids, or
diacylglycerol, this indicated that this activity was a lipid-independent isoform of PKC. The
possible‘presence of PKC-¢ was analﬁed by immunoblotting fractions with an isoform-specific

antibody. Immunoreactivity for PKC-; was observed in fractions corresponding to the peak of
kinase activity (Figure 15B). The antibody recognized a protein of ~Mr 80,000-85,000 which
was sometimes resolved into a doublet or triplet of closely migrating proteins. The specificity of
antibody reactivity with this Mr ~80,000 protein ﬁomplex was confirmed by peptide
competition. Thus, as shown in Figu;'e 15B, an excess of fhe PKC-¢ peptide used as

immunogen to raise the antibody specifically abrogated recognition of these bands, whereas

non-specific reactivity with other proteins was unaffected.
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The effects of LPS on PKC-{ were also examined in two human, promonocytic cell lines,
THP-1 and U937. After Mono Q chromatography the MBP kinase activities exhibited similar
elution profiles than that observed in peripheral blood monocyteS, and immunoreactivity for
PKC< corresponded with peak 2 of activity (Figure 16). Immunoprecipitation of PKC<, from
THP-1 cells showed increased activity towards MBP in the lysates from LPS treated samples (1
ug/ml) as compéred to untreated cells (Figure 16C). LPS treatment resulted in a transient

increase in kinase activity which was maximal by 10 min.
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Figure 15. LPS induces activation of PKC-¢. (A) Human monocytes were incubated with LPS
(100 ng/ml) or medium alone (final serum concentration, 0.1%) for 15 min. Cells were then
and fractionated by Mono Q anion exchange chromatography and fractions were assayed for
MBP kinase activity as described in.MateriaIs and Methods and in Figure 13. The data shown
are from one experiment and are representative of results obtained in >7 independent
experiments. (B) Detection of PKC-{ immunoreactivity in fractions éorresponding to the major
peak eluting from the column at 390-420 mM NaCl. Aliquots of the fractions (125 pl) were
analyzed for the presence of PKC-{ by immunoblotting with anti-PKC-¢ antibody. Specific
recognitioh of the Mr 80,000-85,000 protein by anti-PKC-{ antibody was determined by
immunoblotting in the absence or presence of peptide used to raise the antibody. Bands that
were eliminated by preadsorbing the antibody with the competing peptide were deemed

specific. The results shown are from one of three similar experiments.
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Figure 16. LPS induces activation of PKC-{ activity in promonocytic cell lines. THP-1 or
U937 cells were rendered quiescent in serum-free RPMI for 12 to 15 h and subsequently
stimulated (15 min) with 1 pg/ml of LPS or medium as described in Materials and Methods.
(A) Cells were lysed and subjected to Mono Q chromatography. MBP kinase activity in
aliquots (5 ul) of each fraction from each cell line was determined as described in the legend to
Figure 10. (B) Detection of PKC-{ immunoreactivity in fractions corresponding to the major
peaks was done as described in the legend to Figure 14 (n=3). (C) THP-1 cells were treated
with LPS for the indicated times and PKC-{ was immunoprecipitated from cell lysates with
polyclonal anti-PKC-{ antibodies (Upstate Biotechnology). /n vitro kinase activities in the

immunoprecipitates were measured using MBP as substrate.
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5. Immunoadsorption of PKC-¢ activity
Immunodepletion was used to examine further whether the peak of MBP kinase activity
was due to PKC—. Prior to fractionation on Mono Q, lysates prepared from LPS-treated
U937 cells were either untreated or immunoadsorbed with either of two anti-PKC-{ antibodies.
Anti-PKC antibodies able to recognize o, B, and y PKC isoforms were used as a control for
specificity. As shown in Figure 17A, immunoadsorption of lysates with anti-PKC-¢ antibodies
resulted in a significant reduction in peak activity when compared to fractions from either
unadsorbed lysates or to lysates immunoadsorbed with control anti-PKC antibodies. In fact,
peak MBP kinase activity was reduced by treatment with anti-PKC-{ to a level essentially
equivalent to that observed in fractions from control (non-LPS-treated) cells.
Immunoadsorption of MBP kinase activity also resulted in removal of PKC-¢ immunoreactivity
from Mono Q fractions (Figure 17B) and this was observed with anti-PKC- antibodies from
two differe_nt sources. When either anti-cPKC (left panel, Figure 17B) or anti PKC-{ antibodies
’w'ere. used for imﬁunodepleﬁon, a non-specific high molécular weight band was

immunoprecipitated.
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. Figure 17. Immunoadsorption of the major peak of MBP kinase activity with anti-PKC-{

antibodies. U937 cells were either stimulated with 1 ug/ml of LPS or medium alone (final
serum concentration, 0.1%) and detergent-soluble lysates ~ were prepared for

immunoadsqrption as described in Material and Methods. Lysates from medium control and

LPS-stimulated cells were either untreated or subjected to immunoadsorption with either rabbit

anti-PKC-¢ antibodies (41 and 2, Gibco or Santa Cruz) or anti-cPKC antibodies (specificity
control). (A) One mg of Iysate from each sample was then fractionated by Mono Q
chromatography and MBP kinase activities were measured as described in Materials and

Methods. The data shown are from one of three independent experiments that gave similar

results. (B) Aliquots of fractions from LPS-treated cells analyzed by immunoblotting with anti-
PKC- to confirm depletion of PKC-¢.
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6. Biochemical characterization of PKC¢{

Since PKC-{ is known to behave differently from other PKC family members,
experiments were done to biochemically characterize the putative PKC-£ in Mono Q peak two.
Aliquots of Mono Q fractions containing PKC-{ were analyzed fbr activity using multiple
substrates as shown in Figure 18A. Of the different substrates tested, thé kinase
phosphorylated MBP (0.2 mg/ml), peptide € (84 uM), and S6 peptide (0.1 mM) with similar
efficiencies. In comparison, activities towards kemptide (0.2 mg/ml), histone (0.2 mg/ml),
and protamine sulfate (0.2 mg/ml) were lower. This profile of substrate preferences is
consistent with previous reports for PKC-¢ (109,118).

Cofactor requiremenfs for PKC-¢ have also been found to differ from those of other
PKC isoforms (109,154). Figure 18B shows the activity of the kinése toward MBP in the
presence or absence of various PKC activators and cofactors. PtdIns3,4,5P3 an activator of
PKC-, enhanced the activity of the kinase in Mono Q fractions prepared from control cells
(Figure 18B), but not in those prepared from LPS-treated cells. Unlike Ptdins3,4,5/3 neither
arachidonic acid (alone or with diacylglycerol) nor phosphaﬁdylserine significantly enhanced the
activity of _the kinase when cqmpared to tﬁe activity detected in the absence of added lipids
(Figure 18B). PMA, a known activator of several PKC isoforms other than PKC-; was also
tested in the presence of PS and CaZ+. The addition of PS, Ca2+, and PMA together,
resulted in an approximate 35% increéﬁe in activity when compared to activity in the absence

of cofactors (Figure .I 8C). In contrast, fractions corresponding to cPKC (i.e. 15-16) showed a

robust activation in response to the combination of PMA, PS, and Ca2+.
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Figure 18. Substrate preference and cofactor dependency of monocyte PKC~. Detergent
lysates of human monocytes were prepared and fracﬁonatgd by Mono Q chromatography. (A)
Kinase activities were detérmined in peak 2 fréctions (5 ) using various substrates in the |
absence of cofactors. MBP, protamine sulfate, histone, and kemptide were used at 0.2 mg/ml.
Peptide £ was used at 84 uM and S6 peptide at 100 pM. Activity is referred to MBP (100 5).
(B) Kinase activity was measured in the absence (Cont) or presence of various cofactors
(Ptd|n53,4,5P3, 0.1 ‘pM; AA, 33 uM; PS, 12.5 uM) using MBP as substrate. (C) Peak kinase
activity was determined in the fractions corresponding to both PKC-¢ and ¢PKC (fractions 15-
16) in the presence of 50 nM PMA, 100 uM free Ca2+, and 25 p.M.PS or absence of
cofactors (Control). Results are expressed as percent of activity measured in the abseﬁce of any
factors which was taken as 100%. The values shown are the mean + s.e.m. of 3-4

independent experiments. *p=0.04 (control vs. PtdInsP3); **p=0.04 (control vs. PMA),

both by Student’s t test.
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C. PHOSPHATIDYLINOSITOL 3-KINASE ACTIVATION IN LPS-TREATED Mas
1. Detection of Ptdins3,4,5P 3 in vivo in LPS-treated cells

Activation of Pl 3-kinase results in rapid and transient increases in the production of D3-
phosphorylated phosphoinositides. The effects of LPS treatment on the levels of these metabolites
were examined in peripheral blood M¢s as well as in the monocytic cell line U937. Cells were
labeled with 32P-orthophosphate and were then incubated in the presence or absence of LPS.
Phospholipids were extracted and analyzed by thin layer chromatography. As shown in Figure 19,
when compared to control cells, the incorporation of 32P into Ptdins3,4,5P3 was increased in LPS
treated monocytes. This effect was relatively rapid and transient with maximal accumt:lation of
Ptdins3,4,5P3 observed between 10 min and 15 min. Using cells from different donors, the

magnitude of this increase ranged between 2- to 11-fold relative to control cells.

2. HPLC analysis of Pl 3-kinase merabolite.t in U937 cells

When normal human Mé¢s were Iabeled With '32P-ot'tl10‘phosphate and lipids were extracted
for HPLC analysis it was found that the ihcorporation of radioactive material into the least
abundant inositol 'p‘hospholi'pids was not high enough to detect in this system (data not shown).
This appeared to be due to relatiyely low specific activity of the monocyte ATP pool. In contrast,
the ATP pool in the human promonocytic cell line U937 labeled to higher specific actit/ity and
was used, therefore, to study the effects of LPS on Pl 3-kinase metabolites /n vivo. As shown in.
Figure 20 and Table 2, treatment of cells with 100 ng/ml LPS brought about increased levels of
the PI 3-kinase metébdlites PtdIns3,4P9, and PtdIns3,4,5P3. LPS treatment also resulted in
increased levels of PtdIns4P, and Ptdins4,5P,. These effects Were observed as early as 5 ntin after

addition of LPS and were persistent through 10 min (data not shown) of treatment.



82

a
s » <« PIP3
A . v e & €« Ori
0 2 S 10 15 30
b

Activity

0 10 20 30
time (min)

Figure 19. Ptdins3,4,5P3 levels in M¢s after LPS treatment. (a) Human M¢s were labeled
with [32P;] for 2 h before stimulation with LPS (100 ng/ml) for the indicated periods. Lipids
were extracted and separated by TLC using a solvent system of n-propanol:2 M acetic acid
(13.7:7, v/v) as described in Materials and Methods. (b) Spots corresponding to
Ptdins3,4,5P3 were excised and analyzed by liquid scintillation counting. The data shown are

from one of three independent experiments.
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Table 2. Effects of LPS on inositol phospholipids in U937 cells.  [32P]-abeled
phosphoino_sitides were extracted from control cells and cells treated with LPS for 5 min (100
ng/ml) as described under Materials and Methods and Figure 20. The data shown are the

ratios of values observed in LPS-treated versus control, untreated cells (mean + S.E.M., n=3).

LPS 5 min
Pedins3P * 1.24 +0.07
Pedins4P 1.16 £ 0.1
Ptdins3,4P, 1.73£0.32
Pedins4,5P, 1.39£0.16
Ptdins3,4,5P 3+ 2.02+0.19

*p = 0.018 vs. control; **p = 0.014 vs. control

3. Wortmannin inhibits the generation of Ptdins3,4,5 Pz in vivo

Increased accumulation of PtdIns3,4,5P3 in LPS-treated cells was likely related to
increased specific activity of Pl 3-kinase /n vivo and this was supported by experiments
(described below) in which Pl 3-kinase activity was examined directly /n vitro in cell lysates.
Nevertheless, LPS-induced inhibition of a phosphatase that acts on PtdIns3,4,5P3 could also
have contributed to increased detection of this metabolite. To examine this possibility, 32P;-

labeled cells were pretreated for 10 min with 100 nM wortmannin, a concentration considered
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to have relative specificity for Pl 3-kinase (114). Cells were then either left untreated or
incubated with LPS. As shown in Figure 21, pretreatment of monocytes with wortmannin
completely abrogated the LPS-induced increase in PtdIns3,4,5P3. Taken together, these

findings provide direct evidence for activation of Pl 3-kinase /in vivo by LPS.

4. LPS-induced activation of Pl 3-kinase is CD I 4-dependent

Many functional responses elicited by LPS in M¢s are mediated through the cell surface
receptor CD14 (29) and antibodies to CD14 are able to blqck a variety of LPS-induced
responses (80). Incubation of 32P; labeled cells with 3C10 (10 pg/ml for 30 min prior to LPS
treatment), a monoclonal antibody that blocks CD14, completely abrogated the LPS-induced
increase in Ptdins3,4,5P3 (Figure 22, lane 4). This effect was specific to CD14, since the
expected increase in Ptdins3,4,5P3 in LPS-treated cells was not prevented by pretreatment with

an irrelevant isotype (lgGop) matched monoclonal antibody, OKT4 (Figure 22, lane 6).
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Figure 21. Effects of wortmannin on Ptdins3,4,5P3 levels. M¢s were labeled with [32P;] for 2
h as described and treated with 100 nM wortmannin or vehicle (Me,SO) for 10 min. Cells
were then treated with 100 ng/ml LPS for the indicated times. (a) Lipids were extracted and
analyzed by TLC as indicated in Figure 18. The position of Ptdins3,4,5P3 prepared in vitro
and separated under the same conditions is shown (St). The signal in this lane migrating
between the origin and PIP3 corresponds to [y-32P]ATP from the /n vitro reaction. (b) Spots
corresponding to Ptdins3,4,5P3 were excised and quantified by scintillation counting. Activity
is expressed as a ratio compared to control samples. Data shown are from one of three

independent experiments.
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Figure 22. (CD14-dependence of enhanced Ptdins3,4,5P3 levels in LPS-treated human
monocytes. M¢s were labeled with [32P;] for 2 h and left untreated (lanes 1 and 2), or were
incubated with 10 pg/ml 3C10 (lanes 3 and 4) or an irrelevant isotype matched control
antibody (OKT4, IgGyp) (lanes 5 and 6) for 30 min before treatment with 100 ng/ml LPS
(lanes 2, 4, and 6) or vehicle (lanes 1, 3, and 5) for 10 min. Lipids were extracted and

analyzed as described above (n=23).
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5. Kinetic analysis of Pl 3-kinase activity in LPS-treated monocytes

Treatment of monocytes with LPS brought about a substantial increase in Pl 3-kinase
activity assayed in vitro (Figure 23). Cell fysates were immunoprecipitated with a monoclonal
antibody specific for Pl 3-kinase and enzyme activity was measured in an /n vitro kinase assay
using Pl as substrate. Increased Pl 3-kinase activity in samples ffom LPS treated cells was
detected as early as 2 min and was consistently maximal after 10 min of treatment (range, 2.5-
5.7 fold greater than control samples using cells from five different donors). Pl 3;kinase

activity in LPS-treated cells returned to near basal levels by 40 min.

6. LPS dose-response analysis for activation of monocyté Pl 3-kinase

Acﬁvation of monocyte Pl 3-kinase was dose dependent and was detected with LPS
concentrations as low as 10 pg/ml. Maximal activation was achieved at 1-10 ng/ml of LPS
(Figure 24A). Immunoprecipitation- of Pl 3-kinése‘ from cell lysates yielded comparable
amounts of the M; 85,000 regulatory subunit from both control and LPS-treated cells as
detected by immunoblotting with a polyclonal antibody against p85 (Figure 24B). This result
indicates that increased enzyme activity detected in samples frdm LPS-treated cells was not an
artifact related to preferential immunoprecipitation of Pl 3-kinase protein from these samples.

Moreover, this finding provides direct evidence that LPS treatment brings about an increase in

the specific acti\/ity of monocyte Pl 3-kinase.
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Figure 23. Time course of Pl 3-kinase activity in LPS-treated cells. Monocytes were incubated
for the indicated times with LPS (100 ng/ml). Equivalent amounts of cell lysates were
immunoprecipitated with monoclonal anti-Pl 3-kinase antibodies. (a) Immune complexes were
assayed for Pl 3-kinase activity by measuring the incorporation of [y-32P]JATP into PtdIns. The
position of the migration of PtdinsP (PIP) and the origin of chromatography are indicated. (b)
Spots corresponding to PtdinsP were excised and analyzed by liquid scintillation counting and

the values obtained are expressed relative to control (480 cpm). Shown is one of five similar

experiments.
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Figure 24. Dose dependence of Pl 3-kinase activation in response to LPS. (a) Monocytes were
incubated for 10 min with the indicated concentrations of LPS and assayed for Pl 3-kinase
activity as in Figure 23. (b) Lysates corresponding to control (lanes 1 and 4), or LPS treated
cells (1 ng/ml LPS: lanes 2 and 5; 100 ng/ml: lanes 3 and 6) were immunoprecipitated with
normal mouse serum (lanes 1-3) or monoclonal anti Pl 3-kinase antibody (lanes 4-6).
Immunoprecipitated material was separated by polyacrylamide gel electrophoresis and
immunoblotted with rabbit anti-Pl 3-kinase. The positions of p85 and molecular weight

markers are indicated. Data are representative of three experiments.
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7. LPS treatment activates p53/56M and promotes its transient association with Pl 3-kinase

As reported above, LPS brings about the activation of several tyrosine kinases, among
them p53/56%7. It has been observed that Pl 3-kinase may associate with and be activated by
a variety of both receptor and non-receptor tyrosine kinases (86). Taken together, these
findings indicated the possibility that activation of Pl J-kinase in LPS-treated M¢s might involve
its association with activated p53/56%47. In fact, when lysates from anti-lyn immunoprecipitates
were examined in the /n vitro Pl J-kinase assay, increased enzymatic activity was detected in
samples prepared from LPS-treated cells (Figure 25). The association between p53/56%7 and
Pl 3-kinase exhibited a time course similar to that of Pl 3-kinase activation per se (e.g. see
Figure 23). Maximal activity was observed after 5-10 min of LPS treatment and by 40 min
evidence of association was no longer present. When anti-lyn immunoprecipitates ‘were
subjected to immunoblotting using an anti-Pl 3-kinase rabbit serum a band corresponding to the
-M; 85,000 regulatory subunit was not detected (data not shown). :This indicated that the
amount of enzyme that associated with p53/56%7 was only a small percentage of the total Pl
3-kinase present in the cell and this was below the sensitivity of the detection system. As
discussed above, when p53/56%7 immurioprecipitates were examined for Lyn
phosphotransferase activity in an immuné complex kinase assay, the enzyme was found to be
more active in LPS treated samples when compared to control samples. (Figures 10 and 11).
The kinetics of Lyn activation showed that this response was maximal at 10 min and this

coincided with its maximal association with Pl 3-kinase and with Pl 3-kinase activation per se

(Figure 25). Taken together, these results indicate that LPS is able to bring about the
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coordinate activation of p53/56%7 and Pl 3-kinase and that these enzymes become transiently
associated for a period of time that corresponds to the dufation of Pl 3-kinase activation.
Further ' evidence to suggest that activation of Pl 3-kinase is dependent upon its
association with activated p53/56%7 is provided by the finding that inhibition of Lyn activity
with the tyrosine kinase inhibitor herbimycin A abrogates‘_activation of Pl 3-kinase (Figure 26).
Addition of herbimycin to Pl 3-kinase immunoprecipitates prepared from LPS-treated cells

immediately béfore assay did not affect the lipid-kinase activity, indicating that the effect of

herbimycin on intact cells was unlikely related to a direct effect on P! 3-kinase.
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Figure 25. Association of p53/56/%7 with Pl 3-kinase. Cells were either left untreated (lanes 1
and 6) or treated with 100 ng/ml LPS (lanes 2-5, 7-10) for 5 (lanes 2 and 7), 10 (lanes 3
and 8), 20 (lanes 3 and 9) or 40 min (lanes 5 and 10). (a) Cell lysates were prepared as
described and equivalent amounts of protein were used for immunoprecipitation with normal
rabbit serum (lanes 1-5) or Lyn antiserum (lanes 6-10). Immunoprecipitates were assayed for
Pl 3-kinase activity using Ptdins as substrate as described. (b) The autoradiogram was analyzed
by densitometry, and the background signals from lanes 1-5 were subtracted individually from
the corresponding signals in lanes 6-10. The difference between lane 6 and lane 1 was given
an activity value of 1, and the other activity values shown reflect the effects of LPS on Pl 3-

kinase associated with p53/56%7 . Shown is one of three experiments with similar results.
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Figure 26. Inhibition of Pl 3-kinase activity by herbimycin A. U937 cells were pretreated
with 5 pg/ml of herbimycin (lanes 4-6; solid bafs) or with a similar volume of Me2SO (lanes 1-
3, empty bars) for 4 h before any stimulation. Cells were then left untreated (lanes 1 and 4)
or were stimulated with either 100 ng/ml (lanes 2 and 5), or 1 pg/ml (lanes 3, 6 and 7) of
LPS for 5 min. Cell extracts were prepared‘and equivalent amounts of protein were used for
(a) immunoprecipitation with anti-Lyn ahtibodies. Immune-complex kinase assays were
performed as described in Figure 10. Bands corresponding to lyn were excised, radioactivity
was measured by scintillation counting and activity was expressed as compared to control cells.
(b) Parallel immunoprecipitations with monoclonal anti-Pl 3-kinase antibodies were performed
and Pl 3-kinase activity was detected as described in Figure 23. Spots corresponding to PtdinsP

were excised and analyzed by liquid scintillation counting and expressed relative to control.
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8. Tyrosine phosphorylation state of the M, 85,000 subunit of Pl 3-kinase

The M; 85,000 regulatory subunit of Pl 3-kinase is known to become phosphorylated
by a variety of tyrosine kinases /in vitro. Furthermore, Pl 3-kinase may be detected in anti-
phosphotyrosine immunoprecipitates prepared from different cell types following agonist
treatment. Whereas this implicated tyrosine phosphorylation of p85 in enzyme activation, the
latter does not strictly correlate with higher levels of tyrosine phosphorylation of the regulatory
subuhit. To examine whether p85 becomes phosphorylated on tyrosine in response to LPS in
Mos, anti-Pl 3-kinase immunoprecipitates were reprobed with 4G10. No detectable tyrosine
phosphorylation of p85 was observed in either control or treated samples (data not shown).
This negatf\/e result might be explained by the fact thét the amount of tyrosine phosphorylated
p85 brought dqwn with ;he anti-Pl 3-kinase antibody represented only a minor fraction of the
total enzyme in the immunoprecipitates. To maximize the potential for detecting tyrosine
phosphorylation of p85, cell lysates were immunoprecipitated with 4G10. As shown in Figure
27, treatment of monocytes with LPS brought about an increaée.in the amount of Pl 3-kinase
activity that could be immunopredpitat_ed with anti-phosphotyrosine antibody 4GIC. When
parallel 4G10 immunoprecipitates weré immunoblotted with 4G 10, several proteins exhibited
enhanced phosphorylation in response to LPS (Figure 27b). Wheh this.blot was stripped and
reprobed with a polyclonal antibody specific for p85 it'was.found that p85 did not comigrate
with any of the tyrosine phosphorylated bands‘ previously detected (Figure 27c). This results

indicates that tyrosine phosphorylation of the regulatory subunit of Pl 3-kinase is not necessary

for its activation in LPS-treated monocytes.
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Figure 27. Pl 3-kinase activity in anti-phosphotyrosine immunoprecipitates. Human M¢s were
either left untreated (1) or treated with 100 ng/ml LPS for 10 min (2). Cell lysates were
prepared and immunoprecipitated with 4G10. (a) Immune complexes were either assayed for
Pl 3-kinase activity as described previously or were separated by SDS-polyacrylamide gel
electrophoresis and immunoblotted with (b) polyclonal anti-PI 3-kinase or (c) 4G10. The
positions of PtdIns?, molecular weight markers and p85 are indicated (n=2).
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9. Activation of PKC-{ Is phosphatidylinositol J—kina&e—dependent

Recent evidence has implicated a role for Pl 3-kinase metaBolites in a signaling cascade
leading to activation of PKC (124). To examine the potential involvement of Pl 3-kinase in
LPS-induced activation of PKC-, cells were incubated with the Pl 3-kinase | inhibitors
wortmannin or LY294002, prior to the addition of LPS. As shown in Figufe 28A, when used
at concentrations known to be relatively selective for inhibition of Pl 3-kinase, both inhibitors
markedly attenuated activation of PKC- induced by LPS in peripheral blood monocytes. This
effect was also observed in PKC-{ immunoprecipitated from THP-1 cells. Preincubation of the
cells with 32‘ uM LY294002 or 100 nM wortmannin for 30 min resulted in the abrogation of
LPS-stimulated PKC- activity (Figure 28B). ’

The requirement for Pl 3-kinase for activation of PKC-£ was also .examined in cells
transfected with a dominant negative mutant of p85 (Ap85). The expression of p85 in the
different populations of U937 cells was examined (Figure 29). Lysates from non-transfected
U937 cells (lane 1), and cells transfected with either Ap85 (lane 2), or with wild-type p85
(lane 3) were separated by PAGE and immunoblotted with anti-p85 antibodies. The results
indicate that equivalent amount of p85 are expressed in these cell populations.

Stable transfection with Ap85 resulted in a significant réductio_n in both basal and LPS-
stimulated Pl -3-kinase activi;y (Figures 30a, b). In 'contrasf, cells tran__sfected with wild-type
p85 showed the expected in'c.rea'se in Pl 3-kfﬁase activity in response to LPS stimulaﬁon.

cells and PKC-§ immunoreactivity correlated with the peak kinase activity.
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Figure 28. Abrogation Aof LPS-induced activation of PKC- by the PI 3-kinase inhibitors,
wortmannin or LY294002. (A) Human monocytes were preincubated with 50 nM
wortmannin 4(n='4), 16 uM LY294002 (n=2), or vehicle for IS min. Cells were then
treated with 100 ng/ml of LPS or medium alone for an additional 15 min. Detergent lysates
were prepared and fractionated by Mono Q chromatography. MBP kinase activities were
determined in fractions (5 u!) from each cell preparation as described in Figure 11, (B) THP-1
cells were preincubated with either 100 nM wortmannin, 32 uM LY294002 or vehicle for 20
min prior to addition of LPS (1 ug/ml, 10 min). Lysates were immunoprecipitated with anti-
PKC-¢ antibodies and MBP-kinase activity was measured in the immunoprecipitates as described
in the legend to Figure 15C (n=2).
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Figure 29. Expression of p85 in U937 cells. Fifty micrograms of whole cell lysates from
untransfected (1), Ap85-transfected (2) and Wp85-transfected (3) U937 cells were
electrophoresed and immunoblotted with polyclonal antibodies against the p85 subunit of Pl 3-

kinase. Migration of molecular mass marker proteins are shown in kDa.
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Figure 30. Pl 3-kinase activity in U937 cells transfected with either wild-type, bovine p85a or
dominant negative mutant, Ap85a. Cells were stimulated with 100 ng/ml LPS or medium
alone followed by detergent lysis. (A) Lysates were immunoprecipitated with anti-Pl 3-kinase
antibody and phosphatidylinositol kinase activity was assayed as described in Materials and
Methods. Radioactivity observed at the origin reflects residual, water-soluble 3?P-labeled
material in the samples, the amount of which was not relevant to the results. (B) Spots
corresponding to PtdinsP (PIP) were excised and analyzed by scintillation counting. Activity is
expressed as compared to control (untreated) cells transfected with wild-type p85a (Wp85).

Results presented are from one of two independent experiments with similar results.
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To assess the effects of Ap85 on activation of PKC-{ by LPS, lysates of transfected cells
were analyzed using Mono Q chromatography. As shown in Figure 3 1A, activation of PKC-{
by LPS was abrogated in cells transfected with Ap85 while cells expressing wild-&pe p85 |
showed activation of PKC-{ in response to LPS (Figure 31B). Figure 31C demonstrates that

PKC+ was expressed in Ap85 transfected; no significant difference in the relative abundance of

PKC< in two additional experiments was observed.




>

150 800 150 00
—o— Control - —o— Control
> ——LPS >
s 600 % - 1600
S E 100- SE 100-
® S nz' 0
E -400 2 § = L 400
e = oy 23
=g 501 : % g 501
a & 200 a a 200
E S ~— E L
s N ———— | o TEI———— —~0
30 35 40 45 30 15 40 45
fraction # fraction #
Ap85 Wp85
PKC-C_‘> o - -

32 35 36 37 41 32 34 35 36 40

Fraction #

104

(- = =) IDEN Ww



105

Figure 31. Attenuation of LPS-induced activation of PKC-{ by a dominant negative mutant
(Ap85) of the p85 subunit of Pl 3-kinase. Quiescent, transfected U937 cells were treated
either with LPS (1 pg/ml, 15 min) or medium alone and lysed in FPLC extraction buffer.
Detergent lysates were fractionated by Mono Q chromatography as described in Materials and

- Methods. Aliquots (5 pul) of each fraction from cells transfected with Ap85 (A) or with wild-

type p85 (Wp85) (B) were assayed for MBP kinase activity in triplicate. The standard
deviation of each data point was <20% of the mean. (C) Aliquots of fractions from LPS-
treated cells were analyzed by immunoblotting with anti-PKC-¢ antibodies. The results shown

are from one of four experiments with similar results.




106

D. EFFECTS OF LPS ON p2 /735 AND THE VAV PROTOONCOGENE

p21725 (Ras) is a small G-protein which has been found to be positioned upstream of
MAPK as well as Pl 3-kinase in some systems (141,155,156). The protein is present in cells
coupled to either GDP or GTP. Growth factor stimulation results in an increase in GTP-Ras
with a corresponding decrease in GDP-Ras and this is usually expressed as a change in the ratio
of GTP-Ras to GDP-Ras. When PBM¢s were examined, no consistent results were obtainéd to
indicate that Ras activation was induced by LPS (data not shown).

The guanine nucleotide status of: p21/3s is controlled by exchange proteins. The
product of the protooncogene vav has been reported to fulfill this function in cells of
lymphoéytic origin. In response to agonists, Vav is rapidly phosphorylated on tyrosine which
activates the guanine nucleotide exchange activity of the protein. As shown in Figure 32A,
when anti:-‘Vav immunoprecipitates were electrophoresed and blotted, two immunoreactive
bands of 90 and 104 kDa were observed with anti-Vav antibodies (arrow heads). When the
blots were stripped and reprobed with 4G 10 (Figure 32B), only a band comigrating with the
fastest migrating band in the anti-Vav blot Was detected. quever, treatment with LPS did not
bring about detectab‘le increase in tyrosine phosp’ho_rylation of this protein. Taken together,

these results indicate that p.2 7735 and Vav are not involved in LPS signaling in human Mg¢s.
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Figure 32. Tyrosine phosphorylation of p97%4V in PBM¢s. PBM¢s were treated with 100
ng/ml of LPS for the indicated times, or were left untreated (“C”). Whole cell lysates were
prepared and Vav was immunoprecipitated using Vav-antiserum. Immune complexes were
separated in a 7.5% polyacrylamide gel and immunoblotted with anti-Vav antiserum (A). The
arrows indicate bands of 95 and 98 kDa recognized by the anti-vav antibodies. After stripping
of antibodies, the blots were re-probed with 4G10 for the detection of phosphotyrosine
residues (B). The immunoreactive band denoted by the arrow in panel B, comigrates with the

lower band in panel A.
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E. PI 3-KINASE AND LPS-ELICITED FUNCTIONAL RESPONSES
1. Effects of Pl 3-kinase inhibitors on LPS-induced enhancement of cytokine mRNA levels

As reviewed above, the effect of LPS on M¢§ are pleiotropic.' Amongst the most
| profound responses induced by LPS is the induction of' cytokine production (3,8). To examine
whether cytokine induction by LPS requires activation of Pl 3-kinase, a set of templates able to
recognize mRNA for eight different monokines was used (Table 1). Treatment of THP-1-WT
(CD 14 positive) cells with either 100 ng/ml or 1 pg/ml LPS for 3 h resulted in increased levels
of mRNA for IL-1B, and TNF-a (Figure 31). Prolonged exposure of the gels allowed detection
of enhanced mRNA levels for IL-1a as well. Pretreatment of cells with PI 3-kinase inhibitors,
either wortmannin (100 nM), or LY294002 (32 uM), had no detectable effects on induction
of cytokine mRNA levels by LPS. Treatment of undifferentiated U937 cells with LPS did not
result in increased mRNA levels of any of the cytokines present in the H-14 set (data not
shown). Thus, it was not possible to examine the effects of transfection of U937 cells with

Ap85 on cytokine mRNA production.

2. Pl 3 -kinase and LPS-induced adhesion of M¢s

‘ The ability of M¢s to adhere.to substrates .an'd to other ce"s is important for many of
their functional activities. TH'P-I -WT cells exprésSing CD14, Were used to study the role of Pl
3-kinase in LPS-induced adherence. Ovérnight treatment of THP-I.-WT cells with 1 pg/ml LPS
resulted in increased adherence of‘cells to uncoated microtitre wells as compared to cells
incubated with medium alone (34B vs. 34A). This effect was dependent on the LPS receptor,
CD14, as pretreatment with 10 pg/ml of antj-CDI4 markedly reduced the number of cells

attached to the wells (Figufe 34C and D). Treatment with 100 nM wortmannin (Figure 34E)
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or 16 uM LY294002 (Figure 34F) for 30 min prior to LPS stimulation resulted in a marked
reduction in LPS-induced adherence as compared to control, LPS-treated cells (Figure 34B).
Quantitative results from this experiment are shown in Figure 34G .

A parallel adhesion assay was performed using fibronectin as substrate and adherence
was quantitated spectrophotometrically based upon retention of crystal violet dye. As seen in
Figure 35, overnight treatment of THP-1 cells with LPS resulted in increased adherence of the
cells to fibronectin. As described for adherence of cells directly to plastic, treatment ofk cells
with the Pl 3-kinase inhibitors resulted in a marked reduction of LPS-induced adherence of cells
to fibronectin-coated wells (Figures 34 and 35). In contrast, adherence induced in response to

PMA was unaffected by the presence of wortmannin.
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Figure 33. Effect of Pl 3-kinase inhibitors on mRNA levels of different cytokines. Quiescent
THP-1-WT cells were incubated with vehicle alone or with 100 nM wortmannin (+Wrt) or 32
1M LY294002 (+Ly) for 30 min, and then were either left untreated (a), or treated with O. 1
(b) or 1 pg/ml of LPS (c). Total RNA was extracted and 32P-labeled cytokine RNA probes
were used to detect specific, endogenous mRNAs in a ribonuclease protection assay as

described under Materials and Methods.
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Figure 34. LPS-induced adherence of THP-1-WT cells is Pl 3-kinase dependent. (A) THP-I.-
| WT cells were»incubated with vehicle (A, B, C), with 10 ug/ml anti-CD 14 antibodies (C, D),
with 100 nM wortmannin (E), or with 16 uM LY294002 (F). After 30 min, medium (A, C)
or 1 pg/mi LPS (B, D, E, F) were added to the wells and incubated overnight. Non-adherent
cells were femoved by rinsing with HESS and the wells were observed using an inverted
microscope at 200X magnification (n=2). (G) Adherent cells per field (minimum of 3 fields
countéd at 200X magnification) were counted for each of the treatments described in A-F (Ab

= anti-CDI 4, Ly = LY294002, W = wortmannin).
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Figure 35. THP1-WT cells were added to wells coated with fibronectin. Cells were then
incubated either with vehicle or with wortmannin prior to addition of either 50 nM PMA or
the indicated concentrations (ug/ml) of LPS overnight. Adherent cells were quantified
spectrophotometrically (570 nm) after staining with crystal violet as described in Materials and

Methods (n=2).
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X. DISCUSSION

Mononuclear phagocytes undergo many physiological and functional changes in
response to LPS, these responses being initiated through CD14, a LPS cell surface receptor.
The importance of this receptor in M¢ activation is manifest by the findings th'at overexpression
of CD14 leads to hypersensitivity to endotoxi; shock in mice (157) and M¢s derived from
CD1 4-kr;ockout mice do not express TNF-a, IL-1B, and interferon-inducible protein-10 genes
after éxbosure to low concentrations of LPS (1 5'8).

One of the most rapid events reported after exposure of M¢s to endotoxin is the
- increased tyrosine phosphorylation of proteins (69,70). These changes are apparently initiated
through CD14, as antibodies against CD14 are able to block LPS-induced protein tyrosine
phosphorylation (71). Working with freshly isolated peripheral blood M¢s, we have been able
to demonstrate the increased tyrosine phosphorylation of a range of proteins after exposure to
LPS (Figure 6). Similar effects were observed using the monocytic cell lines THP-1 and U937
(data not shown). These responses are rapid, with increased tyrosine phosphorylation being
apparent as early as 2 min and returning to near basal levels by 30-40 min. Increased protein
tyrosine phosphorylation is elicited in peripheral blood Mgs with concentrations of LPS in the
picogram/ml range reaching a plateau at 10 to 100 ng/mlALPS (data not shown). These
changes are due, at least in part, to increased tyrosine kinase activity in LPS-treated cells. This
conclusion is based in part upon renaturation kinase assays, in which it was shown that
renaturable tyrosine kinases become activated in response to LPS (Figure 7). The proteins with
the highest activity observed in whole cell lysates appeared as three bands in the 49-70 kDa

range. In addition, when p53/56/%" was immunoprecipitated from equal amounts of whole cell



117

lysates, increased /n vitro kinase activity was found in peripheral blood M¢s, as well as in U937
cells (Figures 8 and 9) after treatment with LPS. Stefanovd and coworkers have also reported
that LPS-activated peripheral blood M¢s have increased protein tyrosine kinase activity.
Specifically they observed activation of p58/64/<k, p53/56/7, and p69<-%7 (80). In a similar
manner, Beaty and workers (159) have shown increased Hck and Lyn kinase activity after LPS
treatment of human monocytes. The involvement of these tyrosine kinases in downstream
events is reinforced in this study by the fact that tyrosine kinase inhibitors are able to block the
LPS-induced TNF-a and IL-6 production.

Increased protein tyrosine kinase activity was also observed to be associated with CD14
in LPS-treated cells (Figure 8). Although the tyrosine kinases associating with CD 14 were not
specifically identified, the apparent molecular weights of these enzymes were in the range of the
Src-kinases. These observations could be related to increased amounts of enzymes becoming
associated with CD 14 in response to LPS. On the other hand, the amounts of tyrosine kinases
associated with CD14 could be the same in control and LPS treated monocytes, but_the
increased kinase activity observed could result from enhanced specific activities of the enzymes
in LPS-treated sam_pl‘es. Stefanovd and coworkers also d_emonstra“.te‘d that p53/56" but ﬁot
p58/64/ck or p69<-/¥, associates with CD14 (86). The amounts of p53/56/ associated
with CD14 in both resting and LPS-StimuIated cells was s_ihilar, b.ﬁt‘Lyn activity was increased
in LPS-treatéd samples. This favors the drgumént that LPS induces changes in- the specific
activities of tl_1e Src kinases. Taken | together, these ﬁndi‘ngs‘ indfcate that p53/56/m
constitutively associates with CD 14 and its activity is modified by LPS.

Lyn and other Src kinases have been shown to play an important role in the immune

response. Mice homozygous for a disruption at the Lyn locus show defects in B cell and mast
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cell functions implying an obligatory role for Lyn in cell signaling (160). In addition,
macrophages from doubly homozygous hck”/“-fgr/- mice, show impaired phagocytosis and
increased susceptibility to infecﬁon with Listeria monocytogenes, indicating that either hck, for
or both are required for effective host defense (161). Despite these observations, the
importance of Lyn and other Src kinases in M¢ signaling has been questioned recently. Thus,
Mos derived from mice deficient in Lyn, Hck, and Fgr, do respond to LPS if they are incubated
with LPS and IFN-y for 6-48 h (84) suggesting that these kinases may be dispensable for LPS
responses. However, these cells were not examined for their functional responses to LPS after
short term exposure (e.g., <2 h). This is an important caveat, since While Més derived from
Src-triple knockout mice expressed neither mRNA nor proteins corresponding to these enzymes
under basal conditions, it is possible that prolonged exposure to LPS and IFN-y may have led to
the induction of other tyrosine kinases, including other members of the ‘Src family. This
possibility is supported by studies referred to above (78) in which prolonged incubation of M¢s
with LPS aﬁd IFN-y resulted in induction of the Src kinases, Hck and Lyﬁ. Moreover, in the
Lyn--Hck™-Fgr-cells, treatment with the general tyfpsine kihase i'nhibitdr, herbimycin, inhibited
nitrite productic;n indu'ced by"LP’S aﬁd IFN-y ihdiéﬁng continued dependency upon tyrosine

kinases for signaling. the possibility remaihs that Lyn, Hck and Fgr may be required for rapid

-responses to LPS, but that with longer term exposure to LPS and IFN-y, their absence may be

compensated for by the induction of other tyrosine kinases.

The association of tyrosine kinases with GPIinnked molecuies‘to is not Iimited to CD14,
as several GPl-anchored proteins have been shown to associate with tyroﬁne kinases of the Src-
family (83). The function of GPI anchors in proteins is still speculative. In the case of integral

membrane proteins, the interaction of their -cytoplasmic domains with cytoskeletal components
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has the potential to influence their mobility. vHowever, no such constraints apply to GPI-
anchored proteins which results in their having‘increase‘d mobility in the plane of the
membrane. This feature may be important fof their interaction with other transmembrane
proteins with the capacity to transduce signals into the cell. In this regard, We observed ‘the
association of CD14 with a tyrosine phosphorylated proteiﬁ of 3pproximately 170 kDa
(PY170) in phospho&rosine immun‘oblotsvof CD 14 immunoprecipitates from LPS-treated cells
(Figure 9). It is unlikely that this protein is a p'rotein tyrosine kinase per se, since no protein of
similar size wés observed either when CD14 iinmune complexes were subjected to /in vitro
kinasé assays (Figure'8), or when whole cell lysates were analyzed by renaturation kinases éss#ys
(Figure 7). The identity of this proteih has not been established. However, among the
potential candidates, and bécause of similarity in molecular mass, we examined the possibility of
it being the insulin receptor sLIbstrate-l (IRS-1). IRS-1 is a protein without tyrosine kinasé

activity that becomes tyrosine phosphorylated when insulin binds to its receptor (162). IRS-1

is able to bind both to the insulin receptor and to intracellular proteins, thereby serving to

propagate extracellular signals inside the cell. No immunoreactivity was observed when CD14-

‘immunoprecipitates, vpositive for PY170, were examined with antibodies ralsed against IRS-1

(dat'a‘not shown). Nevertheless, the distinct pdssibilit’y exists that PY170 is involved in relaying
signals inside ;he cell after LPS binds.to CDI 4,

In ﬁurine Més, 'amon'gst th"é mo’st"pr.omineﬁdy‘tyrosine. phosphorylated bands appearing
after LPSAt‘rléatmeq‘t are:a series of 40-45 kDa:proteins. These have been demonstrated to be

the p42 and p44 isoforms of MAP kinase (69). In human blood M¢s, ’wé have consistently

observed increased tyrosine phosphorylation of proteins with appair‘ent molecular masses in the

40-45 kDa range. This led us to investigate the p_ossibility'that some of these may be members
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of the MAPK family. As shown in Figure 13A, anion exchange chromatography of lysates
from LPS treated peripheral blood Mops, showed two peaks of increased MBP-kinase activity.
Immunoblotting wifh enti-erkl antibodies demonstrated the presence of p42 and p44 MAPKs
and tyrosine phospherylation. of these proteins was markedly enhanced in LPS treated cells.
Further ev_idence to support the conclusion that Mono Q peak one corresponded to p42/44
MAPKSs was Obtained based upon substrate specificity .of the two peaks of MBP-kinase activity
detected. Only Mono Q peak 1 was able to efﬁciendy phosphorylate a peptide substrate
specific for members of the MAPK femily. As seen fn Figure 148, .peak two showed aImost
negligible activity towards thls substrate ev.en.th_ough it was more efficient than peak one in
phosphorylating MBP (Figure 14A). These findings support the conclusion tbat LPS treatment
of human, peripheral blood mononuclear cells brings about the activation of two members of
the MAPK family, MAPK1 and MAPKZ. The importance of MAPK in M¢ cell signaling_is
strengthened by the finding that MAPKs become activated in M¢s, not iny in response to LPS |
(163,164), but also i‘n response to GM-CSF (163) and engagement of the TNF receptor
(165). Furthermore, _other cell types heve also been shown. to respond to LPS with activation
of MAPK, including endothelial cells (72) and_neuerophils (139).

In addition to p42 andkp4A4‘MAPKS, a p38 MAPK isoform '-is also activated in response
to LPS in M¢s, neutrophils (139) end-in 7QZ/3 cells transfe_cted with CD14 (140). The
activation of this isoform in 'our sYsterb'cannbt be e)_(cluded as‘antibodie's specific for p38
MAPK were not used to probe Mdno Q fracl:ionsf It'is.‘interestingdto note, however, that a
band of approxi'mately‘38-40 kDa appeared to be tyrosine phosphorylated and showed weak

immunoreactivify with' erk-CT a.ntibodies. (Figure 13). The importance of this enzyme in M¢
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signal tran;duction is indicated by the finding that a family of cytokine-suppressive anti-
inflammatory drugs are potent and selective inhibitors of this enzyme (166).

Work done in this laboratory (167) and presented here (Figures 13A, 15A, 16A, and
17A), indicated that the second and later eluting Mono Q peak (peak two) of LPS-activated
MBP kinase activity h1ight be accouﬁted for by ah apparently calcium-independent isoform of
PKC. The evidence sﬁpporting this includes: (i) reactivity of peak fractions wfth anti-pan PKC
antibodies in immunoblots of a protein with an apparent subunit M; of appfoximately 80,000-
81,000, (ii) immunoprecipitatiqn of peak two MBP kiﬁase activity with anti-pan PKC
anﬁbOdieg, (iii) sensitivity of this kinase to inhfbition by a PKC inhibitor peptide, and (iv)
detection of stimulated activity in the presence of 2 mM EGTA (free calcium below 10-8 M)
and in the absence of diacylglycero! and phosphatidylserine. The identiﬁéation ahd mechanism
of activation of this PKC is discussed below.

The findings that Src-family tyrosine kinases are activated in LPS-treated M¢s raised the
question of potential downstream effectors and one possibility is the lipid kinase, Pl 3-kinase.
Concentrations. of Pl 3-kinase metabolites, such as P@Ins3,4,5P3, are low or undetectable in
resting cell; and increase rapidly and transiently in response to various agonists. In this regard,
activation of both receptor and noh-recep_tor, cytosolic tyrosine kinases (168,169), including
p53/56%7 (91,170,171) have been linked to increases i," Pl 3-kinase metabolites. The
finding that p53/56/)’” is activated in M¢s incubated with LPS, therefore, supported the
possibility that Pl 3-kinase is a downstream effector in this system.

In fact, the results of the present study show that Pl 3-kinase is activated in LPS-treated
human Mé¢s. This conclusion is based Both upon the detection of elevated levels of Pl 3-kinase

metabolites /n vivo in LPS-treated peripheral blood M¢s and U937 cells, as well as increased
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enzymatic actiVity assayed /in vitro in Pl 3-kinase immu'noprecipitates. Detailed analysis of
phosphoinositide levels done using LPS-treated U937 cells reyealed that Both PtdIns3P and
Ptdlns3,4,5P3 are increased over basal le\;els (Figure 20 and Table 2). No significant changesl
were observed in the oﬂ1er phosphoinositides analyzed. Increased levels of these metabolites
could be a consequence of eithe;~ higher Pl 3-kinase activity or decreased activity of
phosphomonoesterases resultiqg in the accumulation of these phospholipids. Increased Speciﬁc
activity of Pl 3-kfnase observed in immunoprecipitates from LPS-treatéd cells as compared to
control cells (Figures 23 and 24) is consistent with the first possibility. This conclusion is also
supported by the finding that LPS-induced increases in levels of Ptdins3,4,5P3 were completely
abrogated when cells were pre-incubated with thé Pl 3-kinase inhibitor wortmannin (Figure
21).

Many responses of M¢s to physiological concentrations of LPS are believed to involve
the cell surface .molecule CD14 (14). In the present sfudy, Pl 3-kinase activation in peripheral
blood M¢s was observed using LPS concentrations in the range of 10-100 picogram/ml. Thus,
the concentrations of LPS that bring about activation of P 3-kinase are similar to those required
to induce M¢s functional responseﬁ through CD14. AMoreover,, incubation of cel.ls with
antibody 3C10, specfﬁc for CD14 and whiéh‘ neutralizes M¢ responses to LPS, abrogated LPS-
induced-incfeasgs in PtdIns3,4,5P3 levels (ngure,ZZ),fnd_icating that activation of Pl 3-kinase
by LPS is CDI 4-dependen;. |

.ln othér systems, such as'antige_rv\ 'rgcepto'r .cfoss-linking inB c_eils, Pl 3-kinase is known
to interact physica,lly ‘with tyrosine phosbhorylated. p53/56/m and this is associated with
increased Ijbid-kinase a‘ctivity' (170). Thus, the finding that p53/'56/)'” is activated in LPS-

treated Més is of particular interest and ﬂ1e results presented in Figure 24 idehtify LPS signaling
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in Més as another'system in which Pl 3-kinase and p53/56%7 transiently associate leading to
increased lipid kinase activity. Furthermore, treatment of cells with the PTK inhibitor
herbimycin A abrogates the LPS-induced increase in Pl 3-kinase activity (Figure 26). This
effect was not a result of a direct inhibition of P-I .'.{-kinase, since /n vitro incubation of
herbimycin A with Pl 3-kinase, imrhunobrecipitated from LPS-treated cells, did not affect lipid
kinase activity (Figure 26c). The associat_ion‘of p85 with other tyrosine phosphorylated
proteins is not excluded, 'however. As reported by Stefanovd and coworkers (80) LPS brings
about the activation of Lyn, Hck, and Fgr in M¢s. The _PI 3-kinase activity observed in
phosphotyrdsine immunoprecipitates could be the results of the association of p85 with any, or
all, of these tyrosine kinases, as Well as with any pfotéin that became their target after activation
by LPS. . |

Following agonist treatment, Pl 3-kinase is known to associate not only with tyrosine

~ kinases, but also with other tyrosine phosphorylated proteins. Reports in the literature show

that, in some cases, these associations appear to b‘ev med_iated through. SH2 domains in the p85
regula‘tory"subunit @f the enzyme. Af.or examble; phosphotyrosine containing peptides -derived
from insulih receptor substrate-1 (89,172), polyoma virus middle t antige_n and platelet
derived growﬂ1 factor receptor. (1 7:3‘)‘a‘ctivate Pl 3-kinase from 3T3-L1 adipocytes or from
CHO celis in- vitro. Other mechaﬁisms,' either va'Iterna.tive'or complementary, that mediate
these protein-protei_n‘interactions appear p invohfe SH3 domains from either p5957 or
p53/56%7 binding to proline rich regions in p85. This binding also'abpears to upregulate P| 3-
kinase activity (91). Thus, it is possible that --either or both of .thgse interactions with

p53/56’7ﬂ may account for activation of Pl 3-kinase in LPS treated Mos.
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Three potential tyrosine phosphorylation sites have been mapped in the regulatory
subunit of Pl 3-kinase and_’ phosphor_ylation of 6ne or more of these tyro;ine residues has been
proposed as an alternative mechanism for enzyme activation. In contrast, .there aré multiple
reports of activation of Pl 3-kinase in the absence of ‘change$ in tyrosinebhosphorylation of
p85 [reviewed in (86)]. The results presented in this thesis indicate that there. is no apparent |
change in tyrosine phosphorylation of p85 in LPS-treated cells (Figure 27). Failufe to detect a
change in tyrosine phosph:orylation of p85 _could be 'explained by.the fact that increased Pl 3-
kinése activity in the'aﬁﬁ-pBS .immuhoprecipitates resulted from only a minor fraction of the
enzyme being tyrosine phosphorylated. This might have been below the sensitivity of the
detection system used thereby contributiﬁg to a fa_lsé negative result. To maximize the chance
of detecting tyrosine phosphorylated >p8 5, 4CIO immunoprecipitates were prepared frdm LPS-
treated cells to provide material enriched in phosphotyrosine containing proteins. Even under
these conditions, p85 was not observed to comigrafe with any of the tyrosine phosphdrylated
proteins detected in parallel Western blots prepared with anti-phosphotyrosine antibody (Figure
24b, c). Taken together, thesé results indicate that tyrosine phosphorylation of the regulatory
)subunit is not necessary for activation -6_f the enz_ymé in response to LPS. Although p85 was
not observed to be tyrosine phosphorylated |n 4G 10 immunoprecipitates from LPS-treated
cells, relative to control cells these sam_ples Containgd more Pl 3-kinase vprotein (Figure 27b).
This preSumany indicates that Pl 3-kina$e associates with phosphofyrosine containing proteins
(p53/56%7 at least and perhaps others) preferentially in LPS-treated gells. As discussed above,
these protein-protein inferactions Iikély con&ibute to enzyme activétioh.

In Schizosaccharomyces pombe, Ras has been shown to be involved in regulating Pl 3-

kinase (174). Inladdition, Ras has béen reported to be activated in LPS treated human
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monocytes (144). However, we have been linable to demonstrate that LPS activation of Més
promotes increased GTP loading of Rasi(data not shown). Similarly, work done by Bischer and
coworkers in LPS-treated (1 pg/ml) BAC—I ,2F5 macrophages showed stimulation of MAP
kinase occurnng mdependent]y of Ras activation (143). Guanine nucleotide exchangers such
as Vav, are responsuble for the appearance of GTP-Ras in activated T cells (175). This 97 kDa
protein is a common target of protein tyrosine kinases (176,177), and in T cells Gulbins and
coworkers reported that tyrosine phosphorylation of Vav correlates with increased nucleotide
exchange Vactivity (1 75).. When Vav immunoprecipitates were analyzed for tyrosine
phosphorylation by immunoblotting, we were unable to detect any difference between the
control and LPS treated cells (Figure 32B). Taken together, these results indicate that Ras
activation may not be involved in the LPS-dependent activation of Pl 3-kinase.

The mechanisms for regulation of p85/p110 in mammalian cells are diverse. For
instance, the fMLP receptor in neutrophils is known to be coupled to heterotrimeric G-proteins,
and this chemoattractant _peptide causes rapid activation of p85/p110 Pl 3<kinase in
neutrophils (87,88,101,113). Furthermore, Matsuo et a/. (178) demonstrated that
concanavalin A treatment of THP-1 ceils results in Pl 3-kinase activation through dual signaling
pathways: one G-protein-coupled and the second phosphotyrosine-related. In addition to
p85/p110 Pl 3-kinase, another Pl 3-kinase family member consisting of a single polypeptide
chain,. p100y, has been described. This isoform is present in the human leukemia cell lines
U937 and K562 (93) and becomes activated by heterotrimeric, G protein-linked receptors.
Thus, while it appears that activation of Pl 3-kinase by LPS in human monocytes occurs
independent of Ras, based upon inhibitor studies (Figure 26), it appears to be regulated by

tyrosine-kinase dependent mechanisms and the role of G proteins remains to be examined.
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Increased activity of Pl 3-kinase in human monocytes incubated with LPS results in
elevated levels of Ptdln53,4;5P3 as well as PtdIns3,4P, in U937 cells. (Figure 20). The exact
roles for these and oﬂ1er metabolites of Pl 3-kinase are still not completely clear. Transient
increases in the concentrations of these metabolites in response to activation by dffferent
agonists, however, does fmplicate their function as second messengers. Several PH-doﬁain
containing proteins have the abilit_y to bind to D3-phosphorylated phosphoinositides [reviewed
in (98)]. Among these, Akt/PKB has been reported to bind PtdIns(3,4)P; resulting in
activation of the enzyme (1 05) Furthermore, treatment of cells with the Pl 3-kinase inhibitor
wortmannin results in inhibition of PKB activity, suggesting that activation of PKB is an event
occurring downstream of Pl 3-kinase (103). MAP kinase is another potential target of the
action of Pl 3-kinase. Treatment of COS-7 and CHO cells with wortmannin or LY294002, or
overexpression of a dominant negative mutant of Pl 3-kiﬁase results in attenuation of MAP
kinase activation'through G proteins (179).

Other potential targets of activated ’PI ‘J-kinase are members of the PKC family. PKC-5
has been found to associate with Pl 3-kinase following cytokine stimulation (180). It has also
been reported that the inositol phqspholipids Ptdins3,4P, and Ptdlns3,4,5P3 have the capacity
to acti?ate calcium-independent isoforms of PKC in vitro (109,124). As discussed above, the
work'r'eported here i'ndi.cates that LPS trea‘tmént,of human monécytes results in the activation
of a form of PKC that is active in the absence of calcium and lipid co-factors. The activation of
this form of PKC was not limited to monocytes from peripheral blood, as it was also observed in
the monocytic cells lines THP-1 and U937 (Figures 16A, 16C and 17A). Detection of
activity in the absence of cofactors is consistent with PKC-¢, and immunoblotting of fractions

from Mono Q péak two indicated the presence of PKC-¢ in these samples (Figures 15B , 16B



127

and 17B). PKC- acﬁvity immunoprecipiéted from LPS-stimulated THP-1 cells also showed
increased /n vitro kinase activity as compared with the activity preSgnt in immunoprecipitates
from control, untreated cells (Figure 15C). Fﬁrthermoré, LPS-enhahced MBP kinase activity
could be removed Aby immunoadsorption With anti-PKC— (Figure 17). Prior analyzes of PKC
expression in blood monocytes, U937 ceIIs, and HnL-6'0 cells indicated the presence of PKC-a, -
Bi, -pu, €, —€ and 6 isoforms (118,130,131,181). In U937 cells, PKC-a, -8, and < elute
from Mono Q at or -below 320 mM NaCl, white PKC—Q elutes at ~460 mM NaCl (118).
The somewhat earlier elution of' PKC- (370-410 ﬁ1M NaCl) observed in the present study
most likely reflects procedural differences related to detergent solubilization and variations in
elution buffers.

The evidence presented indicating-that PKC< is activatgd by LPS is of potential interest
since previous studies concerned With the role of PKC in LPS cell signaling in M¢s have been

inconsistent. For example, it has been reported that treatment of human monocytes with LPS

~ brings about _transldcation of PKC-a and PKC-B isoforms to the membrane fraction (ll 82). In

contrast, incubation of murine macrophages with L_PS was not observed to activate PKC in th_e _
presence of callcium, phosphatidylsefine and dia'cylgiyce_ro[ (128). Studies from this laboratory
also found no evidence for LPS-indu;ed translocation of Ca/phospholipid dependent-PKC
enzym;tic activity to the membrane fraction of h’uma_n_ monocytes (P. Herrera, R. Brownsey
and N. Reiner, unpublfshed da@). |

Two 6f the _three anti-PKCég anﬁbodies used in this study wére raised against a peptide
(SEFEGFEYINPLLLSAEESV) cofrespondiﬁg to.amino acids 573-552 present in the COOH-
terminus of the kinase. This exact sequence is not found in aAny of the other known PKC

isoforms (183). The closely related PKC- contains a similar COOH-terminal sequence
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(SEFEGFEYINPLLMSAEECV) différing at only two amino ocids and i§ detected with antibodies
to the COOH-terminus of PKC—C. However, it is unlikely that the major immunoreactive band
detected in this study was PKC-, since this isoform is known to migrate at 65 kDa (184),
consistently Io\_fver than the ~80-85 kDa protein observed in this study. The third antibody
used (Upstate Biotechnology) is reported not to cross-react with PKC-a, PKC-1 or PKC-A." It |
has also been reported that antibodies directed against the COOH-terminus of PKC-¢ roact
with a CaZ+ _and phorbol estér-sensitive PKC isoforms (185). However, the kinase detected
and characterized in this thesis was only weakly activated by a combination of PMA, CaZ+, and
PS and had sustained activity in the absence of exogenous lipids (Figure 18). These findings
preclude the notion that it may be a member of either the ¢cPKC or- nPKC'su'bfamiIies and
indicates strongiy‘that itis PKCL. |

PKC isoforms have been observed to display different substrate specificity profiles and to
some extent the results obtained are influenced by the specific assay conditions
(118,154,186). In the pfesent study, it was founo that MBP, peptide €, and Sé peptide were
equally efficient substrates for monocyte PKC-{. In contrast, protamine sulfate, histone, and
kemptide were relatiyely poor substrates (Figure 18). These findings are consistent with
previous studiés in which PKC-{ phosphorylated- MBP and peptide substrates with equal
efficiency (109), but showed iowor activity against histone and kemptide (118,123). While
the data oontrast somewhat with othér results iodicating that peptide € may be a more efficient
substrate for PKC-{ than MBP (123,154), these comparisons are complicated by speciés
differences as Well as different assay conditions.

Activator and cofactor requirements for PKC isoforms have served as the basis for a

general classification scheme for these kin’ases. Members of the cPKC and nPKC subgroups
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have. generally been found to require ﬂ1e présence of PS and diacylglycerol forléctivation and
exhibit little activity in the absence of these factors (187,188). The cPKC members' -also
require the presence of CaZ+, In contrast, human PKC-£ exhibits activator- and cofactor-
independent activity which is not increased 'by the addition 6f PS (118). The biochemical
characteristics of LPS-activated monocyte PKC—C 'repofted in ﬂ1is paper (Figure 18) are
consistent with previous studies. The findings presented contrast somewhat, however, with
studies of PKC— in .other species. For example, rat and bovine homologues display activator-
and cofaétor-independent activity which is significantly enhanced by the addition of PS
[reviewed in (122)].

The mechanisms leading to the activation of PKC-¢{ in cells in response to 'exiernal
stimuli are not fully understood. As discussed above, the involvement of Pl 3-kinase in the
regulation of nPKC and aPKC isoforms has been implicated by studies showing a stimulatory
effect of the Pl 3-kinase products PtdIns3,4P, and PIP3 in vitro (109,124). Mizukami and
coworkers found an /in vivo correlation between activation of PKC-{ and Pl 3-kinase. These
authors reported that after ischémia of cardiac tissue, PKC< is translocated to the nudeus and
treatment witli woftniannin prevents this translocatibn_in a dose dependent manner (189). In
addition, the Pl 3-kinase products PtdlnsZ,4P2 and Ptdlns3,4,5P3 show a stimulatory effect on |
the /in vitro activity of aPKCs (109,124). The role of Pl 3-kinase in LPS-induced activation of
monocyte PKC—C was examined in this'thesis'using two different approaches. The first
approach involved the use of two structurally unrelated Pl 3-kinase inhibitors. LPS-induced
activation of PKC—C was abrdgated by both woftmannin and LY294002 (Figure 28A and
28B). The effects of wortmannin are considered to be relatively specific for Pl 3-kinase at

concentrations similar to those used i'n this study (50-100 nM). However the compound has
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been shéwn to inhibit phospholipase A2 with an IC50'simiIar to that previously reported for Pl
3-kinase (190). The structurally unrelated compound, LY294002, has been shown to have
inhibitory effects on Pi 3-kinase by a different mechanism (191). Moreover, LY294002
shows no inhibitory effect_s on oth.er lipid kinases or on several protein kinases, includihg PKC
and MAP kinaseA(l9l ). The findings that Eoth compounds exhibit inhibitory effects on LPS-
induced activation of PKC-¢, therefore, support the argument that Pl 3-kinase is involved in the
regulation -of PKC— in this system. |

The seéond approachlto examine the rble of Pl 3-kinase in regulatjﬁg'PKC-c activati'on
involved experiments in whfch the effects'of transfection with a dominant negative mutant
(DNM) of Pl 3-kinase (Ap85) on PKC-{ activity was analyzed. As described in the Materials
and Methods section, the mutant Ap85 subunit lacks a region of the p.rotein involved in binding
to the catalytic subunit of the enzyme. H'owevgr, Ap85 retains both SH2 domains and the
SH3 domain of the wild type enzyme, allowing it to interact with other signaling molecules, for
example tyrosing kinases and possibly others. Thus, coexpression of Ap85 with native enzyme
results in competition between the proteins for binding to critical signaling mqlecules.
Consequently, the native p110 catalytic subunit fails to interact with regulatory proteins and
impaired Pl 3-kinase signaling bccurs. , | |

When the activity of Pl 3-kinase was examined in U937 cells thaj; had been transfected
with either Ap85 or bovine wild type p85 (Wp85), it was observed that cells transfected with
the domihant negative mutant protein showéd decreased in vitro activity as compared to
Wp85-transfected U937 cells (Figure 30). AFurthermore, treatment of cells with'L‘PS_faiIed to
increased the enzymatic activity of Pl 3_-kinase,. whereas WpSS-transfectants showed LPS-

dependent responses similar to those observed in non-transfected cells. Immunoblotting of
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whole cell lysates from non-transfected, Ap85- and Wp85-transfected U937 ceils showed
similar levels of expression of p85 in the three cell types. The fact that.no, overexbression of
p85 was detected, could be explained by the low levels of expression that U937 cells show
when transfected with foreign DNA (192). These results indicate thét although there is no
apparent overexpression of p85 in either of the two transfectants, expression of -naﬁve 685 in
the DNM is not impaired, and lower Pl 3-kinase activity is not a result of diminished amount of
enzyme present in .the cell.

Expression °f. Ap85 in U937 cells impaired LPS-induced activation of PKC— (Figure
J1B) providing additional support for the arﬁ_ument that Pl 3-kinase is an upstream activator‘ of
PKC-C. An 'imp'oftant question arising frdm these observatibns is how PKC—{ maintains its
activation following exposure to Ptdins3,4,5P3 produced by écﬁvated Pl 3-kinase. .One
possibility is that PtdIns3,4,5P3 induces a change in the phosphorylation state of the PKC—¢
which sustains its activity until ft becomes dephosphorylated by a cellular phosphatase. Changes
in PKC- could also involve association with other proteins resulting in enhancement of its
activity. |

The importahce of these signaling events in regulating the functions of M¢s as
immunologically competent cells is an issue Qf extreme interest. As discussed éarlier, LPS is
capa'ble of eliciting a wide variety of responses in these célls, including the production and
secretion of many gfowth factors and cytokines (193,194).- We explored the hypothesis that
Pl 3-kinase may be important for the induction of _cytok'ines production in human Mg¢s. Usiﬁg
RNase protection assays to measure mRNA Ieveis for different cytokines in U937 cells, we
were unable to detect significant increases in any of eight different cytokines. Thus it was not

possible to examine the effects of transfection ofl Ap85 in the LPS-elicited responses of U937
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cells. THP-WT cells, however, showed increased mRNA levels for-IL-1a, IL-1B and TNF;a in
response to LPS. Treatment of THPJ -WT cells with the PI 3-kin§se inhibitors LY294OOZ and
wortmannin, while inhibiting Pl 3-kinase and PKC-{ activities, failed to inhibit LPS-induced
increases of cytokine mRNA (Figure 33). These findings indicate that Pi 3-kina§e is not
involved in signaling events leading to increased cytokine production by M¢s. We cannot
exclude completely the possibility that Pl 3-kinase is involved in regulating cytokine production.
Even though mRNA levels for these cytokines are not impaired after treatment with Pl 3-kinase
inhibitors, the expression or secretion of these proteins could be affected, consistent with post-

transcriptional regulation.

In comparison to resting cells, activated M¢s show increased adhesive properties which
are vital for the many of their functions, including tumoricidal activity. As Pl '_3-kinase appears
to be involved in cytoskeletal rearrangements in other cells from ‘the immune system (115), we
examined the effects of P! 3-kinase on the adhesive capacity of M¢s. CD 1 4-positive THP-1-WT
cells growing in suspeﬁsion showed incfeased adhésiveness to culture dishes (Figure 34) or
fibronectin (Figure 35) when &eated with LPS. - After pretreatrﬁent with either wortmannin or
LY294002, they showed marked reductions in LPS-induced adherence. PMA is an agent
commonly .used for différentiation of U93 7 and THP-1 cells and it causes the cells to become
tighﬂy adherent to plastic surfaces_. When THP;I ceIIs'were incubated with the Pl 3-kinase
inhibitors before the addition of PMA, no effect on PMA-induced adherence was observed.
These'results indicate that in THP-1 cells, the effects bf thé Pl 3-kinase inhfbitors- on the
adhesive prbpertiés of the cells are sele;tive and likely related to inhibition of Pl 3-kinase

activation in response to LPS. Furthermore, the data show that LPS-induced, but not PMA-
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induced cell adherence abpears to be Pl 3-kinase dependervrt.. These findings are consistent with.
the observation that PMA does not activate Pl 3-kinase in Més (data not shown). These studies
concerned with adherence'were. carried out using a human monocytic cell line. EXpefim-ents to
determine whether LPS-induced adherence is similarly regulated in peripheral blood monocytes
are ih progress. However, the fact that many of the signéling events reported in this thesis were
comparable in THP-1, U937 cells, and in peripheral blood monocytes, suggests that changes in
monocyte adherence in'response to LPS are likely to be Pl Z-kinasé dependent in the latter

cells.

Several questions emanating from the studies repdrted in this thesis warrant further
investiéation. For example, the involvemént of PKC-¢ in LPS-induce, macrophage adherence _
remains to be elucidated. Work done by Derman and coworkers showed that PtdIns3,4,5P3
increases the motility of fibroblasts and suggested the involve‘ment of a calcium-_independent
isoform of PKC in this process (195). The use of specific inhibitofs of PKC-, or transfection
of cells with a ddminant negative mutant of the enzyme could help establish the exact role PKC- |
¢ plays 'in, the downstream events initiatéd by LPS activation. In addition, both tyrosine kinase-
as well as G protein-dependent pa‘thways‘ for the a.ctivation of PI. 3-kinase have been
demonstrated (85-87). Whether one or both >of these is involved in LPS cell signaling is an
important question. Notably, G proteins. have béen shown to participaie in LPS—induCed
responses in a macrophage cell line (196).

In conclusion, this thesis examined LPS signaling in Mos and ﬂ19 relationship of activated
pathways to functional responses. The results show that LPS activates both protéin and lipid

kinases including p56%7, p42 and p44 isoforms of MAP kinase, PKC-¢ and PI 3-kinase through
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CD14-dependent mechanisms. Activation of PKC-{ was demonstrated to be FI 3-kinase
dependent and signaling through this lipid kinase was shown to regulate mohocyté adherence
induced in response to LPS, but not PMA. In contrast to LPS-induced adherence, induction of
transcription of cytokine genes in response to LPS did not appear to be dependent on Pl 3-

kinase.
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