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ABSTRACT

CD14 expression and shedding are important in the regulation
of cellular responses to lipopolysaccharide (LPS) and concomitant production
of cytokines and related immunological and pathophysiological changes.
The rapid shedding of CD14 from monocytes, subsequent to contact with
LPS, has led us to hypothesize that signalling events through the CD14
receptor complex are involved in ihe activation of enzymes responsible for
the cleavage and loss of CD14 from the cell surface. This then ultimately
regulates cellular responses to lipopolysaccharide. This hypothesis was
tested using a number of signal transduction modulating agents to inhibit or
activate secretions of the CD14 signalling pathway. Besides LPS, two other
natural ligands tumour necrosis faclor a. (TNF-a) and formy/-methionyi-
leucyl-phenylalanine (f MLP) were investigated to observe if they also had
a role in regulating CD14 expression or loss. TNF-a, a cytokine released
rapidly following LPS contact with CD14 on monocytes, was suspected of
having a negative feedback control on monocytes by blocking LPS signalling
or increasing CD14 loss from the monocyte surface. The other ligand, f
MLP, was known to have chemotactic activity for both monocytes and

neutrophils. Although fMLP has its own receptor, it activates monocytes in



a number of ways that are similar but not identical to LPS and may share
common signalling pathways. In these studies only early events, up to 4
hours, were investigated using FACS analysis to foilow C:D14 expression,
and immunoprecipitation and 2D-SDS PAGE analysis of membrane and
soluble CD14 to confirm the mechanism and characterize the products
released from cells. It was found that the most active pharmacological
agents, inducing loss uf membrane CD14 from monocytes, were regulators
of PKC or cytoplasmic calcium levels. It was also found that fMLP was able

to induce a rapid loss of e CD14 expression from Y

TNF-a, on the other hand, had reverse effect and caused a rapid increase
in CD14 expression by monocytes.

As a result of the initial investigations into the action of various
signalling pathway inhibitors on CD14 expression and shedding, an
interesting observation was made with calphostin C, a photoactivated protein
kinase C inhibitor. This compound was found to induce 100% loss of CD14
expression from normal human peripheral blood mononuclear cells and the
human monocytic leukaemia cell line, THP-1, through membrane vesicle
shedding or apoptosis. Further investigation found that Ca** dependent K*
channels were also involved in the regulation cf apoptosis induced by
calphostin C. These data were presented at the Paris Conference on



Apoptosis in AIDS and CANCER (Qian,H., Liepins,A., Richardson,V.J., p113.

Dec.2-4, 1993, Paris, France. Abstract attached to the following page).
Finally, ouabain, an inhibitor of Na‘*/K*-ATPase, was also found to

induce a rapid and complete loss of membrane CD14. Using 2D-SDS-

PAGE analysis, this did not appear to be due to apoptosis or shedding of
CD14 into the media.



ROLE OF PROTEIN KINASE C AND Ca® DEPENDENT K* CHANNELS
IN APOPTOSIS

H.Qian, A.Liepins and V.J.Richardson, Faculty of Medicine, Memorial
University of NFLD, St.John’s, Newfoundland, Canada, A18 3V6

Calphostin C is a photoactivated protein kinase C inhibitor which
induces a site-specific oxidative modification of PKC at the Ca*-induced
hydrophobic region (Gopalakrishna, 1992). Exposure of human monocytic
leukaemia THP-1 cells to calphostin C in the presence of light, at
concentrations of 10 nM to 200 nM, triggered the apoptosis process as
manifested by cell surface blebbing, nuclear DNA condensation and
fragmentation. Kinetic studies showed that calphostin C induced apoptosis
in THP-1 is time and dose-dependent. The involvement of PKC in the
apoptosis process was further confirmed by PMA, a PKC activator. The
induction of calphostin C-mediated THP-1 cell apoptosis was significantly
inhibited by the addition of PMA (100 nM). This may be due to competitive
binding to regulatory domain of PKC by PMA and calphostin C. Pre-
incubation of THP-1 cells with quinidine, a Ca® dependent K* channel
blocker, and 4-aminopyridine, a K* channel blocker, significantly delayed the
induction of apoptosis in THP-1 cells by calphostin C. We also found that
the susceptibility to calphostin C-induced apoptosis is not restricted to THP-
1, but also occurs in other tumour cell lines such as the monoblastic
leukaemia U-937, as well as in normal human peripheral mononuclear cells.
Staurosporine, also a PKC inhibitor, failed to induce apoptosis in these cells.
This may reflect the different species of PKC that are inhibited by calphostin
C and staurosporine respectively.

In conclusion, our data indicate that PKC function is required for
suppression of apoptosis in the above leukaemia cells and normal human
peripheral blood leucocytes and that Ca** dependent K* channels may also
be involved in the regulation of apoptosis induced by calphostin C.
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Chapter 1 Introduction

11 of

The immune system is a network of remarkable defense mechanisms that
protect our bodies from invasion by microorganisms and cancer, in which
mononuclear phagocytes play a major role. When microorganisms such as

bacteria invade our tissues, p yles such as trophils and are

chemotactically attracted to the infection site and immediately begin phagocytosing
these foreign particles. Phagocytosed organisms are killed and then degraded
within the phagocytes by a number of mechanisms, all of which are part of the
innate immune process. In addition to this, macrophages are activated and may
stimulate an acute inflammatory response through secretion of short-lived

y I such as platelet-activating factor (PAF), prostaglandins

(PG), leukotrienes (LT), reactive oxygen intermediates (ROI), reactive nitrogen
intermediates (RNI) including nitrite, nitric oxide and nitrogen dioxide, as well as
inflammatory cytokines such as IL-1,IL-6 and TNF-«, some of which also serve to

kill microbes and control the spread of the infection.

If the invasion by mi gani persists, the ir y resp will

be

p ted and by the of acquired immunity, in which
macrophages play a central role in the development of both humoral and cell-
mediated immune responses through antigen processing and presentation to

specific immune effector cells and further cytokine secretion. Subsequently,



specific acquired immune responses, both humoral and cellular, are induced to

ificall i the invading are also involved in

direct tumour cell killing, either by antibody independent processes involving

or reactive i i such as nitric oxide (Fiers, 1991), or through

an antibody mediated process (Koren, 1983).
When p ytes are acti by mi i they begin

to secrete a variety of cytokines and other factors including iL-1, IL-6, TNF-a, GM-

CSF, G-CSF, M-CSF, INF-a, factors and hydrolyti Some

of these cytokines are also involved in the d pment of a local i

response and are a major component of the body's defense mechanism.
Mononuclear phagocytes can also cause inflammatory disease, if they produce
excess cytokines. For example, sepsis is the most severe inflammatory disease

clinically, in which the cytokine TNF-at is the primary mediator secreted by

pt It was recently estimated that the incidence
of Gram-negative sepsis in the United States was 170,000 cases per year, with an

associated mortality of more than 70,000 per year (Adams, 1992). Substantial

effort has been devoted to ing the precise ion of

during G gative sepsis, in order to maintain host

Pphagocy

defenses while avoiding complications such as organ failure and death due to

L ide (LPS) p by G gative bacteria has

been implicated as the major contributing factor in the pathogenesis of



endotoxemia (Rietshel et al., 1987).

1.2 Lipopolysaccharide (LPS) structure and biological activity

LPS is the principal lipid component of the outer membrane of all Gram-
negative bacleria (Fig.1) and is one of the most potent activators of mononuclear
phagocytes. It is an amphipathic molecule, having three distinct regions (Fig.2):
(i) the polysaccharide O-antigen, which is immunodominant and confers serological
specificity to each particular Gram-negative bacteriuri; (ii) the core
oligosaccharide, composed of the outer core and inner core, which is more
conserved than the "0 antigen* between the different species of bacteria; (iii) the
lipid A region containing a diphosphorylated glycosamine disaccharide acylated

with cf istic hydroxylated and nonhy y fatty acid chains. Maximal

toxicity is associated with the lipid A componant which is highly conserved within
families of bacteria (Morrison et al., 1992).
During the course of a Gram-negative infection, LPS is released from the

outer membranes of bacteria into the ci ion, where it is

responsible for initiating a cascade of events. These include an initial release of
cytokines, PG, LT, ROI, RNI with activation of the coagulation, fibrinclytic, and
complement systems, eventually leading to the severe pathological sequelae of
endotoxic shock (Bone, 1991). Endotoxic shock is characterized by fever,

hypotension, hypoxia, acidosis and di i i lation, often




leading 1o multisystem organ failure and death (Tracey et al., 1988). For many

years, it has been gni; that i inistration of purified LPS
mimics the symptoms elicited during Gram-negative sepsis, and rioncnuclear
phagocytes are believed to be the major target cells (Volgel et al., 1990, 1992;
Manthey et al., 1992). These cells respond to LPS by synthesizing and secreting
a variety of cytokines such as IL-1, IL-6 and TNF-q, all of which play a deleterious

role in septic shock (Morrison et al., 1979).
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1.3 CDi4, a new candidate receptor for LPS

During the past two decades, a considerable volume of data has appeared

the i ion between andLPS. This has

included LPS binding, uptake of LPS and the is and ion of

Y
(Morrison et al,, 1987; Schumann et al., 1990). Binding of LPS to the phagocyte
plasma membrane is the first essential step in this LPS-cell interaction. There are
two different mechanisms by which LPS initially interacts with the cell’s plasma
membrane, namely specific and non-specific binding (Morrison, 1985). Non-
specific interactions result from the binding of LPS to the plasma membrane
phospholipid (Morrison, 1985). Whether this non-specific binding triggers cellular
responses is still unknown. On the other hand, specific interactions result from the
binding of LPS to receptors on the plasma membrane. Recently, several major
receptors for LPS have been identified, including the 95 KDa CD18 found on
leukocytes, the 80 KDa macrophage scavenger receptors RUIl and acetyl-low

density lipoprotein receptor (acetyl-LDL), the 55 KDa CD14 found on human

monocytes and p and a 73 KDa protein on ytes,
macrophages, lymphocytes, neutrophils and platelets (Halling et al., 1992).
CD18 (also known as B, integrins or leukocyte integrins) binds particulate
LPS when presented on the surface: of bacteria or LPS-coated erythrocytes (Wright
et al., 1990) and participates in the phagocytosis of particles. The macrophage

scavenger receptors, recently cloned by Freeman et al.(1990), may function to



remove endotoxin from the circulation and deliver it to lysosomes, where it can be
metabolized to less active substances (Hampton et al, 1991). Both these
receptors mediate the disposal or removal of LPS without subsequent cytokine
synthesis (Wright et al, 1990). CD14 has been shown to function as a receptor
for LPS and initiates the secretion of a variety of cytokines including TNF-q, IL-1,
IL6, and IL-8 (Dentener et al., 1993). The following introduction will focus on the
CD14 molecule. However, CD14 is not the only LPS receptor to be involved in
cytokine secretion, as monocytes from patients with paroxysmal nocturnal
haemaglobinuria, which lack CD 14, have also been shown to be sensitive to LPS,
thouah this is at much greater concentrations than when CD14 is present (Haziot
etal., 1988). Itis now believed that 2 low affinity receptor, perhaps the 73 KDa
prolein mentioned above, may be involved in cytokine secretion. CD14 and the
73 KDa protein may form a receptor complex similar to that of many cytokine
receptors such as IL-2 (Hatakeyama et al., 1989) and IL-6 (Hibi et al,, 1990; Akira
etal, 1990). There is now some evidence that the 73 KDa protein is a lipid A

specific receptor (Lei et al, 1988).

13.1 Acell surface differentiation marker on monocytes/macrophages
CD14, a 55 KD glycoprotein, is a myeloid differentiation antigen expressed
in abundance on the surface of monoblasts, more mature monocytes, and

macrophages (Todd et al, 1984; Griffin et al., 1984; Goyert et al., 1987), and in



trace amounts on activated granulocytes (Hogg et al., 1987; Janaman et al., 1989)
as well as on human B cells (Labeta et al, 1991). It was found that human breast
cancer cells also have CD14 antigen on their surface (Caivo et al,, 1987). CD14
is not present in early stem cells such as the myelomonocytic HL-60 cell line or the
monoblastic cell line U-937. However, these cells can be induced to differentiate
into more mature monocyte-like cells which do express CD14 (Rigby et al.,, 1984).
More mature cells, like the monocytic cell line Mono Macs, do express CD14
(Ziegler-Heitbrock et al., 1988). Further maturation of these cell lines can either
increase or decrease CD 14 expression depending on the type of inducer (Ziegler-
Heitbrock et al.,, 1988). The majority of peripheral blood monocytes express a high

much

level of CD14 (CD14"), but a recently i pop {s]
lower levels of CD14 together with CD16, the FcyRIll molecule (Ziegler-Heitbrock
et al., 1988; Calvo et al., 1987). CD14 is not only present in a membrane-bound
form but also as a soluble or cell free CD14 (sCD14), which can be detected in
normal human plasma (Maliszewski et al., 1985; Bazil et al., 1986), in the urine of
nephrotic patients (Bazil et al, 1986, 1989) and in the tissue culture supernatant
of CD14 positive cells (Maliszewski et al,, 1985) suggestirg that it can be shed or

secreted. Further studies found that 70% of CD14 could be removed from the

monocyte cell surface by with pt idylinosi pecific pl
C (PI-PLC), confirming also that CD14 is anchored {o the membrane through a

glycosyl-phosphatidylinositol (GPI) anchor (Haziot et al., 1988).



1.3.2 Evidence of CD14 as a receptor for LPS

Recently, a variety of approaches have provided more direct evidence that
the LPS binding to CD14 is more efficient when it is associated with the LPS
binding protein (LBP) or with septin. Saturable and displaceable binding of *H-LPS
or FITC-LPS to human monocytes in the presence of serum or purified LBP was
shown to be completely inhibited by anti-CD14 mAb (Couturier et al, 1991;
Heumann et al, 1992). A subclone of J774, a mouse macrophage that was

to LPS, was ifi deficient in CD14 expression, and failed

to bind LPS (Hara et al., 1990). Finally, LPS-crosslinking studies provided direct

evidence that CD14 binds LBP-LPS A radioiodinated, p

derivative of LPS ("*I-ASD-LPS) was used to crosslink proteins that bind LPS
(Wollenerber et al., 1985). When a low concentration of '*-ASD-LPS (5 ng/ml)
was incubated with LBP and the THP-1 monocytic cell line, LBP and CD14 were
the only major proteins crosslinked (Tobias ef al.,, 1993).

A functional role for CD14-mediated LPS binding was demonstrated using
Gram-negative bacteria, LPS-coated particles, or highly purified preparations of
LPS (Wright et al, 1990). LPS-CD14 binding was enhanced markedly by the
presence of LBP, a 60 kDa glycoprotein present in normal human serum at less
than 0.5 ug/ml and rising up to 50 ug/ml after an acute-phase response (Tobias
et al,, 1986). LBP binds to the lipid A moiety of the LPS molecule with an affinity

of =10° M" (Tobias et al, 1989). Studies also suggested that LPS-induced
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monocytic stimulation under physiological conditions, occurred when LPS formed
a high-affinity complex with serum LBP and this complex then bound to cells via
the CD14 molecule (Schumann et al, 1990). Binding of LPS-LBP complex to
macrophages via CD14 was shown to induce the production of tumour necrosis
factor (TNF-or) (Bazil et al., 1986), which is a primary mediator of endotoxic shock.

of CD14 with ibodies such as My 4 prevented synthesis

of TNF-o. by whole blood incubated with the physiological concentration of LPS (<1
ng/ml) (Wright et al., 1990). Transfection of murine 70Z/3 B cells with the human
CD14 gene resulted in a 1000-fold increase in their sensitivity to LPS when in the

presence of LBP (Lee et al., 1992). M 7 ic mice, expressing human

CD14 were shown to be hypersensitive to LPS (Ferrero et al., 1993). The above
evidence suggests that CD14 is a receptor for the LPS-LBP complex and involved
in cytokine secretion.

In addition to LBP, "septin®, a factor of at least two mixed protein species
in normal human serum, also enhances monocyte responses to LPS. Septin is
found in normal plasma at concentrations of less than 1 ng/mi (Wright et al., 1992).
Wright et al. also showed that septin binds to LPS and induces monocytes to
secrete TNF-o.. Induction of TNF-a by low concentrations of LPS (< 1 ng/ml) was
completely blocked by anti-CD14 monoclonal antibodies in the presence of septin.
This opsonic activity of septin in plasma appears distinct from LBP since it is not

blocked by neutralizing antibodies against LBP. It has been reported that LBP is
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present in low levels (~150 ng/ml) in the serum of healthy rabbits and is only
abundant after induction of the acute phase response (Tobias et al, 1989). In
contrast, septin is present at very high titres in normal plasma and may be diluted
more than 3000 fold before its activity is lost. This suggests that septin represents
the principal means for opsonization of low levels of LPS for recognition by CD14

on monocytes or macrophages in a healthy host. The above evidence suggests

thatthe to sub P illilit i f LPS depends on
CD14. However, very high concentrations of LPS (>100 ng/ml) can still stimulate
TNF-a synthesis in blood in which either LBP or CD14 was blocked with antibodies
(Wright et al, 1990). At a concentration of 10 pg/ml or more, LPS was also

reported to be it with i i of the

presence of serum (Kang et al, 1990). Thus, racrophages seem to possess a

second ism for ing to high { of LPS that is

independent of CD14.

1.4 CD14, a member of the diverse family of GPl-anchored proteins
Most membrane proteins are attached to the lipid bilayer by virtue of the

hydrophobic portion of the protein. But late in 1985, a novel post-transcriptional

was i by which proteins could be anchored to

membrane through covalent 1t to glycosyl-p idylinositol (GP1)

located in the lipid bilayer (Futerman et al., 1985). This class of GPIl-anchored
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proteins has now been detected in a wide variety of eukaryotic celis (Table 1).

They include hydrolytic enzymes, It i iation antigens, p

antigens, cell adhesion molecules and oncofoetal antigens (Low, 1989). These
GPl-anchored proteins themselves have extreme structural and functional diversity,
but their GPl-anchors retain a certain structural similarity. This anchoring

mechanism raay be vitally i in regulating the ion and of

these molecules. Moreover, this manner of attachment to the membrane would

cor ially result inthe i ion with other cell surface molecules or soluble
ligands, due to the greater lateral mobility of the GPI-anchor than transmembrane-

anchored proteins.



Table 1. Proteins with a_glycosyl-phosphatidylinositol anchor (Low,1989)

Hydrolytic enzymes
Alkaline phosphatase
5"-Nucleotidase
Acetylcholinesterase
Trehalase
Alkaline phosphodiesterase |
p63 protease (Leishmania)
Renal dipeptidase
Merozoite protease (Plasmodium)
Aminopeptidase P
Lipoprotein lipase

Mammalian antigens
Thy-1
RT-6

Ly6

Carcinoembryonic antigen (CEA)
Blast-1

CD14

Protozol antigens
Ssp-4 (Trypanosoma)
Variant surface glycoprotein (Trypanosoma)
Surface proteins (Paramecium)
195-kDa antigen (Plasmodium)

Cell adhesion
LFA-3
Heparan sulfate proteogiycan
Neural cell adhesion molecule
Contact site A (Dictyostlium)
PH-20 (guinea pig sperm)

Miscellaneous
Decay-accelerating factor (DAF)
130-kSa hepatoma glycoprotein
34-kDa placental growth facotr
Scrapie prion protein
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1.4.1 Structure of GPl-anchors

Kr{owledge of the detailad structure of the glycosyl-phosphatidylinositol anchors
largely derives from studies done with the variant surface glycoprotein (VSG) of the
protozoal parasite Trypanosoma brucei (Ferguson et al,, 1984, 1985; Schmitze et al.,
1987). The major features of this structure are illustrated in Figure 3 and are
summarized as follows: (a) ethanolamine is amide-linked to the a.-carboxy! group of
the COOH-terminal amino acid of the protein; (b) a phosphodiester linkage between
the hydroxyl of the ethanolamine and the 6-hydroxyl on mannose; (c) this mannose
is the part of a branching glycan which contains mainly mannose residues and a
branch containing galactose residues. A rcentral mannose is then linked to a
glucosamine residue with a free amino group at its reducing terminus. The presence
of this unusual, sugar allows the structure to be selectively cleaved at this point by
nitrous acid; (d) the glucosamine is glycosidically linked at C-1 position to the 6-
hydroxyl on the inositol ring of phosphatidylinositol (Low et al., 1988). Recently,
evidence has shown that these major anchor structures are highly conserved in the
GPl-linked portion, although there are some medifications found mainly in the
galactose branching chain, variation in the fatty acid composition of the diglyceride
(Ferguson et al,,1984) and the presence or absence of acylation of the inositol ring

by fatty acid chains (Roberts et al.,, 1987).



CD14
Ethanolamine

Glycan

|
Glucosamine o> Inositol
Phosphate

Diacylgtycerol

Figure 3. Structure of glycosyl-phosphatidylinositol anchor




Most proteins anchored to membrane via GPl-linkage are sensitive to

by bacterial idylinositol-specifi 1 C (PI-PLC)
resulting in the release of protein from the membrane. The advantages to the cell are

that GPl-anchors may play a dynamic and versatile role in the regulation of cell

surface protein exp ion or in the of bit ive proteins into the circulation

or milieu. ion of CD14 ion or ing may also occur via

pest-translational attachment to or enzymic cleavage of the GPI-structure.

1.4.2 Evidence of CD14 as a GPl-anchored protein

It was predicated, from the cDNA sequence, that the amino acid sequence of
CD14 would contain a typical hydrophobic leader peptide of 17 amino acids (Goyert
et al., 1988). No absolute consensus sequence motif for GPI attachment has been
confirmed, and six different amino acids have been found at the carboxyl terminus of

the 19 or so proteins with

qf ly hed GPI anchors (Ferguson,
1988). A decrease in the cell surface expression of CD14 was observed after
treatment of monocytes with PI-PLC (Goyert et al, 1988). Sensitivity to PI-PLC

confirmed that CD14 is anchored via GPl-linkage. It was also found by Goyert et al.

(1988) that the monocytes of patients with y inuria, a

disease ized by the lack of ion of all GPI-linked proteins, failed to

express CD14. Low and Saltiel (1988) found that proteins linked to membrane via a
GPI anchor possess, in the nascent protein, a sequence of amino acids at the C-
terminal of relatively hydrophobic amino acids. This is also true for CD14, in which
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the C-terminal amino acid sequence is (Ser, Gly) Thr-Val-Leu-COOH (Bazil et al.,

1989). All of the above evidence support CD14 as a GPl-anchored protein.

1.5 Soluble-form CD14 (sCD14)

1.5.1 An for y toLPS?

Apart from the membrane-bound form of CD14 as a receptor for the complex
of LPS-LBP or LPS-septin, a soluble form, sCD14, is found in normal human serum
at a concentration of 2-6 pg/ml (Bazil et al, 1986; Schiitt et al, 1992) and in even

higher i in some i ti such as post-|

and severely burned patients (Kruger et al., 1991), and in septicemia patients, in
which an increased level of sSCD14 correlates with the acute-phase C-reactive protein
(Kruger et al,, 1991). Recent in vitro studies have shown that native sCD14 and
recombinant soluble CD14 (rsCD14) can inhibit the response of monocytes to
LPS:LBP (Schiitt et al,, 1992). Schiltt et al. provided evidence that sCD14 reduced
LPS-inducible monocyte activation in a dose-dependent manner. Haziot et al. (1992)
showed that native and rsCD14, isolated from the urine of a patient with nephrotic

and from irus cultures, i can bind LPS:LBP. More

recently, Haziot et al. (1993) showed that the recombinant sCD14 competes very
effectively with cell surface CD14 for LPS, and is a potent inhibitor of LPS-induced
TNF-a production in whole blood. Thus, this evidence suggests that sCD14 may act

as an ist for Y to LPS. But this antagonistic LPS effect

requires concentrations of sCD14 10-fold higher than normal human serum levels
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(Schitt et al, 1992; Haziot et al, 1992; Haziot et al, 1993). Indeed, in
polytraumatized and in severely burned patients, SCD14 in serum starts to increase
within the first 6 days post trauma and remains elevated during the first 14 days
(Kruger et al, 1991). It is possible that elevated levels of serum sCD14 in these

patients indicate a natural i ism against ive monocyte cytokine

production. Therefore, sSCD14 was viewed as a possible therapy in prevention of
endotoxic shock. However, this therapy must be viewed with caution as sCD14 can

also act as an agonist for LPS-induced responses by endothelial cells.

1.5.2 An agonist for i cell to LPS ?
Recent evidence has shown that sCD14 was at least partly, if not entirely,
produced by shedding of membrane CD14 following monocyte or macrophage

in resp to a physit i ivating agent such as bacterial LPS

(Bazil et al, 1991). In vivo circulating sCD14 may also result from shedding by

In the of a physiological concentration

of sCD14, both bovine and human endothelial cells, which do not express CD14 on
their surface, were shown to respond to LPS (Beekhuizen et al., 1991). Patric et al.
(1992) was able to show that anti-CD14 antibodies can inhibit the serum-dependent

response of bovine and human endothelial cells to LPS. Furthermore, Frey et al.

(1992) that immur jon of sCD14 from serum prevented human

umbilical vein endothelial cell ;esponse to LPS and that the response was restored
by the addition of sSCD14. Pugin et al. (1993) supported that sCD14 was required for
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the activation of endothelial cells and, in addition, found that epithelial cells were
activated by LPS.  Pugin also provided evidence that the LPS-LBP complexes
transfer LPS to sCD14 and he proposed that the LPS-sCD 14 complexes then bind to
epithelial or endothelial cell receptor(s) yet to be identified. Haziot's (1993) data also
supported this proposal since it was found that endothelial cells were activated by high
concentrations of LPS in the presence of rsCD14 alone. In low concentrations of LPS
(5 and 10 ng/ml), the rsCD14-stimulated activation was strongly enhanced by LBP.
In addition, they showed that LPS bound to rsCD14 directly in the presence of low
concentrations of LPS, and that binding was enhanced by the presence of LBP. It
was proposed that sCD14 is responsible for the effects of LPS on epithelial and
endothelial cells, potentially leading to the activation and perhaps the dysfunction of
these tissues in the pathophysiology of endotoxic shock when sCD14 levels are

elevated above normal.

1.6 CD14 and LPS-induced ing events in ytes and

One of the initial steps of the immune response to bacterial endotoxin is the
binding of LPS to one of the host cell surface CD14 receptors. This interaction
induces an oxidative burst (Schitt et al, 1988), enhancement of adherence of
monocytes (Lauener et al., 1990), the activation of the nuclear transcription factor NF-
xB, as well as the secretion of cytokines such as TNF-a (Wright et al,, 1990), IL-1

(Schiitt et al, 1988; Couturier et al., 1992), IL-6 and IL-8 (Denterner et al., 1993) by

CD14 is y released from the cell surface (Bazil et al.,
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1991). Antibodies against CD14 prevent LPS-LBP complexes from binding to
macrophages (Wright et al., 1990; Kitchens et al., 1992), block the LPS-induced
activation of the NF-xB transcription factor (Kitchens et al, 1992; Bagasra et al.,
1992), and block TNF-o and [L-18 production (Couturier et al., 1992; Kitchens et al.,
1992). Thus, cell surface CD14 appears to play a very important role in LPS-induced

monocyte/macrophage activation.

Since CD14 is GPI-; to the lasmi and, therefore,

lacks an intracellular domain that could directly signals into the

current data provide clues as to how CD14 might mediate transmembrane signalling.

First, GPl-anchored proteins have increased lateral mobility in the membrane (Low et

al., 1988), which may facilitate ishing i ions with trar

that provide the signal transduction function. Indeed, data from Stefanové and her co-
workers (1991) support this signalling model. They co-precipitated protein tyrosine
kinase (PTK) activity with several GPl-anchored proteins, including CD14. More
recently, they further identified that the PTK p53/p56"" is coupled to CD14 in human
monocytes (Stefanova et al., 1993). P53/p56™ is a member of the src-related tyrosine
kinase family. The p53/56”", encoded by the lyngene, is expressed in haematopoietic
cells of myeloid lineage such as macrophages, monocytes and platelets, and of
lymphoid lineage, ie., B lymphocytes (Yamanashi et al, 1989). It is present in
membrane fractions but not in the cytoplasmic or nuclear fractions (Yamanshi et al.,
1989) and therefore, like Src, it may be myrisoylated. These findings suggest that the
PTK p56"" has a specialized function at the plasma membrane level. Indeed, like
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other members of src-related tyrosine kinases, lyn has also been implicated in signal
transduction. It was shown that lyn is involved in transmembrane signalling
associated with the IL-2 receptor (Kobayashi et al, 1993), the high affinity IgE
receptor (FceRl) (Eiseman et al, 1992), and with the B-cell antigen receptor
(Yamanshi et al,, 1991).

In monocytes, lyn was reported to be involved in LPS-stimulated monocyte
activation (Stefanova et al., 1993). It was also shown that P53/56"" was the only PTK

detected in LPS-actit or in resting (S a et al., 1993), and may

be physically associated with CD14. However, other src-related PTK such as

p58/64"* and p59°* may be activation-i ible and iated with CD14 ing

LPS triggering (Stefanov4 et al, 1993). Stefanova et al. also demonstrated an
increase in CD14-associated kinase activity, and an increase in phosphorylation of the
PTK substrate enolase in vitro following LPS stimulation. After stimulation for 15
minutes, a relative decline was observed in CD14-precipitated p53/p56"", which may
be caused by the shedding of CD14 from the surface of activated monocytes. These
data suggest that LPS binding to CD14 induced an increase of CD14-associated
p53/56"" tyrosine phosphorylation.  Furthermore, Stefanovd et al found that
herbimycin A, a src-related tyrosine kinase inhibitor, could block LPS-induced
production of TNF-a,IL-1a and IL-6 as well as the shedding of CD14. Anti-CD14
antibodies could inhibit both protein tyrosine phosphorylation and TNF-a production
induced by ng/mi concentrations of LPS (Weinstein et al., 1993).

The above evidence suggests that CD14 signalling might occur directly or
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y via protein phi ylati i by p53/56"", which may lead to the

of cytokines by LPS-activaied When CD14 was transfected into
LPS-responsive 70Z/3 pre-B cells which lack CD14, the LPS sensitivity of the cells
was increased without altering the qualitative response (Lee et al, 1992).
Transfection of CD14 into LPS non-responsive chinese hamster ovary cells by

contrast did not confer LPS responsiveness (Tobias et al, 1992). These results

suggest that CD14 functi with the g LPS
signalling apparatus resulting in an increased cellular responsiveness to LPS. This
is analogous to what is found with many cytokine receptors such as the IL-1 and IL-6
receptors each having at least a two subunit receptor, one for ligand binding and the
other for transmembrane signalling (Akira et al., 1990; Hatakeyma et al., 1989; Hibi
et al., 1990).

The biochemical events between the LPS-induced activation of CD14-

associated p53/56", and TNF-a ion in

ytes and is still
unclear. However, indirect evidence provides some clues. Evidence from co-

immunoprecipitation studies have shown that the src family protein tyrosine kinase,

with d t effector such as PLCy, GAP (p21™*-GTPase
activating protein) and PI3-K (phosphatidylinositol 3-kinase) in a variety of cell types
(Cichowshi et al., 1992; Weber et al,, 1992; Yamanashi et al., 1992). More recently,
it has been shown by Pleiman et al. (1993) that the amino-terminal 27 residues within
the unirue domain of p56” mediate association with PLCY2, MAPK (microtubule-
associated protein kinase) and GAP. Binding to PI3-K is mediated through the Src
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homology 3 (SH3) domains of the Src family kinase. Although there is no direct
evidence showing that p53/56"" is associated with these downstream effector
molecules in monocytes and macrophages, it was found that p53/56" is associated
with PLCY2, GAP and PI3-K in B-cell lysate and that the amount of detectable kinase
activity increases with anti-IgM stimulation (Pleiman et al,, 1993; Yamanshi et al.,
1992). These effector molecules propagate signals by, for example, PI3-K, hydrolysis
of Pl 4,5-biphosphate (PLCy1 and PLCY2) and by possible activation of p21™ activity
(GAP). Hydrolysis of phosphatidylinositol by PLCy! and PLCy2 generate the

y messengers, diacy (DAG) and inositol 1,4,5-trisphosphate (IP,),

that possess potent effector functions themselves. [P, activates the release of Ca?*
from stores in the endoplasmic reticulum. DAG functions by recruiting PKC to the
membrane, where it can be activated. Actually, in the murine macrophage cell line
RAW 264.7, two LPS-induced tyrosine phosphoproteins of 41 KDa and 44 KDa have
been identified as isoforms of the mitogen-activated protein (MAP) kinases (Weinstein
et al, 1992). MAP kinase is one of a family of serine/threonine protein kinases
(Sturgill et al., 1891) which has been shown in vitro to phosphorylate and activate a
90 KDa ribosomal S protein kinase (Chung et al., 1991; Sturgill et al., 1988) and the
c-jun transcription factor (Pulverer et al, 1991). Since many of the responses
triggered by LPS in macrophages depend on transcription and translation, LPS
activation of MAP kinases could be a critical part of the mechanism by which LPS
induces responses in macrophages. But the identity of the LPS-activated tyrosine
kinase that phosphorylates MAP kinase is yet to be identified.
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In addition to the role of PTK, PKC also has been implicated in LPS

In the murine it was found that LPS induced
ylation of p65 i at a serine residue (Shinomiya et al, 1991),
a ibution by a LPS i ible serine kinase. LPS or LPS-derived lipids

have been shown to activate PKC (Pripc et al., 1987; Wright et al., 1984). Thus, p65

could be ylated by PKC in LPS-sti phages. The degree of the

p65 ylation in phag i with LPS or lipid A, correlated well
with IL-1 production (Shinomiya et al., 1991), indicating p65 may play a crucial role
in macrophage activation. The serine/threonine kinase (PKC) which phosphorylates
P65 has not yet been identified. It was also reported that PMA, a PKC activator, could
induce a pattern of protein phosphorylation which resembles that induced by LPS

(Weiel et al., 1988; Shinomiya et al., 1991). These findings indicate a possible role

for PKC-directed protein p! ylation in iati to LPS. This
ility is i with the ion of i DAG in LPS-treated cells.
Of the five distinct i in in toLPS, the

68 KDa PKC substrate has recently been termed the myristolyated alanine rich C
kinase substrate, or MARCKS (Seykora et al., 1991). It is specifically phosphorylated

in LPS-treated and as a is i from the

cytoplasm to the plasma membrane.

The ability of LPS to prime cells to release metabolites of arachidonate has also
been linked to the altered phosphorylation of this protein (Aderem et al., 1988). More
recenlly, it was reported that PMA at concentrations between 3x10'° M to 3x10° M,
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or okadaic acid, which inhibits phosphatase | and lla could augment LPS-induced
TNF-a production in human monocytes (Coffey et al., 1992). Staurosporine, a PKC
inhibitor, completely inhibited LPS induction of TNF-a and reduced IL-6 mRNA in
human monocytes, but had no effect on IL-18, indicating that LPS can activate PKC
but also that this kinase is important in the LPS induction of TNF-a and IL-6, but not
IL-1B. A PKA inhibitor, H89, inhibited LPS-induced IL-8 mRNA synthesis but had no
effect on IL-1 or TNF-a (Geng et al, 1993), suggesting that IL-6 induction in
monocytes is both PKA and PKC regulated following LPS stimulation. In contrast, the

PTK inhibitor, i A, inhibited ion of all three cytoki IL-1, IL-6 and

TNF-o. and blocked LPS activation of NF-xB. The PTK signalling event could
therefore be an earlier signalling event than PKC or PKA. Whether PKC or PKA are
downstream molecules of PTK remains to be identified. Interestingly, the release of

arachidonic acid metabolites from LPS-treated macrophages was also inhibited by

imycin A, that the activation of PLA, and ipi y
(which produce arachidonic acid) may also be linked to tyrosine kinase activity
(Weinstein et al., 1991).

Foliowing the early intracellular events such as the activation of PTK induced
by LPS binding to cell surface receptor (CD14) on monocytes and macrophages,

unidentified downstream effector molecules are activated which lead to gene

and cytokine p ion. As i in A was found to reduce
the LPS activation of NF-xB, which is a transcription factor involvad in the expression
of cytokine genes such as IL-6 and TNF-g, indicating that PTK is an important early
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event. It was reported that LPS induces three fold i in the rate of

of the TNF-a gene (Han et al., 1990). Treatment of macrophages with LPS results
in nuclear protein binding to the NF-xB enhancer. Large DNA fragments as well as
smaller oligonucleotides containing the exact sequences from several different
regulatory sites in the TNF-o. gene complex were shown to bind to LPS-sensitive
nuclear factors (Collart et al., 1990; Drouet et al., 1990; Shakhov et al.,, 1990). These
activities were NF-xB-like as indicated by the ability of such complexes to compete
with unlabelled oligonucleotides containing defined NF-kB sequence motifs (Drouet
et al.,, 1990; Narumi et al,, 1992). The mechanism of LPS activation of NF-xB is not
well known. Itis speculated that upon cell activation by LPS, 1xB is phosphorylated,
probably through a PKC mechanism in which a putative protein kinase, operative in
LPS-treated monocytes/macrophages, remains to be identified. ~The NF-xB
heterodimer then dissociates from 1xB and translocates to the nucleus, where it binds
upstream of specific genes such as NF-kB enhancers and the Y box, which activate

TNF-o gene transcription.

G-proteins are a family of pt i signal duction molecules
that have been implicated in the control of a variety of metabolic processes. It has
been reported that binding of the LPS-serum complex to CD14 of human neutrophils
causes the translocation to the membrane of the inhibitory G-protein, G,,, (Kozo et al,,
1992). It was also shown that pre-treatment of C3He/FeJ mouse peritoneal
macrophages with pertussis toxin (PT), a specific inhibitor to uncouple the Gy-protein-
mediated signa! transduction (Codina et al., 1990), markedly enhanced LPS-induced

27



TNF-a production (Zhang et al, 1993), implicating that PT-sensitive G-protein-

signal ion as an i regulatory event in LPS-dependent
macrophage activation.
In cells stimulated with LPS, there is also evidence that the Na"/H* pump is
activated (Adams, 1992). In addition to Ca** and Na'/H" exchange, modulation of
Na'/K* exchange may also be involved in the control of LPS-induced gene expression

(Ohmori et al,, 1991). Pi in E,, in to LPS, may activate

adenylate cyclase (AC) via a nucleotide reguiatory protein coupled to cell surface

and the ion in i cAMP can also modulate numerous

intracellular events via protein kinase activation (Hamilton et al., 1992). However, the
above data remain to be clarified further as does the interrelationship between CD14,
lyn, the lipid A receptor and G protein signalling. The following model of the signalling
cascade, modified from Hamiiton et al., summarizes the data discussed above into a

unifying model of LPS signalling (Fig.4).
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Figure 4. Membrane signal transduction model



1.7 Role of CD14 in disease processes

In addition to CD14 as a myeloid differentiation antigen marker and as a
receptor for the LPS-LBP complex, it has been found that CD14 may play a role
in either identifying or characterizing several diseases. It appears that CD14 may
be a useful marker to assist in the diagnosis of certain leukaemias and in

assessing prognosis. Anti-CD14 mAb can be used to identify mature cells of

ic lineage in my ocyte ia. CD14 is also a prominent marker
found in acute monocytic leukaemia (AMoL) and acute myelomonocytic leukaemia
(AMML). In the former, CD14-positive AMoL cells produce greater amounts of
TNF-o and its presence may indicate a poorer progiosis for both AMML and
AMol (Griffin et al., 1983).

In inflammatory disease, CD14 expression has been studied in alveolar
macrophages of patients with sarcoidosis. Bronchoalveolar lavage cells, which are
normally CD14 negative, show an increase in CD14 staining of the alveolar
macrophages in sarcoidosis patients (Hance et al, 1985). Following therapy,
CD14 expression decreases to control levels, indicating successful anti-
inflammatory intervention. Similar findings have been obtained in extrinsic allergic
alveolitis (EAA) which exhibits an increase of CD14 expression as well as a rise
in soluble CD14 in patient plasma (Pfonte et al., 1993).

In septicemia patients, sCD14 was also found to increase and this

correlates with levels of the acute-phase C-reactive protein (Kruger et al., 1991).
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The increased sCD14 may be related to the decreased expression of CD14 on
blood monocytes in such sepsis patients (Fingerle et al., in press). Cells from

these patients exhibit a decreased functional response to LPS, but the

cor of this i are currently unknown.
More recently, it has been demonstrated that expression of CD14 is

necessary for LPS-induced augmentation of HIV-1 production in

Y p of CD14 { ablates LPS-induced
of HIV-1 ication etal, 1992). Thus, modulation of CD14
pression may be impti in AIDS. The iption factor NF-xB may be the

link here as there is an NF-kB consensus sequence on HIV-1 and several other

viruses (Mller et al., 1993).

1.8 Genetics and molecular biology of CD14
1.8.1 Isolation cloning and sequencing of CD14
Complementary DNA, coding for membrane CD14, has been cloned and

sequenced by Goyert et al. (1988). The amino acid sequence predicted from the

nucleotide sequence corresponds to a i isting of an N-terminal

extracelluar clomain of 333 residues, a stretch of 17 hydrophobic and neutral amino

acids ( ially serving as a panning segment) and four C-terminal,

possibly cytopl. i id The p.edicted N-terminal amino acid by

Goyert is in good agreement with that determined directly for one of the soluble
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forms by Bazil et al. (1986).

1.8.2 Chromosomal localization of the CD14 gene
Analyses of cDNA and genomic clones of CD14 showed that the gene
encoding CD14 is located on the long arm of chromosome 5 {5q23-q31), a region

known to encode several myeloid-specific growth factors or growth factor

including interleukin-3 (iL-3), pl colony
factor (GM-CSF), colony-stimulating factor (CSF-1), CSF-1 receptor (CSF-1R) and
the platelet-derived growth factor receptor (PDGF-R) (Goyert ef al, 1988). The
mapping of the CD14 gene to this region of chromosome 5, its expression
preferentially by mature myeloid cells, and its deletion in the malignant cells of
patients having myeloid leukaemia and a deletion of 5q suggest that the CD14
antigen may also serve as a receptor important for myeloid differentiation (Goyert

et al,, 1988).

1.8.3 Regulation of CD14 expression

CD14 expression on the surface of monocytes is dependent on the rates
of CD14 loss and synthesis. Surface CD14 molecules may be lost either through
internalization or shedding process. It has been reported by Bamezai et al.(1992)
that following the addition of specific antibodies, two GPI-anchored proteins, Ly-

6A.2 (TAP) and Thy-1, could be internalized by murine T lymphocytes via a
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mechanism that is distinct from that used by several transmembrane proteins

which are endocytosed via clathrin-coated pits and vesicles. But it has been

byBazil & inger (1991) that di ion of surface CD 14,
induced by anti-CD14 mAb or its fragment F(ab’),, which are known to activate
monocytes, is caused by shedding rather than intemalization. Shedding will be
discussed in more detail later in this section.

The other factor ing CD14 ion is the rate of is of

CD14 by monocytes. The synthesis of the polypeptide is regulated by nuclear
transcription factors, the stability of CD14 mRNA, and by postranscriptional
modification (glycosylation and attachment of the GPl-anchor). There does not
appear to be any evidence available in the literature on factors affecting CD14
mRNA stability and little is known about the nuclear transcriptiona! factors involved
in CD14 expression in monocytes. It was reported by Fernero and Goyert (1988)
that the human CD14 gene contains a consensus motif for the SP-1 transcription
factor. This motif is located i the 5’ upstream region of 100 nucleotides. In the
mouse, more of the 5' region has been sequenced (Matsuura et al., 1989). Here,
consensus motifs for PU-1, INF-yactivation factor, c/EBP (CAAT enhancer binding
protein) and AP-1 can be identified (at positions -598, -461, -397 and -253,
respectively), and it is possible that similar motifs may be detected in the human

gene when more sequence data become available. In mature monocytes and

CD14 ion could be by nuclear iption factors.
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which may be activated or suppressed through physiological activating agents
leading to a direct effect on CD14 antigen synthesis. IL-4 was reported by Laurner

and his ke (1990) to d gulate CD14 expression in human

monocytes, which was first detectable after 24 to 36 hours of incubation with IL-4,
and was almast complete after 4 days in culture. Further experiments showed that
IL-4 dependent down-regulation of CD14 was not due to increased shedding and
Jor secretion, but resulted from decreased transcription of CD14 mRNA.
Stimulation of human monocytes with IL-6 for 48 hours significantly increased cell
surface CD14 density, as detected by mean fluorescence (MFI) but not by the
percentage of CD14* cells. The mechanism of up-regulation of CD14 expression
has not been investigated. The cytokine IFN-y was also found to down-modulate
the expression of CD14 on monocytes and macrophages in vitro after 15 to 45
hours of IFN-y treatment (Landmann et al, 1992). These data suggest that

macrophage responsiveness to LPS may be regulated by cells releasing these

Thus, cytokine: i d ion of CD14 may be a

Y

for ivati during the late stages of an immune

response to a bacterial infection.

1.8.4 Regulation of CD14 shedding
In addition to a 55 KDa membrane-bound CD14 (mCD14) on monocytes,

soluble CD14 (sCD14) is also found in human serum, urine, and in culture
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medium. At least99% of the CD14 found in the blood of humans is in the soluble
form and only 1% is found on the surface of phagocytic cells (Wright, 1990). This
evidence strongly suggests that membrane-bound CD14 could be shed into the
circulation or medium. In 1991, Bazil & Strominger reportedthat in vitro CD14 was
released from human monocytes spontaneously or rapidly following treatment with
PMA. The protein released from PMA-treated monocytes migrated as a single
band, with an apparently smaller molecular weight of 48 KDa in SDS-PAGE.
Spontaneously released soluble CD14 from monocytes treated with PI-PLC invitro
was shown to have a molecular weight of 53 KDa, which was close to that of
membrane-bound CD14. Soluble CD14 isolated from urine or serum appeared to
be a mixture of the two forms having bands at approximately 48 KDa and 53 KDa.

The m i ofCD14 ing have still to be i Goyert and

her coworkers (1988) first reported that an in vitro spontaneously released form of
CD14 lacks enthanolamine, indicating that sCD 14 has no GPl-anchor. This raises
the possibility that sCD14 is enzymatically cleaved and either released directly
from a GPI anchor or is cleaved from the nascent hydrophobically anchored
peptide. The metabolic pathway leading to the attachment of a GPI anchor to the
protein is not fully understood and there is no direct evidence to prove this
hypothesis. However, Fatemi and his colleagues (1987) did find that T cell
mutants that have a defect in the GPI anchor attachment release large quantities

of Thy-1 into culture supernatant. Therefore, the mechanism for escaping GPI
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attachment can not be ruled out.
Secondly, it was found that treatment of monocytes with PI-PLC does not

result in complete removal of membrane CD14. So, the PI-PLC resistant CD14

molecules could be anchored by a hydrophobic peptide domain.

This was shown for LFA-3 (Dustin et al., 1987; Seed et al, 1987; Wallner ef al.,

1987) and for Folll (CD16) where both GPI and
anchored forms were identified and two mRNA were isolated for the two species.
However, for CD14, only one mRNA was found (Goyert ot al, 1988).
Fuhermore, a single CD14 cDNA transfected into neuroglioma cells was found
to result in both a membrane form and a sma!ler soluble form of CD14 in the
supernatant. it was therefore unlikely that sSCD14 was derived entirely from a
transmembrane anchored CD14.

Thirdly, sCD14 may result from enzyme cleavage inciuding such enzymes
as PI-PLC, PLC/PLD, and protease. Evidence from Bazil and Strominger (1991)
seems fo suppot an endogenous protease as partly responsible for the
spontaneous and the PMA-induced CD14 shedding. They showed that the sizes

of the sCD14 shed from the cell surface and after Y

activation by PMA were identical, but clearly smaller than that of the membrane-
bound or PI-PLC cleaved CD14. Serine protease inhibitors DFP and PMSF could

also partly inhibit PMA-induced CD14 shedding. In vitro experiments seem to rule

out pt i ge for the sp and PMA-induced CD14

36



shedding, but definilive proof of the nature of these enzymes will require the
complete characterization and identification of the cleavage sites of the various
shed molecules. /n vivo, the CD14 shedding process miy be more complex. At
least, CD14 shedding may be the result of a combination of phospholipase and
protease, because two major soluble CD14 forms were found in the serum of
healthy donors and in the urine of nephrotic patients (Bazil et al, 1986, 1989).
The smaller sCD14 has the same molecular weight as that shed in vitro, indicating
that the CD14 shedding which occurs in vivo is perhaps the result of protease
cleavage. The larger sCD14 form has the same molecular weight as that of Pl-

PLC treated-monocytes or close to the weight of bound

CD14 on monocytes in vitro, suggesting that a phospholipase may also be
responsible for cleavage of CD14 in vivo.

The enzymatic activity responsible for shedding could be increased by

of an activating signal via e CN14 (Lavensr et al, 1990).
It has been shown that GPl-anchored CD16 (Huizinga et al., 1988, 1990) and the
peptide-anchored TNF-receptor (Porteau et al, 1990) from the cytoplasmic
membrane of human neutrophils weare also shed following cell activation. The
consequences of TNF-receptor shedding was shown to regulate the function of
neutrophils. In vitro studies also showed that about half of the mCD14 is shed
from monocytes within 3 hours of LPS exposure (Bazil & Strominger, 1991). This

evidence suggests that LPS may initiate a signal through CD14 to activate
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enzyme(s) necessary for the cleavage of mCD14, but it remains to be determined
which enzymes are activated following LPS treatment. Subsequently, CD14
.shedding from the surface of monocytes may function as an efficient regulatory
mechanism, which is able to blunt monocyte/macrophage response to LPS after
primary stimulus, and regulate cytokine production. Moreover, sCD14 was found
to function as a co-ligand with LPS in the activation of endothelial and epithelial

cells (Haziot et al,, 1993; Pugin et al., 1993).

1.9 Purpose of this dissertation

Fiom the review of the literature, it is evident that sCD14 plays an important
role in both vascular inflammatory and endotoxic responses. Consequently,
modulation of CD14 expression and shedding may regulate the functions of
mononuclear phagocytes and possibly endothelial and epithelial cell responses to
LPS in vivo. However, little is known about the factors that determine the levels

of CD14 on mon lear pt y or what its shedding. The

objectives of this thesis were: i) to study CD14 expression and CD14 shedding
induced by various signalling pathway inhibitors and / or activators, and; ii) to
obtain clues as to what regulatory signals may be involved in the regulation of
these two phenomena.

Figure 4 is the LPS-induced membrane signal transduction model as

proposed by Hamilton et al. (1992). Figure 5 summarizes the experimental
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strategy to be employed using various inhibitors and / or activators. LPS activates
mononuclear cells and leads to the secretion of cytokines through the LPS-CD14
complex. Two molecules from this membrane complex involved with signal
transduction are p53/56"", a tyrosine kinase, and a G-protein coupled signalling
molecule which activates a cascade of events involving phospholipases to produce

IP; and DAG. The PGE, receptor is also impli in the signal

These signals lead to the activation of secondary signalling processes involving
protein kinase A, other protein kinases (such as MAP kinase), and release
arachidonic acid metabolites that activate PKC. These intracellular pathways lead
to the regulation of gene expression and the activation of mononuclear cells. LPS
ligation to CD14 not only has been shown to induce cytokine production, but also
has been shown to result in CD14 shedding. A signal following LPS binding
appears 10 influence the CD14 shedding process. Therefore, various LPS/CD14-
signalling pathway inhibitors (shaded boxes in Fig.5) and activators (blank boxes

in Fig.5) were used to investigate the i of these in the

regulation of CD14 expression and shedding.
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cl]MP / AA
Br-cAMP] [Herbimycin] indomethacin|
Calphostin C
MAP & Raf
PKA Kinases PGE2 PKC
|

Figure 5. The experimental strategy. Various compounds which either
inhibit (shaded boxes) or stimulate (blank boxes) signalling pathways
were empolyed to investigate the involvement of LPS/CD14-signalling
pathways in the reguition of CD14 experession and shedding.
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Chapter 2 Materials and Methods

2.1 Induction of CD14 expression in THP-1 cells

Materials:

(1). 10,25(0H),D, (called VitD, or cholecalciferol, Sigma Chemical Co.) was
dissolved in 95% ethanol at 5x10° M (stock concentration) and kept at -20°C in the
dark. VitD, was further diluted with media to working concentrations before use.
(2) Transforming growth factor-B1 (TGF-B1) was purchased from Sigma Chemical
Co. 1pgof TGF-B1 was dissolved in 0.5 ml of 4 mM HCI containing 1 mg/m| BSA
at 2 pg/ml (stock concentration) and kept at -70°C. Stock was diluted to 1 pg/ml
oi TGF-B1 before use.

(8) Human recombinant tumour necrosis factor-a (rTNF-o;) was supplied by
Cedarlane Laboratories, Ontario, Canada. 10 pg of rINF-a was dissolved in 100
ul PBS at 100 pg/mi (stock concentration), aliquoted and keot at-70°C. Stock was
further diluted to a working concentration of 1.0 pg/mi with fresh RPMI-1640

medium before use.

THP-1 cells
THP-1 cells are human leukaemic cells, which were derived from the

peripheral blood of a one year old male with acute monocytic leukaemia. THP-1
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cells have Fc and C3b receptors and lack surface and cytoplasmic
immunoglobulin, but THP-1 cells can be induced by PMA or VitD, to differentiate
into macrophage-like cells (Tsuchiya, 1980).

THP-1 cells were purchased from ATCC and were grown in suspension in
RPMI-1640 medium supplemented with 10% fetal bovine serum, 2x10°M
mercaptoethanol, 100 U/ml penicillin and 100 pg/ml of streptomycin at 37°C in a
humidified 5% CO, incubator. RPMI-1640 medium, fetal bovine serum, and
antibiotics were obtained from GIBCO BRL (Ontario, Canada). THP-1 cells were
grown in 75 cm? tissue culture flasks (Becton Dickinson and Company, NJ, U.S.A).
The cells were passaged when their densities reached about 5x10° cells/ml. The
THP-1 cells were harvested during the logarithmic growing stage by centrifugation

and used for experimental work. The number of cells and their viability were

by light mi py using a t For viability and cell
counts, an equal volume of cell suspension was mixed with 0.1% trypan blue in
phosphate-buffered saline, pH7.4 (PBS). Cells were washed with fresh RPMI-1640

medium before use in the experiments.

Protocol for induction of CD14 expression in THP-1 cells
CD14 is a myeloid differentiation marker which is expressed in mature

myeloid cell lineage such as monocytes and macrophages, but not in immature
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monocytic cells such as THP-1 and HL-60 (promyelocytic leukaemic cells).
However, these immature leukaemia cells can be induced to differentiate into
mature macrophage-like cells in the presence of 1,25(0H),D,. The
differentiation was augmented by the addition of TGF-B1 and TNF-a (Morikawa
et al, 1990). The following protocol was developed to induce THP-1 cells to
express high levels of CD14 molecules on their surface.
(1) The logarithmic growing THP-1 cells were harvested by centrifugation.
(2) The cells were counted and adjusted to 10° cells/ml with fresh RPMI-1640
medium.
(3) 2 mlof 10° cells/ml THP-1 cells were added into each well of 6-well tissue
culture plates (Becton Dickinson and Company, NJ, U.S.A.).
(4) The control wells were set up respectively as followed:

ethanol used as solvent for VitD, alone;

8x10°® M VitD, alone;

8x10° M VitD, plus 1.0 ng/ml TGF-81;

8x10® M VitD, plus 2.0 ng/m! rINF-a;

1.0 ng/ml TGF-B1 plus 2.0 ng/ml rTNF-a

Above control wells were only set up for the first time to confirm that three
of above reagents together induced THP-1 cells maximum differentiation.
(5) VitD;, TGF-B1 and rTNF-a were added into each well to concentrations of

8x10° M, 1.0 ng/ml, 2.0 ng/m! respectively.
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(6) These cells were incubated at 37°C under 5% CQ, in a humidified incubator
for 4 to 5 days. Between days 2 and 3, THP-1 cells which were in suspension
started to become adherent with macrophage-like morphology. By day 4 or day
5, more and more THP-1 cells in suspension became adherent.

(7) After 5 days induction, the THP-1 cells in suspension were discarded. The
adherent THP-1 cells were harvested using vigorous pipetting and the help of a
rubber policeman if necessary.

(8) Cells were counted and viability determined using trypan blue exclusion.

Viability was always greater than 90%.

2.2 1.929 bioassay for TNF-o

Materials:

(1) L929 tumorigenic murine fibroblasts were kindly provided by Mr.Shawn Payne.
(2) Medium consisted of Eagle’s Minimal Essential Medium (MEM) (GIBCO, N.Y.,

USA) with 2 mM ine, 5% FCS, 25 mM Hepes, and 10 U/ml

penicillin, 100 pg/ml streptomycin.

(3) Actinomycin D (1 pg/ml) (Sigma Chemical Co.).

(4) Crystal violet (Sigma Chemical Co.): 0.5% crystal violet in 20% ethanol/PBS
(5) Sodium citrate: 0.1 M sodium citrate in 50% ethanol

(6) Human recombinant TNF-a standard (Sigma Chemical Co.): specific activity

2.7x107 units/ml (EC4=0.18 ng/ml)
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Procedure of L929 bicassay

The L929 cytotoxicity assay was performed based on the method described
by Meager et al. (1989) with some modification. L929 cells were seeded at
1.25x10* cells/well in 200 pl of culture medium in 96-well flat bottom microtitier
trays (Flow, Rockville, MD) and incubated for 24 h in 5% CO, atmosphere at 37°C.
Spent medium was removed and equal volumes of TNF-a containing dilutions
were added to wells. Control wells contained a known dilution of TNF-a. Trays
were reincubated for 20 h followed by addition of 50 pl/well 0.5% crystal violet
solution in PBS. After incubating 30 min at room temperature, dye containing
medium was removed and the wells were washed three times with tap water and
then 50 pl of 0.1 M sodium citrate in 50% ethanol was added to dissolve the
crystal violet. Absorbance of wells at 595 nm microplate reader (Bio-Rad Co.).
Percentage of cytotoxicity was calculated using the following formula:

negative control - test sample

% cytotoxicity= x100%
negative control

2.3 Isolation of human monocytes
2.3.1 Principle of isolation of monocytes

Density gradient centrifugation is one of the common methods for cell

45



separation, in which a discontinuous density gradient or medium is used to isolate
a homogenous population of cells from a heterogenous mixture of cells. Cells can
be separated solely on the differences in density through density gradient
centrifugation. In human peripheral blood, lymphocytes and monocytes are

d from and ery ytes by buoyant density centrifugation

over a layer of Ficoll-Hypaque (density=1.077 g/ml). After centrifugation, the
agglutinated red cells and granulocytes sediment to form a pellet, platelets remain
suspended in the plasma and only lymphocytes, and monocytes remain at the
interface between the Ficoll-Hypaque and plasma layers. Monocytes can be
further separated from the other mononuclear cells by using the adherent

properties of monocytes to adhere to a culture plate plastic surface.

2.3.2 Protocol for monocyte isolation
Materials:

(1) Sterile PBS or saline

(2) Ficall-Hypaque (1.077 g/ml) (Sigma Co.)
(3) RPMI-1640 media (GIBCO. BRL)

(4) 0.1% trypan blue in saline

Isolation procedure:

The following protocol was used:
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(1) 20 mi of sterile PBS or saline was added to 20 ml of heparinized normal
human peripheral blood. Occasionally up to 50 m! of blood were used and the
procedure was scaled up.

(2) 10 ml of diluted blood was very carefully layered on top of 3 ml of Ficoll-
Hypaque (1.077 g/ml) in & 15 ml centrifuge tube.

() These tubes were spun for 30 min at 400xg (1400 rpm) at room temperature.
(4) The layer of white mononuclear cells was collected from the interface layer
with a pasteur pipette into another test tube.

(5) At least 4 volumes of serum free RPMI-1640 medium were added to the
mononuclear cells and mixed.

(6) The samples were spun at 200xg (1000 rpm) for 10 min.

(7) The supernatants were discarded.

(8) The cell pellet was resuspended with serum free RPMI-1640 medium and
washed again as step 6 and 7.

(9) The cell pellet was resuspended with complete RPMI-1640 medium.

(10) Cells were counted and viability determined with trypan blue.

(11) To get monocytes, mononuclear cell suspensions (5x10° cells/ml) were
incubated at 37°C for 1 hour in a 5% CO2 atmosphere in 100x20 mm tissue
culture plastic petri dishes.

(12) Atfter the incubation was completed, non-adherent cells were discarded and

adherent cells were incubated for 15 minutes in freshly added medium.
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(13) The cells adhering to the dishes were then extensively washed and

resuspended by vigorous pipetting and use of a rubber policeman.

(14) Their viability was > 90% as by trypan blue ion. Peripheral
blood cells yield i 510 10% by this isolation
procedure.

2.4 Immunofluorescence technique
2.4.1 Direct and Indirect immunofiuorescence methods

Generally, immunofluorescence methods can be divided into two types:

direct and indirect. In the direct i que,

antiserum is added directly to the tissue section or viable cell suspension.
Unbound antibody is removed by washing, and the sample is examined by
microscopy or FACS. The indirect immunofluorescence method is more widely

used than the direct method. Here the sample is incubated with an unconjugated

antibedy, washed and i witha it i il
antibody. The second antibody thus reveals the presence of the first.

A major ge of indirect i is that only a single

ti-i in antibody is y to detect many first
antibodies; and therefore it is not necessary to conjugate each new antibody
individually to a fluorescent marker. The indirect technique is also more sensitive

as it results in brighter fluorescence than the direct method. This is because the
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anti-immunoglobulin contains antibodies to many epitopes on the immunoglobulin

the use of t anti-immur in amplifies many-fold the
fluorescent signal.

A disadvantage of indirect method is that the long procedure may increase

non-specific background staining and therefore an isotype matched control is used

1o determine the level of background staining. This is important with cells, such

as monenuclear cell, which y bind i in via Fc or
receptors.

242 for indirect

Materials:

(1) Washing buffer (standard azide buffer) consisting of:

1%FCS, 0.1%NaN, in PBS
(2) Blocking buffer consisting of :

1:10 human serum 2%BSA, 0.1%NaN, in PBS
(3) Ab or Ab-PE conjugate dilution buffer consisting of :

0.5%BSA, 0.1%NaN, in PBS
(4) Anti-CD14 (IgG2a) mAb (IMO2), Isotype IgG2a control and B-phycoerythrin-
conjugated AffiniPure F(ab’), Fragment Donkey anti-Mouse IgG (H+L) were
purchased from BIO/CAN Scientific Company; Goat anti-mouse IgG (H+L)-FITC

conjugate was purchased from Sigma Co. HI.A-Class | Bw6/32 was kindly
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provided by Ms.Jane Gamberg.
(5) Pharmacological reagents:

Ecoli LPS, PI-PLC, PMA, ouabain, A23187, f MLP, calphostin C,

ir in, and ine were from Sigma Chemical Company.
KT5720, and okadaic acid was pi from Kamiya Bi ical Company (CA,
USA).

P dure for indirect method

All antibodies were employed at optimal dilutions, and analyzed in
comparison to an appropriate isotype control. Cells were incubated at 4°C for 30
minutes with 10% human serum in blocking buffer to minimize nonspecific binding
caused by the Fc portion of the antibody. After washing with washing buffer, cells
were then incubated at 4°C for 30 minutes with anti-CD14 monoclonal antibody or
an irrelevant control mAb of the same isotype. After 2 washes, cells were
incubated with 100 pl of PE-labelled donkey F(ab'), anti-mouse IgG diluted 1:40
for another 30 minutes at 4°C. After 2 washes, cells were fixed in 2%

paraformaldehyde and stored at 4°C until analyzed by FACS.

2.5 D of CD14 on by FACS
The stained cells were analyzed by a fluorescence activated cell sorter

(FACStar, Becton Dickinson) equipped with an aigon laser. The laser was
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operated at 50 MW at 488nm and forward and side light scatter signals were used
to gate on monocytes. Fluorescence signals were directed by a 560-nm short-
pass dichroic mirror to the green photomultiplier equipped with a 530/30-nm
bandpass filter and the red photomultiplier equipped with a 575/26-nm bandpass
filter. At least 1x10° cells were analyzed per sample, and histograms acquired
were analyzed with the LYSYS Il software package on a Hewlard Packard 340
computer. |f there was overlap between staining of the specific MAb and the
irrelevant control mAb of the same isotype at the same concentration, a

substraction mode program was applied to correct for this overlap.

2.6 Cl ization of the weight of membrane and soluble CD14

2.6.1 Cell labelling with [**S]-methionine and supernatant preparations

Materials:

(1) Minimal essential medium lacking L-methionine (D-MEM), glutamine and fotal
calf serum was purchased from GIBCO/BRL.

(2) L-[**S] methionine was purchased from Amersham International, Bucks.

(3) 0.22-nm filters were supplied by Millipore, Bedford, MA, USA.

(4) Microconcentrator-30s were purchased from Amicon, Beberly, MA, USA.

(4) Lysis buffer: 10 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.5% (w/v) NP-40, 0.02%
sodium azide, 2 mM PMSF (phenylmethyl-sulfonyl fluoride, Sigma).

(5) Protein A Sepharose CL-4B (Phamacia, Sweden).
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Method:

The metabolic labelling of cells was performed as previously described
(Goyert et al., 1986). 10’ isolated monocytes (see section 2.5) were cultured for
18 hours in 2 ml D-MEM medium lacking L-methionine and supplemented with 5%
fetal calf serum, 1% L-glutamine and 1 mCi of L[**S]-methionine. The radiolabeling
was terminated by washing the cells three times in cold phosphate-buffered saline
(PBS) containing 0.02% sodium azide. The culture supernatant from labelled cells
(labelling media) was recovered for analysis of soluble CD14, filtered through 0.22
nm filter, and ultracentrifuged at 100,000xg for 30 minutes. NP-40 detergent and
PMSF were then added at a final concentration of 0.5% (w/v) and 2 mM,

respectively. The labelling media were exchanged for PBS/NaN, by three

i lions and volume ions using PBS-0.02% NaN,

in Amicon mi 30, and thi with lysis butfer three times.

Finally, the culture supernatant was concentrated 10 folds using microconcentrator

3 (Amicon. USA) for the immunoprecipitation experiments.

2.6.2 Protein il and

Method:
The labelled cells were lysed for 30 minutes at 4° C at a ratio of 1x10”
cells/mi lysis buffer. Tte insoluble reaterial was removed by centrifugation at

10,000xg for 30 minutes. The cell lysate (solublilzed protein pool) was recovered
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for the immunoprecipitation experiments, about 5x10° labelled cells wers used for
each immunoprecipitation.

The immunoprecipitation technique was previously described (Goyert et al.,
1986). Briefly, labelled cell lysates and concentrated cuiture supernatants were
incubated with an appropriate mAb for 1 hour with continual rotation at 4°C.
Parallel lysates containing an irelevant monoclonal antibody and an anti-HLA-
Class | (W6/32) mADb were included as a negative and a positive control. This
incubation was continued for a further 2 hours following the addition of 50 pl 50%
protein A-Sepharose CL-4B. The resulting immune complexes were washed three
times with lysis buffer and the immunoprecipitated antigens were eluted (1h at

50°C) in isoelectric focusing buffer (see later).

2.6.3 2-D-SDS-polyacrylamide gel electrophoresis (2D-SDS-PAGE)

Mini-Protein Il 2-D cell (Bio-Rad) was used for this experiment.

First pi y i g (IEF)

for the first

(1) Acrylamide/Bis (30%T/5.4C)

(2) First dimension sample buffer: 8 M Urea (reduced from the BioRad
specifications of 10 M), 2.0% Triton X-100, 5% B- mercaptoethanol, 2.0% Bio-Lyte®
pH 3.9/9.2 ampholyte.

(3) First dimension sample overlay buffer: 8 M Urea, 1% Bio-Lyte® 3.9/92
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ampholyte, 0.1% Bromophenol blue.

(4) First dimension gel monomer solutior: 8M urea, 4% acrylamide, 20% Triton X-
100,2% Bio-Lyte® 3.9/9.2 ampholyte, 0.01% ammonium persulfate, 0.1% TEMED.
(5) Upper chamber buffer: 100 mM NaOH

(6) Lower chamber buffer: 10 mM H,PO,

Procedure for IEF:

iaf (o)

For2Dgel is, pHgradient pl
was used for the first dimension according to the Bio-Rad instruction manual.
Briefly, the capillary tubes were carefully cast with first dimension gel monomer
solution and subjected to pre-electrophoresis to form a pH gradient. After pre-
electrophoresis, eluted antigens were loaded at the cathode in this capillary tube
gel with 6 pl 2D-SDS-PAGE standard markers as a internal control and subjected
to isoelectric focusing for 6 hat 750 volts. During IEF, proteins are separated in
terms of their pl values. Capillary tubes with gels were stored in a polystyrene
cooler box at -20°C until subjected to 2D-SDS-PAGE.

Second Dimension--SDS-PAGE

Electrophoresis in 10% polyacrylamide gels with sodium dodecy! sulphate

(SDS) was performed as originally described by Laemmli (1970).
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Materials:
(
(2) 10%SDS

Acrylamide/bis acrylamide (30%T, 2.67%C).

(3} 10% Ammonium persulphate (Sigma Chemical Co.)
(4) N,NN', N'-Tetramethylethylenediamine (TEMED). (GIBCO BRL.)

(&)

1.5 M Tris-HC|, pH 8.8

(6) ©0.5M Tris-HCl, pH 6.8

(7) 5X Running buffer: 9.0 g Tris, 43.2 g glycine and 3.0 g SDS were dissolved
to 600 mlof deionised water and stored at 4°C. 60 m! 5X stock was diluted with
240 m distilled water for one electrophoresis run.

(8) 2X Sample buffer: 1 ml 0.5 M Tris-HCI buffer, pH 6.8, 0.8 mlglycerol, 1.6 ml
10% SDS, 0.4 ml2-mercaptoethanol, and 0.2 ml of 0.05% bromophenol blue were
mixed together, and made up with deionised water to a final volume of 8 ml.

(9) Molecular weight markers: prestained high range protein molecular weight

standards (GIBCO BRL).

Method:

(1) For preparation of the separating polyacrylamide gel (lower gel), 3 ml of 30%
acrylamide/bis, 25 mi of 1.5 M Tris-HCl, pH 8.8, 100 pl of 10% SDS, 50 u! of
10% ammonium persulfate and 4.35 ml of deionised water were mixed and

degassed for 10 minutes. 5 ul TEMED was added to the mixiure immediately
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before the gel was poured into a vertical mini-slab gel with 0.5 mm spacer (Bio-
Rad Laboratories). Deionised water was layered on top of the gelto form a level
gel surface. Polymerization was allowed to proceed for 30 to 45 minutes after
which the water layer was poured off and gels rinsed with deionised water.

(2) For preparation of the stacking polyacryamide gel (upper gel), 1.3 ml of 30%
acryamide/bis, 2.5 mi of 0.5 M Tris-HCI, pH 6.8, 6.1 ml of distilled water, 100 !
of 10% SDS, 50! of 10% ammonium persulfate were mixed and degassed for 10
minutes. 10 pl of TEMED was added to the mixture before pouring over the lower

gel. Aplastic comb was carefully inserted into the upper gel to form sample wells.

(3) Sample prep ion and gel electropl is were performed as follows: The
capillary tube gel from IEF was extruded from the tube by using a gel ejector,
equilibrated with SDS sample buffer and loaded on top of the stacking gel.
Prestained protein markers were diluted 1:20 with sample buffer to 0.05 pg/ul and
boiled for 5 minutes. Then 0.075 g of prestained protein marker were loaded into
the well. Electrophoresis was carried out at constant voltage of 125 volts for 45
minutes to 1 hour at room temperature. After 2D-SDS-PAGE, the slab gels were
silver stained. The approximate molecular weight of the examined protein spots
((**S]-methionine labelled) was determined from the prestained high range protein
molecular weight standards and 2D-SDS-PAGE protein standard markers run in

parallel and internally.



2.6.4 Autoradiography

When radioactive material was run on SDS-PAGE, the protein bands were
visualised by autoradiography after drying the gel onto a piece of 3MM filter paper.
Gels were dried at 60°C under vacuum in a gel dryer, then exposed to a Kodak
XAR-5 X-ray film (Eastman Kodak Co., Rochester,NY, USA) at -70° for 1 or 2 days
or longer when necessary. Exposed film was then developed in an automatic X-

Omat processor.

2.6.5 Silver staining

Silver staining is a highly sensitive method for detecting proteins in
polyacrylamide slab gels. After 2D-SDS-PAGE, the slab gels were stained using
a Bio-Rad silver stain kit according to the instruction manual. After silver staining,

the protein spots were visualized in the gels.

2.7 Characterization of apoptosis

2.7.1 Detection of apoptosis by light and electron transmission microscopes
Cells obtained and treated as described in the experiments were examined

morphologically by light microscopy or fixed by Karnovsky fixative before

examining chromatin changes by JEOL JEM-1200EX electron transmission

microscopy.
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2.7.2 Flow cy ic lysis of ap
Materials:

(1) Dimethyl sulfoxide (DMSO) (Sigma Chemical Co.)

(2) Calphostin C (Sigma Chemical Co.), a photo-activated protein kinase C
inhibitor. 1 mg of calphostin C was dissolved in 1 ml sterilized DMSO to a final
stock concentration of 1 mg/ml and dispensed in small aliquots and stored at -
20°C. When used, it was diluted with fresh RPMI-1640 medium to the required
working concentration.

(3) PMA (phorbol 12-myristate 13-acetate, Sigma Chemical Co.) 1mg PMAwas
dissolved in 1 ml of DMSQto stock a concentration of 1 mg/ml and dispensed into
small aliquots and stored at-20°C in the dark. It was diluted with fresh RPMI-1640
medium to the required working concentration as needed.

(4) Quinidine, a Ca”-dependent K’ channe! blocker (Sigma Chemical Co.) Fresh
working concentration of quinidine was made with RPMI-1640 medium prior to
each experimer.t.

(5) 4-Aminopyridine (4-AP), a K' channel blocker (Sigma Chemical Co.) Fresh
working concentration of 4-AP was made with RPMI-1640 medium every time
before use.

(5) Washing buffer: PBS containing 1% FCS and 0.1% NaN,

(6) Ethanal: absolute

(7) RNAase (Sigma Chemical Co.)
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(8) Propidium iodide (Sigma Co.): 5 mg propidium iodide (Pl) was dissolved in 1
m! of PBS to a stock concentration of 5 mg/ml. Before use, P1 was diluted to the

required working concentration of 50 pg/mi.

Method:

Conventional methods used for identification ot dead cells cannot be used
to determine the percentage of apopitotic cells or recognize the apoptotic cells in
a heterogeneous cell populaton. A flow cytometric method was used for
investigating cell DNA content during apoptosis. The exent of apoptosis was
evaluated by following changes in cell DNA content. The changes in DNA content
of the cells during apoptosis were due to DNA fragmentation and loss (Aflanasyve
et al, 1993). This loss of DNA can be measured by using fluorescent DNA stains
such as propidium iodide. Cells at different stages of the cell cycle can also be
observed. A shift in the fluorescence spectrum to the left (loss of DNA) can be
quantified by FACS analysis.

(1) About 10° cells from each experiment were pelleted and washed once with
standard azide buffer (1% FCS, 0.1% NaN, in PBS).

(2) They were resuspended in 150 pl standard azide buffer and fixed by adding
200 pil absolute ethanol for 1 hour vr overnight at 4°C.

(3) Cells were then centrifuged, washed in 2 ml standard azide buffer twice and

resuspended in 150 pl of standard azide buffer.
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(4) To eliminate RNA fluorescence artifacts, 150 yl RNAse (1 mg/mlin PBS) was
added to 150 i of each sample and incubated at 37° C for 30 minutes.

(5) After RNA was digested, 300 ul of 50 pg/ml propidium iodide in PBS was
added and incuhated at 37°C for 20 minutes.

(6) Afterincubation, the cells were kept at 4°C in the dark until analyzed by FACS.

27.3 DNA extraction
Materials:
(1) Cells: THP-1 cells, HL-60 cells and human peripheral mononuclear cells.
(2) Hypotonic detergent buffer
10mM Tris-HCI, pH 7.5
2mM EDTA
0.2% Triton X-100
(3) RNAase A (Sigma, Co.). DNAase's free RNAase A was prepared by dissolving
the enzyme at a concentration of 1 mg/mlin PBS, then heating to 100°C for 15
minutes. Heated RNAase A was allowed to cool slowly to room temperature, then
dispensed into aliquots and stored at -20°C.
(4) Saturated NaCl (6 M)
350 g NaCl was dissolved in 1 litre distilled water at room temperature.
(5) Absoiite ethanol and 70% ethanol

(6) TE buffer consisting of 10 mM Tris-HCl, pH 7, 0.2 mMEDTA
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(7) Pronase (Sigma Co.): Pronase is a mixture of serine and acid proteases

isolatedfrom Strep!

yces griseus. To eliminal ination with DNAase
and ANAase, pronase was used following self-digestion. Self-digested pronase
was prepared by dissolving 20 mg powdered pronase in 1 ml of 10 mM Tris-HCI
(PH 7.5), 10mM NaClto a final concentration of 20 mg/ml, and incubated at 37°C
for 1 hour. After self-digestion, pronase was dispensed in small aliquots in tightly

capped tubes and stored at -20°C.

Method:

DNA was extracted from cells based on the method described by Faustino
Mollinedo et al. (1993) and Miller et al. (1988) with some modifications.
(1) About 4 to 6x10° THP-1 cells for each experiment were washed with
phosphate buffered saline.
(2) Cells were lysed with 300 pl hypotonic detergent butfer at 4°C for 30 min.
(3) Cell organelles were removed by centrifugation at 12,000xg for 20 min, and
the supernatant, containing the DNA released into the cell cytoplasm due to DNA
fragmentation, was incubated with RNAase A (75 ug/ml) at 37°C for 1 hour.
(4) After this incubation, 200 ng/ml pronase was added in the presence of 0.5%
SDS and the incubation was continued at 37°C for 1 hour.
(5) After digestion was completed, to precipitate protein, 150 pl of saturated NaCl

(approximately M) was added to each tube and the tubes shaken vigorously for
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15 seconds, followed by centrifugation at 2500 rpm for 15 minutes.

(6) The precipitated protein pellet was left at the bottom of the tube and the
supematant containing the DNA fragments was transferred to another 15 ml
polypropylene tube.

(7) To precipitate DNA, exactly twice the sample volumes of absolute ethanol was

added and the tubes inverted several time and stored at -20°C for 24 hours.

(8) The DNA were d by centrifugation at 12,000xg at 0°C for
1 hour.
(9) To wash out remaining protein, pellets were washed with 70% (v/v) ethanol

twice and resuspended in 20 pl of 10 mM Tris-HCI, pH 7.5, 0.2 mM EDTA.

2.7.4 Electrophoresis of DNA in agarose gel
Electrophoresis in 1% agarose gels with 0.5 pg/ml ethidium bromide was
performed as described by Sambrook et al. (Molecular cloning, a laboratory

manual, 1986).

Materials:

(1) Agarose

(2) TBE buffer oresis buffer): TBE pl is buffer from 10x stock
concentration of TBE buffer (54 g Tris base, 27.5 g boric acid, 20 mi 0.5 M EDTA,

pH 8.0 in 1000 m distilled water).
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(3) Ethidium bromide (Sigma Co.): To visualize DNA in agarose gels, the
fluorescent dye ethidium bromide (Sharp et al, 1973) is added. This agent
contains a planar group that intercalates between the stacked bases of DNA.
Since the fluorescent yield of ethidium bromide: DNA complexes is much greater
than that of unbound dye, small amounts of DNA can be detected in the presence
of free ethidium bromide in the gel. 10 mg ethidium bromide was dissolved in 1
ml distilled water to a final concentration of 10 mg/ml, and stored at room
temperature in dark bottles. The dye was incorporated into the gel and the
electrophoresis buffer at a concentration of 0.5 pg/ml.
(4) Gel-loading buffer:(6x)

0.25% bromophenol blue

0.25% xylene cyanol FF

30% glycerol in distilled water

This was made up as 10 ml and stored at 4°C. When used, it was diluted to

the appropriate concentration as required.

Method:

(1) The edges of a clear,dry, glass plate were sealed with autoclave tape so as
to form a mold. The mold was set on a horizontal section of bench.

(2) Sufficient TBE electrophoresis buffer was prepared to fill the electrophoresis

reseivoir.
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(3) 1gpowdered agarose was added into 100 ml of TBE bufferin an Erlenmeyer
flask and heated to dissoive the agarose.

(4) The solution was allowed to cool to 60°C, and ethidum bromide is added to
a final concentration of 0.5 pg/ml and mixed thoroughly.

(5) The comb 0.5 to 1.0 mm was posiioned above the plate .

(6) The warm agarose solution was poured into the mold. The ge! slabs were
between 3 mmand 5 mm thick. Be surethat noair bubbles are under or between
the teeth of the comb.

(7) After the gel was completely polymerized (around 30 minutes at room
temperature), the comb was carefully removed and the gel mounted in the
electrophoresis tank.

(8) EnoughTBE electrophoresis buffer was added to cover the gel to a depth of
about 1 mm.

(9) Samples of approximately 6 pg of DNA were mixed with 20 yl of gel-loading
buffer, the mixture was loaded into the slols of the submerged gel using a
micropipette.

(10) The lid of the gel tank was closed and attached to the electrical leads. The
gel was runat 75 volts, allowing the DNA to migrate toward the anode (red lead).
(11) The gel was run until the bromophenol blue and xylene cyanol FF had
migrated to 0.5 cm from the bottom of the gel (usually 6 cm migration).

(12) The electric current was turned off, and the leads and lid were removed from
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the gel tank. Gels were examined using ultraviolet light and photographed to keep

asarecord.
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Chapter 3 CD14 Studies

3.1 Introduction

Most of the data presented here, were obtained using human monocyte
derived macrophages (MDM) from fresh peripheral blood from a number of
volunteers (see methods for isolation procedure). Initially several human cell lines:
HL-60, U937, THP-1 and Mono Mac 6 were also explored for their suitability as a
CD14 shedding model. This proved to be rather fruitless as CD14 expression by
these cell lines was found to be too low for this type of study. Although CD14
could be induced by treatment with vitamin D,, phorbol esters and IFN-y (Rigby et
al,, 1984, 1985; Rossi et al., 1987; Trinchier et al, 1987; Ball et al., 1984), they
were still found unsuitable, because THP-1 cells could be induced to differentiate
and to express higher levels of surface CD14 only by combined treatment with
VitD,, TNF-aand TGF-B,. The numbers of cells required for these studies was too
large to maintain an adequate supply of cells at a reasonable cost. Therefore, it
was decided to use MDM.

Some of the preliminary data and the apoptosis studies were obtained using
the human THP-1 cell line and we draw your attention to this fact. Wherever THP-

1 cells were used, suitable reference to the cell line has been made.
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3.2 Blocking of TNF-a production with anti-CD14 mAb

Preliminary studies were made to establish that previously reported
phenomena could be reproduced in our hands. One of these was the dependence
of TNF-a production on CD14 at low LPS concentration. This study was made
using THP-1 cells.

THP-1 cells are monocytic leukaemia cells which express a relatively low
level of membrane CD14 compared to normal human monocytes. When THP-1
cells are treated with 10 ng/ml LPS for 3 h, TNF-a is produced and this can be

detected by L929 bioassay. TNF-o production by these cells was shown to be

inhibited by pre-i ion of the cells with 10 ng/ml of anti-CD14 mAb
(IMO2) for 30 min. TNF-o production was not blocked by an irrelevant isotype
matched control mAb (Fig.6). These data confirm the model of CD14 as a

receptor for LPS and its involvement in the production of TNF-a.
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Figure 6. Inhibition of LPS-induced TNF-o production in THP-1 cells by CD14
antibodies (IMO2). 10 ng/mi LPS with 10 pg/mi of IMO2 (black bar), or irrelevant
isotype matched contro! antibodies (striped bar) or without Ab (blank bar) were
added to THP-1 cells. Supematants were harvested after 4 h and assayed for
TNF-a level by the L929 assay. Data are presented as mean values + SD of
triplicate samples (n=3).



33 of optimal for staining

3.3.1 Direct labelling studies

In preliminary studies, direct it staining was tested for its
suitablity to detect CD14, as it is less time consuming compared with indirect
labelling. The results using phycoerythrin-CD14 mAb conjugate, shown in Fig.7
(A,B) could not distinguish between specific PE-CD14 binding and nonspecific
binding (PE-McAB90, an isotype matched antibody). In contrast to direct labelling,
indirect labelling gave a measurable ratio of specific to nonspecific binding (Fig.7

C,D).

69



U3: 196592601 1 FLE-HPHYCOERYTHRIN  U3; 1995926002 FL2-H\PHYCOERYTHRTN

s
7 C:lg2acontrol4PE-1gG

300

fA: PE-HCABS0

U3: 1995926003 \FL2-H\PH/COERYTHR TN

R,
or FEman-cons s § branti-Co14 mabePE-Tgo
&
P e o

Figure 7. Comparizon of direct and indirect labelling. THP-1 cells were incubated
with a 1:10 dilution of human serum at 4°C for 30 min, then labelled with
phycoerythrin-anti-CD14 mAb conjugate (histogram B) or phycoerythrin-isotype
matched control antibody (PE-McA690) (histogram A) at 4°C for 30 min or direct
labelled with anti-CD14 mAb or isotype matched control antibody, followed by the
addition of a 1:40 dilution of PE-labelled donkey F(ab'), anti-mouse IgG at 4°C for
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3.3.2 Blocking of non-specific binding by human serum diluted 1:10

may bind ifi to and viathe
Fc receptors on these cells. In the experimental system, the second antibody
used was PE-labelled donkey F(ab'), anti-mouse IgG . Theoretically, blocking with
donkey serum would be the best to minimize non-specific cross reactivity.
Unfortunately, donkey serum was not available. Therefore, in preliminary

experiments, mouse and human sera were screened as alternative candidates in

an antibody blocking i Human yles were pre-i with the
serum (GIBCO, BRL. Canada) in BSA/PBS at 4°C for 30 min. Of the two species
of sera, the human, gave the highest ratio of specific to non-specific binding to
human monocytes. 96% CD14" cells were detected with human serum blocking,
only 17% CD14' cells with mouse serum blocking (Fig.8). Subsequently, it was
found that a 1 in 10 dilution of human serum was the optimal concentration to
block non-specific binding and thus a 1:10 dilution of human serum was used in

all the following studies.
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Figure 8. Comparison of mouse and human sera in blocking experiment. Human
monocytes were blocked by mouse serum (Histogram A and B) or human serum
(Histogram C and D) at 4°C for 30 min, followed by adding anti-CD14 mAb
(Histogram B and D) and isotype matched control (Histogram A and C) and 1:40
donkey anti-mouse PE-labelled IgG(Fab'), at 4°C for 30 min. 96% CD14' cells
were detected with human serum blocking (D), only 17% CD14’ cells with mouse
serum blocking (B).



3.3.3 Selection of antibody specific for CD14

Two clones of anti-CD14 mAbs, IMO2 (IgG2a) and 3C10 (IgG2b) were
tested to identify cell suface CD14 on isolated human monocytes. After
comparing specific anti-CD14 mAb binding with isotype matched control mAb,
IMO2 was found to give the highest ratio of specific to non-specific binding (Fig.9).
Therefore, the IMO2 monoclonal antibody was used in subsequent experiments.
The working concentration of IMO2 chosen was 2 ug per 5x10° isolated monocytes

as recommended by the supplier.
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Figure 9. Comparison of specific binding of two clones of anti-CD14 mAb. Human
monocytes were blocked by 1:10 human serum as described in materials and
methods, followed by adding IMO2 (anti-CD14 mAb, IgG2a isotype) (B), 3C10
(anti-CD14 mAb, 1gG2b isotype) (D), or isotype matched control (C for IgG2b, A
for IgG2a), respectively. Finally, samples were labelled by 1:40 PE-labelled
donkey F(ab'), anti-mouse IgG at 4°C for 30 min and analyzed by FACS.
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334 of

FITC-labelled rabbit anti-mouse IgG (Sigma Co.) and PE-labelled donkey
F(ab’), anti-mouse IgG (Bio/Can Sci.Co.) were tested. The PE-labelled donkey

F(ab’), anti-mouse IgG was found to give the highest specific and relatively low

r pecifi intensity (hi C and D in Fig.10). Due to the
high FITC-IgG non-specific binding to THP-1 cells, even after blocking, FITC-
labelled rabbit anti-mouse IgG was not used. Several studies (not shown) were
made in order to select the optimal concentration of PE-F(ab’),; 1:40 was used as
the working concentration for all further studies.

In addition, isotype-matched cuntrol antibodies (IgG2a) were set up in each

1o i {o] binding.
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Figure 10. ion of flt ce-Ab j THP-1 cells (10%sample) were
blocked with human serum, followed by treatment with anti-FcRIl specific mAb
(anti-CD32) (Histogram B and D) or without antibody (Histogram A and C). Finally,
cells were stained with 1:40 FITC-labelled rabbit anti 1gG2 (t AB),
or 1:40 PE-labelled donkey F(ab'), anti-mouse IgG (Histogram C,D).
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3.3.5 Analysls of FACS data and expression of FACS results

Cells were

y ona 1ce acti cell sorter (FACStar,

Becton Dickinson). Forward scatter (cell size) and side scatter (granularity) were

to distingui and Y The gated human

and were then for their Two

maijor parameters were studied. These were percent positive cells and mean
fluorescence intensity (MFI). The first of these was calculated as percentage of
cells with fluorescence greater than the isotype control. The second parameter,
mean fluorescence intensity (MFl) is an indicator of the level of CD14 expression
by cells. This is a variable dependent on the efficiency of antibody labelling and

laser performance, and can only be compared within batches analyzed on the

same day. of the variability of MFI, i p variation in CD14
expression levels could not readily be made. This must be kept in mind when MFI
data from different donors are presented. Percent positive cells is therefore the
best parameter for inter-batch comparison, while MFI and % positive cells are both

good indicators of intra-batch variations.

77



3.4 CD14 expression by normal human derived

In this study, blood from 14 healthy was used to
CcD14 i Of the Yy 60% to 91% expressed CD14

with a mean £ SEM of 78.84% + 2.37 (n=14). Individual donor variation in CD14

by was also ined in two of the donors, these values

were 72% +7.69 (n=5) and 80 % 6.11 (n=3) respectively. Most volunteers in this
study had approximately 85% CD14 positive monocytes, as shown in Figure 11.
The majority of primary blood monocytes express a high level of CD14
(CD14"*). However, recent studies identified a novel subset of blood monocytes,
which expresses low levels of CD14 and high levels of CD16 (FcyRIll) on the cell
surface (Passlick et al, 1989). These CD14'/CD16" cells were also found to
produce lower levels of TNF-a, IL-1 and IL-6 in response to LPS stimulation
(Ziegler-Heitbrock et al., 1992). It was reported by Ziegler-Heitbrock et al. (1992)
that about 13% of the monocyte population were weakly CD14° cells. Association

of CD14 with CD16 was not evaluated in this thesis.
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Figure 11. Variation of %CD14' cells in PBM isolated from 14 donors used.
Human monocytes were treated with monioclonal anti-CD14 Ab (IMO2) or isotype
matched control (background), then labelled with phycoerythrin (PE)-F(ab'), as
described in materials and methads, followed by FACS analysis. Background was
subtracted from all the data presented above. The number of volunteers versus
%CD14° cells is plotted as a histogram.
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3.5 Down-modulation of surface CD14 after monocyte stimulation by PMA

Both % positive cells and MFI decreased rapidly after incubation with the
phorbol ester, PMA (phorbol-12-myristate-13-acetate) as assessed by indirect
immunoflucrescence analysis (Fig.12). Two different PMA doses, 10 ng/ml and
100 ng/ml, were used in preliminary studies. 100 ng/ml PMA only gave a slightly
higher CD14 loss than that caused by 10 ng/ml PMA (data not shown). 10 ng/m!
was selected for all subsequent studies. Data from the time response curve for
one volunteer (Fig.13) show that CD14 loss had reached a maximum by 3 hours,
and that 10 ng/mi PMA was s ‘icient to give a 70% loss of CD14 from the cell
surface. As a consequence of this finding, a 3 hour exposure was selected for all
subsequent studies with PMA. Using a single time point, data were gathered from
a number of individuals. Loss of %CD14" cells following PMA treatment ranged

from 2% to 74% with a mean of 22% (Table 2). CD14 density as indicated by MFI

on monocytes also d , following PMA , with a mean ce
intensity (MF1) loss of 23%. At the same time, the expression of HLA-Class |
(W6/32) used as a positive control in all studies was not significantly changed after
PMA treatment, about 90% of the cells were positive and MF! was approximately
500.

Evidence from Bazil & Strominger (1991) previously confirmed that the
down-modulation of surface CD14 induced by PMA was caused by shedding rather

than internalization. They also showed that PMA-induced CD14 shedding
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appeared to be the result of proteolytic cleavage rather than a phospholipase
cleavage, as soluble CD14 isolated from the media had an apparently smaller

molecular weight than membrane bound CD14.
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Table 2. Effect of PMA on CD14 expression on human monocytes

cell surface PMA’ P value’
CD14 positive % 70.78+3.9 55453 P<0.0001
MFI 204+38 15727 P=0.0128
HLA-class | positive % 91.24273 87.242.72 P> 0.1
(W6/32)
MFI 5374129 509£127 P=0.38

* : The data represent the mean + SEM of 14 experiments for CD14 and 10
experiments for HLA.

#: P value was assessed by a two-tailed Student's t-test.

PMA: Human monocytes were lreated with 10 ng/ml PMA in 5% CO, incubator
at 37°C for 3 hours.
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Figure 12. PMA-down ion of CD14 expression on A

were treated with 10 ng/ml PMA at 37°C for 3 h (B) or medium only (C), followed
by the addition of monoclonal anti-CD14 Ab or isotype matched control mAb and
labelled with PE-F(ab'),. The positive CD14 cells and MFI are presented. There
is no significant change in isotype control (A) before and after PMA treatment.



Effect of PMA exposure on CDI4 expression by monocytes
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Figure 13. Time course curve of monocyte response to PMA. Monocytes were
treated with 10 ng/ml PMA for different time periods, labelled with antibodies and
PE-F(ab’), as described in materials and methods. CD14 and HLA-class | (W6/32)
expression were analyzed by FACS.



3.6 itivity of CD14 to idyli pecifi

CD14 is a member of tt. > family of GPI-linked membrane glycoproteins. In
order to determine the sensitivity of membrane bound CD14 to
phosphatidylinositol-specific phospholipase (PI-PLC) cleavage, isolated monocytes
were treated with PI-PLC from Bacillus cereus, as described in materials and
methods. Results of one representative group from four independent experiments
are shown in Figure 14. PI-PLC treatment led to the removal of 60% to a
maximum of 80% of the CD14. A similar result was also found with induced-
differentiated THP-1 cells. indicating that 20 to 40% CD14 appeared to be resistant
to PI-PLC cleavage. These data are consistent with the data reported by Goyert
et al.(1988). Increasing the concentration of PI-PLC and / or the length of the
incubation had no further affect on CD14 loss. However, it did lead to a decrease
in cell viability, as determined by trypan blue exclusion (data no shown).
Interestingly, a previously unreported observation was made. The treatment of
monocytes with PI-PLC in the presence of 10 ng/ml PMA resulted in 100% loss
of CD14 from the monocyte cell surface (Fig.15). Expression of HLA-Class |
(W6/32) molecules, which are anchored to the cell membrane through a
transmembrane domain rather than a GPI anchor, was not significantly altered
either after PI-PLC or the combination of PI-PLC and PMA and remained at 85%
of cells positive for HLA-class I. The MFI shown in Fig.15D is lower than controls,

because PI-PLC can also remove other Pl-linked antigens including CD186 (FcyRIll)
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that may be involved in some of the non-specific binding also.

It is believed that the major reason for GPl-anchor resistance to PI-PLC is
a modification of the inositol ring (R). For example, two GPI-anchored proteins,
the human erythrocyte acetylcholinesterase (AChE) (Low et al., 1977), and human
alkaline phosphatase (ALP) (Wong. 1992), were reported to be relatively resistant
to PI-PLC cleavage due to the esterification of the 2-OH on the inositol ring with
palmitic acid (Roberts et al., 1987) and the resulting acylation of the inositol ring
in the GPI anchor (Wong, 1992), respectively.

It would appear from the data obtained (Fig.14) that approximately 20% of
the CD14 molecules are resistant to this enzyme and, therefore, may be in this
acylated form or may lack the GPI-anchor. In three out of four studies, PMA alone
was found to be less efficient than PI-PLC at inducing CD14 loss. In 13 vut of 14
studies, shedding was usually only 20% to 40% of the membrane CD14 following
PMA treatment, although in one study. a loss of 75% was detected. The above
data suggest that the PMA and PI-PLC treatments may result in the cleavage of
different species of CD14 or that PMA treatment results in the conversion of a Pl-

PLC resistant to a PI-PLC sensitive form of CD14.
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Figure 14. FACS analysis of PI-PLC-treated human monocytes. Peripheral blood
monocytes, isolated by density gradient centrifugation and adherence, were treated
with PI-PLC (2 units/ml) for 3 hour. Control monocytes were incubated under the
same conditions without enzyme. Cells were treated with antibodies as described
and analyzed by FACS. The CD14* percentage and mean fluorescence intensity
was 70% and 120 respectively for the untreated cells (C) and 14% and 90
respectively for the PI-PLC treated cells (B). The fluorescence intensity of the
antibody conirol (A) and Class | HLA (W6/32) (not shown ) did not change
significantly after PI-PLC treatment. The x-axis shows log fluorescence and the
y-axis shows cell number. The frequency of positive cells and MFI are presented.
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Figure 15. Additive effect of PI-PLC and PMA on CD14 expression loss on human
monocytes. Monocytes were incubated in medium with 10 ng/ml PMA (B), 2 units
PI-PLC (C), PMA plus PI-PLC (D) or 10% FCS RPMI-1640 medium only (A) at
37°C for 3 h as described in materials and methods. CD14 expression was
measured by indirect immunofluorescence using monoclonal anti-CD14 Ab (IMO2)
(solid histogram) or isotype matched mAb (outline histogram).
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3.7 Additive down-modulation effect of A23187 with PMA on CD14

expression by monocytes

The effects of the calcium ionophore A23187 were investigated on CD14
expression by human monocytes. A23187 treatment of cells induces the release
of Ca®" from the endoplasmic reticulum into the cytoplasm. It is known that Ca?
plays a role in the activation of PKC and acts through a separate binding site to
PMA. As shown in Figure 16, treatment of cells with A23187 alone was found to
induce CD14 loss from PBM membranes. This effect was aiso found to be
additive to that observed by the addition of PMA (Fig.16D). It therefore appears
that PKC isoenzymes possessing both PMA and Ca® binding sites, may be
involved in the signalling pathway resulting in loss of membrane CD14,

Similar results were also observed when differentiated THP-1 cells were
treated with A23187. It was observed that 83% of CD14 was lost from the THP-1

cell surface following treatment with 500 ng/ml A23187 for 3 hours.
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Figure 16. Additive down-modulation of CD14 expression on monocytes by A23187
with PMA. Monocytes were treated with the indicated reagents or medium only
at 37°C for 3 h, then labelled with monoclonal anti-CD14 Ab (solid histogram) or
isotype control antibody (outline histogram). %CD14 positive cells is dramatically
decreased to 4% after combined PMA plus A23187 treatment (D).
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3.8 Down-modulation of monocyte surface CD14 expression by LPS

Regulation of CD14 expression by LPS was investigated in the following
studies. It was found that incubation of monocytes with 10 ng/ml or 100 ng/m!
LPS for 3 h resulted in loss of surface CD14 as shown in Fig.17. A time course
study, Fig.18, showed that stimulation of monocytes with 10 ng/mi LPS for 3 hours
resulted in a maximum of 22% reduction in CD14" cells. CD14" expression
gradually started to recover after 3 h. While percentage HLA® cells remained
unaffected by LPS treatment.

We also observed that the reduction in MFI due to CD14 shedding induced
by LPS varied form donor to donor and in some cases was hardly detectable. This
may reflect different sensitivities of donor's mononuclear cells to LPS in vivo.
Furthermore, our data show that loss of CD14 did not occur immediately but only
after a delay of 1 h following LPS treatment, then CD14 expression started to
recover by 4 h. Factors influencing CD14 loss after LPS exposure therefore must
be slowly induced and be transient: lasting 2-3 h in these studies. Kinetics with
PMA induced ioss of CD14" cells in comparison (see Fig.13) lacked this delay.
However, maximum loss of CD14 still occurred at 3 h. It was shown by Bazil &
Strominger (1991) that surface CD14 loss induced by PMA or LPS is due to a
process of shedding. Evidence has also been published showing that LPS
activates PKC in monocytes and macrophages (Coffey et al., 1992). One may

speculate that LPS-induced CD14 shedding also occurs through activation of PKC.
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The delay-phase observed with LPS induced shedding may reflect the slower
activation of PKC or time delay due to the release of the secondary or tertiary

or i To ir ig a possible feedback

of ion, PBM were i with TNF-a.. The data obtained

indicated that it was very unlikely thai the loss of cell surface CD14 by PBM

following LPS is y to the ion of TNF-a, but does not
entirely excluae the possibility. The results shown in Fig.17 show that the addition =

of TNF-a to PBM i , not the expression of CD14 under the

conditions used in this investigation.
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The effect of LPS and TNF-a on CDI4 expression on monocytes
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Figure 17. The effect of LPS and TNF-a on CD14 expression on monocytes.
Monocytes were treated with or without 10 ng/ml LPS, 100 ng/ml LPS or 1 ng/m|
TNF-o respectively for 3 h at 37°C, then blocked, treated with anti-CD14 mAb or
isotype matched control and labelled with PE-F (ab'), as described in materials and
methods. Non-specific binding is subtracted from each value. The data are
presented as mean + SEM (n=4).
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Effect of LPS exposure on CDI4 zxpression by monocytes

Time course response curve
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Figure 18. Time course response curve of monocytes to LPS. Monocytes were
exposed to 10 ng/ml LPS overa 4 h period time, followed by blocking, antibody
addition (anti-CD14 mAb, anti-HLA class | or isotype matched control) and labelling
with PE-F(ab’), as described in materials and methods. CD14 expression was
analyzed by FACS. Non-specific binding was subtracted from specific binding.

94



3.9 The effect of a protein phosphatase Inhibitor on monocyte CD14

expression

The data above have shown that PMA could induce CD 14 shedding from
the monocyte surface, indicating that PKC may be involved in the shedding
process. The action of PKC may be enhanced by preventing dephosphorylation
mediated by phosphatases. Okadaic acid (OA), a selective inhibitor of
serine/threonine protein phosphatases (PP1 and PP2A) (Suganuma et al., 1988;
Haystead et a/., 1989) was used to study the role of these phosphoproteins in the.
regulation of PMA-induced CD14 loss. Treatment of monocytes with 10 nM OA
only, a concentration known to augment TNF-cx production in response of human
monocyte to LPS (Coffey et al., 1992), in 5% CO, at 37°C for 3 hours resulted in
a decrease of 41% (MF!)CD14 on human PBM and a 10% decrease in %CD14
positive cells (Fig.19). The upper right panel solid histogram in Fig.19 also shows
that thare are two peaks after OA treatment.  The presence of these two peaks
suggests that there may be two different populations of CD14 positive monocytes,
that respond differently to OA.  When monocytes were treated with OA in the
presence of PMA, only a single population of CD14 positive monocytes was
observed as shown by lhe presence of a single peak (the bottom right solid
histogram in Fig.19). Slight augmentative effects on CD14 loss were observed
when monocytes were treated with OA plus PMA (Fig.19, the bottom right

histogram). These results suggest that PKC activity, stimulated by PMA, may not
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be the substratess for serinethreonine phosphateses 1 and 2A.
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Figure 19. The effect of okadaic acid on CD 14 expression on human monocytes.
Monocytes were treated with or without 10 nM okadaic acid or 10 ng/ml PMA, or
okadaic acid plus PMA at 37°C for 3 hours. Solid histograms represent cell
surface CD 14 expression. Qutline histograms are background controls.



3.10 Effect of f MLP on CD14 exp by human

Formykmethiony!-leucyl-phenylalanine (f MLP), a component from bacterial
cell walls, is a monocyte chemotactic peptide. Monocytes and neutrophils have
been reported to possess a f MLP-receptor (Murphy et al, 1991). The treatment
of human monocytes from three different donors for 4 hours with 100 ng/ml fMLP,
a concentration which is known to enhance LPS-evoked TNF-a production by
monocytes (Coffey et al,1992), led to maximum of a 28% reduction in % CD14*
cells and 23% loss in CD14 density on the monocyte membrane surface (Table
3). There was no effect on HLA-class | (W6/32). The mechanism of f MLP-
induced CD14 loss on human monocytes is unknown. However, in human
neutrophils, f MLLP has been shown to stimulate receptor-mediated activation of G
proteins with G protein-mediated activation of phospholipases (PLC and PLD) (Koo
etal., 1983), and PLA, (Murphy etal, 1991) and subsequent generation of second
messengers, suchas DAG, Ca?*, arachidenic acid, all of which can activate PKC.
Similar signalling and activation of PKC may exist inthe monocytes and may lead
to CD14 loss. Evidence to support this was observed when monocytes were
treated with f MLP plus PMA. The amount of CD14 lost was only just slightly
higher than that observed from PMA alone (data not shown), indicating that fMI_LP
had no significant augmentative effect with PMA on CD14 loss. This could be
explained by PMA and fMLP working through a shared common mechanism.

Recently, it has been shown that stimulation of human neutrophils with f
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MLP induced tyrosine phosphorylation and activation of two distinct mitogen-
activated proteininases (MAPK | and Il) (Torres et a/., 1993). MAPK was also
shown to be phosphorylated on tyrosine following LPS triggering of murine
macrophages (Weinstein et al.,, 1992). Inour studies, it was found that treatment
of human monocytes with f MLP led to greater CD14 loss than that observed
following treatment with LPS. However, only three volunteers were screened using

fMLP and further studies would help to support these findings.
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Table 3. Effect of f MLP on CD14 expression on human monocytes.

source treatment % Ag positive cells/MFI*
donar Isotype anti-CO14 | anti-HLA
control Mab Mab
N12 untreated 1.0 69/138 91/261
f MLP 1.8 50/106 88/296
(281/23))
untreated 0.8 68/77 99/120
Bs fMLP 0.5 66/70 99/139
(3l/94)
untreated 0.3 80/37 96/64
SR19
fMLP 0.5 73/35 96/61
(@l/5l)
fMLP: 100 ng/ml for 4 hrs.
# Values in parentheses are the percentage change from original
values.

Monocytes were treated with indicated reagents for 4 h at 37°C, CD14 expression
and MF1 were d d after f MLP as indi above. There was no
change in the HLA Class | (W6/32) expression after the addition of fMLP.
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3.11 The effect of on CD14 exp

As reviewed in the introduction, it is known that LP'S induces activation of
CDi4-assocated protein tyrosine kinase p53/56" (Stefanovs et al, 1993).

Herbimycin A biocked LPS-nduced cytokine production, CD14 shedding and

prostaglandi on (Weinstein et a/.1991; Stefanova ef al., 1993). These

led ustoir igate the indirect effect of prostaglandins on CD14
expression by using indomethacin, acycloxygenase inhibitor. The results fromtwo
experimentsboth showed some reduction of CD14 MFI, 16% and 15% respectively
(Table 4). The result from one of two experiments also showed a 25% reduction
in % CD14' cells. Itis not clear from these data as to what role, if any,
prostaglandins have, in the regulation of CD14 loss and further studies chould be

performed to obtain more convincing evidence of their effects.
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Table 4. The effect of indomethacin on CD14 expression by monocytes

source treatment % Ag positive cells/MFI|
donor 5 s
isotype anti-CD14 anti-HLA
control mAb mAb
N12 none 1.0 69/138 91/261
Indomethacin 21 52,117 91219
(254151) (0r19d)
V20 none 15 86/157 99/319
Indomethacin 15 87/132 99/308
(1116d)

Indomethacin: 1 M for 3 h incubation.

Values in parentheses are the percentage change from original values.

Monocytes were treated with indicated reagents for 3h at 37°C, % CD14 positive
cells and MF| were decreased after indomethacin treatment as indicated above.
There was no change in HLA Class | (W6/32) expression after the addition of
indomethacin.
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3.12 The effect of protein kinase s on human CcD14

expression

Three protein kinase inhibitors were studied for their effects on CD14
expression. These were: staurosporine, calphostin C and KT5720. Staurosporine
has been shown to inhibit the proteolytically generated catalytic domain of PKC
(Tamacoki et al, 1986). It is also known to inhibit other protein kinases including
phosphorylase kinase, cAMP-dependent protein kinase, Ca®"/calmodulin-dependent
protein kinase and tyrosine kinase (Reugg et al., 1989). We found that monacytes
treated with 10 ng/ml PMA together with 20 nM staurospotine for 3 h, did shed
CD14 indicating that staurosporine was not able to prevent PMA activated
signalling (Fig.20). This may be explained by slow effects of staurosporine on
preventing PKC activity or by staurosporine’s broadly active inhibitory effects.

Compared with staurosporine, calphostin C is known to be a more specific
inhibitor of PKC. Atfter light activation, it interacts with the regulatory domain of
PKC (Kobayashi et al., 1989). The effects of calphostin C were studied in both
PMB and THP-1 cells. Almost 100% of the CD14 expressed by PBM was lost
followir:g 3 h incubation with 50 nM calphostin C in the presence of ordinary
fluorescent light, but HLA-class | molecules (W6/32) were also decreased
significantly (Fig.21). It was difficult to interpret these resulls as the activation of
PKC, i.e.by PMA, LPS or Ca”™ rather than inhibition of PKC was believed to cause

loss of CD14. It now appeared that the inhibition of PKC could also lead to a more
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rapid and greater CD14 loss than PKC activation. Cell viability in these studies
as determined by trypan blue exclusion, was not affected, but both cell size and
cell granularity were found to be reduced greatly after treatment with calphostin C
(Fig.22). Subsequently, this phenomenon was studied in much greater detail and
it was discoverd that loss of CD 14 was the result of induction of apoptosis in both
THP-1 cells and PBM, and the subsequent sheading of apoptotic vesicles (see
chapter 4).

KT5720 is a cAMP-dependent protein kinase inhibitor (Yamada et al., 1589).
Treatment of differentiated THP-1 cells with 40 nM KT5720 for 24 h caused only
a slight loss of CD14 expression, dropping 7% in % CD14 positive cells and 11%
in MF1. However, this observation was following a 24 h incubation time rather than
the 3 hour used for the other studies. Data from these experiments should

therefore be viewed with this limitation in mind.
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Figure 20. The effect of staurosporine on PMA-modulated CD14 expression.
Monocytes were exposed to medium only (A), or 10 ng/ml PMA (B), or 20 "M
staurosporine (C) or both (D) for 3 h at 37°C in the 5% CO,, atmosphere, followed
by the addition of isotype control antlbodles oranti-CD14 mAb (IM02) and srained
by PE-IgG F(ab'),, CD14 expi i in solid

und control is rep! in unshaded histograms. % CDM’ cells and
the level of CD14 expression (MFI) are given with each histogram.
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Figure 21. The effect of calphostin C on monocytes. Monocytes were incubated
with medium only (shaded himstogram) or exposed to 50 nM calphostin C
(unshaded histogram) in the presence of light for 3 h at 37°C, followed by blocking,
antibody addition: isotype control mAb (A), anti-CD14 mAb (B), anti-HLA class |
(C), and labeling with PE-F(ab'), as described in malerials and methods.
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Figure 22. The effect of calphostin C on cell size and granularity. Monocytes
were incubated with medium only (A and C) or with 50 nM calphostin C (B and D)
at 37°C for 3 hours. Cell size (A and B) and granularity (C and D) were analysed
by using forward scatter (FSC) and side scatter (SSC) FACS, respectively.
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3.13 The effect of ouabain on CD14 expression on monocytes

Ouabain, a cardiotonic steroid, is a well known inhibitor of Na*/K*-ATPase
(Seader et al,, 1930). It acts primarily on the K'-binding sites located at the
extracelluar side of the plasma membrane to inhibit the enzyme competitively with
respect to K* (Choi et al., 1977; Oishi et al,, 1991). Ouabain has been reported
to enhance TNF-a and IL-1 production in monocytes through transcriptional
mechanisms (Ohmori et al, 1991) and it was this observation which led us to
investigate the effects of ouabain on CD14 expression.

Normal human monocytes were treated with ouabain at various
concentrations as shown in the dose response curve (Fig.23) and for different
periods of time as shown in the time course study (Fig.24). Cell viability,
determined by trypan blue staining, was always more than 90%. Flow cytometric
analysis showed that ouabain caused a rapid loss of CD14 expression on human
monocytes, but did not significantly affect HLA-Class | (W6/32) expression except
at high dose (Fig.25). The kinetic studies show that a 3 hour treatment with 1 mM
ouabain caused maximum loss (100%) of CD14 expression on human monocytes
(Fig.24). Dose response studies showed that the IC,, value for ouabain was 200
uM and that 1 mM was the optimal concentration required to obtain maximum
CD14 loss from the cell surface (Fig.23). It was also found that 1 mM ouabain
affected HLA expression (Fig.25). Changes in cellular granularity as determined

from cytometric analysis were also noted (Fig.26), but no cnanges in cell size or
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apoptotic vesicles could be observed by using microscopy.

It has been shown by Bazil & Strominger (1991) that treatment with PI-PLC
leads to the shedding of a 56 KDa MW CD14 species while treatment with PMA
leads to the shedding of two molecular weight species 56 KDa or 48 KDa. It is
believed that the lower molecular weight species is shed through a proteolytic
cleavage of the CD14-GPI anchored molecule. It is unknown how the 56 KDa
species arises but this may be due to phospholipase cleavage of the GPI-anchor.

To help elucidate the mechanisms of membrane CD14 loss and the
molecular weights of the CD14 molecules shed following ouabain treatment, cells
were labelled with {**S] methionine, and both the membrane and the supernatant
were investigated using anti-CD14 mAb immunoprecipitation. ~Shed CD14

molecules were analyzed by 2D-SDS-PAGE as described in materials and

methods. Membrane CD14 was readily immunc ipi from

membrane preparations of untreated cells (Fig.27A), but could barely be detected
in the membrane fractions from ouabain treated cells (Fig.27D). CD14 could still
be detected in the membrane fractions from PMA treated cells (Fig.27C). Cells
incubated with PI-PLC had little or no membrane CD14. All these data agree with
the FACS analysis. The culture media from 3 h treated [**S] labelled monocytes
were also analyzed for immunoprecipitable CD14. There was no detectable
sCD14 in the medium from control cells or ouabain or PMA-treated monocytes

under the conditions used, but sCD14 from the medium of PI-PLC treated
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monocytes was readily detected. This sCD14 had a molecular weight of
approximate 53 KDa and a pl between 4.5 to 5.0 (Fig.28). The data from FACS
and 2D-SDS-PAGE show that there is no mCD14 on the PBM cell surface
following ouabain treatment. But sCD14 molecules were also not deteced in the
media from ouabain treated cells. There are three possible explanations. First,
CD14 on monocytes may have been internalized into the cytoplasm and if this
were tha reason, electron microscopic analysis using gold labelled antibody or
FACS analysis of permiabilized cells could provide more direct evidence.
Secondly, CD14 could have been shed into the medium, but destroyed by
proteolysis, such that anti-CD14 mAb could not recognize the CD14 epitope and
thus failed to immunoprecipitate the protein. Thirdly, the quantity of sCD14 may
have been too low to detect. The latter explanation is not supported by the

detection of spontaneously shed CD14 from ight [*°S] labelled

with approximate molecular weight of 53 KDa and a pl of 4.8, in which more
monocytes (2x107) and a longer incubation time were used (Fig.29). It was also
possible to detect PI-PLC cleaved CD14 after a 3 hr incubation and therefore the
immunoprecitation had worked for this control. Thus internalization and or CD14

distruction are the only possible explanation.
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Effect of Ouabain dose on CDI4 expression by monocytes

Ouabain dose response curve
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Figure 23. The effect of ouabain dose on CD14 expression by
monocytes. Ouabain dose response curve (IC4,=200 uM).
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Effect of Ouabain exposure on CDI4 expression by monocytes

Time course response curve
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Figure 24. Time course response curve of monocytes to ouabain treatment.
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Figure 25. The effect of ouabain on monocytes analyzed by FACS. Monocytes
were incubated with medium (A and C), or treated with 1 mM ouabain (B and D)
at 37°C for 3 h, then labelled with anti-CD14 mAb (left panel, A and B) or anti-
class | HLA (W6/32) mAb (right panel, C and D). CD14 molecules were
dramatically lost after ouabain treatment (B), HLA class | molecule were not lost
but were effected by ouabain treatment (D).
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Figure 26. The effect of ouabain on size and ¢ M

were incubated with medium only (A and C) or with 1 mM ouabain (B and D) for
3 hat37°C. Cell size (left panel, A and B) and granularity (right panel, C and D)
were analysed by using forward scatter (FSC) and side scatter (SSC) FACS,
respectively.
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Figure 27. 2-D-SDS-gel electrophoresis of mCD14.  Monocyte derived
macrophages from untreated (A, the left upper panel), 1 mM ouabain treated (B,
the right upper panel), 10 ng/ml PMA-treated (C, the bottom left panel) or 2 units
PI-PLC (D, the bottom right panel) treated cells were lysed, mCD14 was prepared
and subjected to 2D-SDS gel pl in

methods. After electrophoresic, gels were silvar s(arned to indentify internal MW
and pl markers, and subseque:itly autoradiographied. mCD14 MW and pl value
were determined from the 2D-SDS-markers run with samples. mCD14 had
disappeared after PI-PLC treatment (D).
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Figure 28. 2-D-SDS-gel electrophoresis of sSCD14. sCD14 was immunoprecipitated
from the medium from untreated (A, the left upper panel), 1 mM ouabain treated
(B, the right upper panel), 10 ng/ml PMA-treated (C, the left bottom panel) or 2
units PI-PLC (the right bottom panel) |realed monocyle derived macrophages and
subjected to 2D-SDS gel ele: in ials and method:
After electrophoresis, gels were silver s(alned to observe internal MW and pl
markers and subsequently autoradiographied. sCD14 MW and pl values were
determined from the 2D-SDS-marker running with samples.
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Figure 29. 2-D-SDS-gel electrophoresis of spontaneously released CD14. 2x10”
monocyte derived macrophages were labelled with [*S}-methionine overnight, the
medium was collected and sCD14 prepared and subjected to 2D-SDS gel
electrophoresis as described in materials and rnethods. Top panel, silver stain
pattern shows 2D-SDS-PAGE markers; bottom panel shows autoradiographic
image of the 2-D gel. Arrow indicates sCD 14. MW and pl values determined from
2D-SNS-PAGE marks.
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3.14 Summary and conclusion
Summary:
The experimental results are summarized in Table 5. The two

pharmacological agents actively involved in ingCD14

were calphostin C and ouabain.

Calphostin C, discussed later in this thesis, was found to induce apoptosis
and lead to shedding of apoptotic vesicles and a 100% loss of CD14 expression.
Ouabain was also found to induce 100% loss of membrane CD14 within 3 hours.
Upon examination by light microscopy and 2D-SDS-PAGE, ouabain-induced
mCD14 loss did not appear to be due to apoptosis or shedding of CD14 into the
media and may therefore have been due to CD14 internalization. Although no loss
of viability in cells was observed, changes in the FACS pattern observed with MHC
Class | and granularity of the cells lead us to believe that profound membrane and
cellular changes were taking place under the conditions under which CD14 loss
was observed. Smaller effects on CD14 expression were observed with both PMA
and calcium ionophore. These effects were shown to be additive leading to aimost
100% loss of CD14 by 3 hours. Only slight changes in % CD14" cells, less than
25%, were observed with indomethacin, okadaic acid and the PKA inhibitor
KT5720.

The natural ligands investigated were TNF-a, LPS and fMLP. TNF-a was

foundto increase CD14 expression, while LPS induced a measurable loss of CD14

118



and fMLP induced up to 30% loss of CD14 positive cells. More work studying the

CD14 loss induced by f MLP could confirm if this was due to shedding or not.
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Table 5. Summary of effects nf agents on CD14 membrane expression

Agents Decrease in CD14° cell | Incerease in CD14" cell
number number
TNF-a +
LPS +
fMLP ++
Staurosporine 0 0
Calphostin C (+44)
PMA ++
Okadaic Acid +
KT5720 +
A23187 ++
Ouabain et
PMA+A23187 +++
Indomethacin +
| P-PLC S
‘ PMA+PI-PLC +++ (100%)
"4 10-25% change of CD14 positive cell number
N 25-75% change of CD14 positive cell number
R > 75% change of CD14 postive cell number
o8 no change of CD14 postive cell number
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Conclusion:

It appears that the major effectors inducing loss of membrane CD14 from
monocytes are regulators of PKC (PMA and calphostin C) or cytoplasmic calcium
levels {A23187). PMA induced shedding has been shown by others to result from
the proteolytic cleavage of CD14

FMLP appears to cause a rapid loss of CD14 from monocytes. FMLP also
looks as if it may be an interesting model to investigate further; no direct
conclusions were reached as to how or why fMLP was able to resultin CD14 loss.
Indirect evidence may implicate some shared signalling pathways between LPS
and f MLP, perhaps involving Ca** or PKC activated pathways.

TNF-a does not appear to act as a negative feedback inhibitor regulating
CD14 shedding under the conditions examined. However, it does appear that
TNF-o act as a positive feedback regulator resulting in an increase in membrane
CD14 expression by monocytes. This phenomena would have to be studied
further in respect of agents that are known to regulate TNF-o release.

Ouabain induces & rapid and complete loss of CD14 from monocyte
membranes at concentrations previously used by others to enhance LPS induced
TNF-a production. LPS and CD14 may be internalized and perhaps enhance
TNF-a production.

The small effects of okadaic acid, KT5720 and indomethacin may be the

result of cross talk between signalling pathways. As such these pathways appear
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to play only a minor part in the signalling leading to CD14 loss.
Staurosporine was ineffective, but was not tested over a wide range of
concentrations. Thus, its lack of activity would have to be studied further to be

verified.
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Chapter 4 Apoptosls Studies
Introduction

4.1 Programmed cell death (PCD) or apoptosis

Programmed cell death or apoptosis is a widespread, morphologically
distinct process of cell death. It occurs during normal embryonic developrnent of
vertebrates and invertebrates, as well as during metamorphosis, hormone-
dependent alrophy of tissues (Kerr et al., 1972; Wyllie et al, 1980), and deletion
of auto-reaclive T cells in the thymus (Duvall etal., 1986). Kerrand Searle (1972)
proposed the term *apoptosis” (from the Grreek: falling off) to name this form of cell
death. The term apoplosis is sometimes considered synonymous with
programmed cell death and it implies a lethal genetic program. For example, as
B-cell populations develop, about 95 cells out of every 100 cells will die for any of
a variety of reasons such as faulty gene rearrangement, self-destructive receptor
expression, or lack of stimulation (Deenen et al, 1992). Apoptosis is also
observed inmalignant turmours (Sarral et al., 1986). Anumber of agents including
gamma-radiation (Skalka et al, 1976), toxic chemicals (McConkey et al., 1988),
cytotoxic T cells (Liepins et al, 1978 Moss ef al., 1991) alsokill their target cells
by programmed cell death. PCD is widely regarded as a suicidal cell response
since cell death appears to result from the induction of an active biological process

within the cell (Wyllie et al., 1980; McConkey et al., 1990).
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4.2 Morphological ch istics of apoptosi

PCD or apoplosis cian be recognized by characteristic changes in
morphology including membrane vesicle formation (cell surface blebbing) and
shedding from the cell surface, a marked reduction in cell volume, loss of plasma
membrane microvilli, and nuclear DNA condensation. Finally, cells break down
into membrane-bound apoptotic bodies in which cytoplasmic organelles appear to
be randomly distributed and most of them have a nuclear component (Wyllie et al,,
1980). These apoptoatic bodies are sealed and maintain their osmotic gradients.
Therefore, there is no spilling of intracellular contents, and thus no inflammation.
Thereis evidence which suggest that the apoptotic cell strengthens its membranes
against the risk of Iysis by the activation of cross-linking enzymes such as
transglutaminase  (Fesus, 1991).  Apoptotic bodies are eliminated through
phagocytosis by neighbouring cells.  Significant alterations in membrane
composition occurs in apoptolic cells which may also aid their recognition and
engulfment by the phagocytosing cells (Wyllie et al., 1984; Duvall et al, 1985).
Macrophages are thought to play a major role in the remowval of apoptotic bodies

(Kerr et al., 1987).

4.3 Biochemical characteristics of apoptosis
The best defined biochemical event in apoptosis involves nuclear DNA

fragmentation. When the morphological changes of apoptosis are observed,
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internucleosomal DNA fragmentation is almost always detected by agarose gel
electrophoresis where it appears as a typical ladder pattern (multiples of 180-200
base pair subunits) (Wyllie et al, 1980; Arends et al.. 1990).

Most studies indicate that there is an intracellular elevation in Ca** which is
required for apoptosis (McConkey et al, 1990) followed by the activation of a
putative endonuclease responsible fui the intemucleosomal cleavage of DNA
(Arends et al., 199C). McConkey et al. (1990) have shown thata Ca?®, Mg*'-
dependent endonuclease activily in thymocyte nuclei is rapidly lost following
treatrment of cells with either actinomycin D or cycloheximide. Recently, Arends

et al. (1990) demonstraled that treatment of isolated nuclei with micrococcal

nucleaseleads tothe patiem of in condensation i with

thus supporting the view that an endogenous endonuclease is responsible for both
DNA fragmentation and nuclear condensation. However, a specificendonuclease
with internucleosomal cleavage activity has not yet been purified from eukaryotic
cells.

In apoptosis, the cells actively participate in the sel-destructive process,
which requires metabolic energy (Alison and Sarraf., 1992). It has been reported
that the process of cytotoxic T cell mediated tumour target cell killing occurs
through an apoptotic mechanism and is associated with elevated oxygen

consumption rates (Nathan et al.1982).
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44 F signal pi ys for apop

The Ca’/phospholipid-dependent protein kinase (PKC) has been
demonstrated to participate in intracellular signalling processes in many cell types
(Nishizuka et al, 1984). PKC-mediated phosphorylation of numerous protein
substrates is associated with a wide range of biological effects, including induction

of cellular proliferation and differentiation (Craven et al, 1988), activation of

nuclear iption factors and cell-surf: ol (Brach et al., 1992), and
tumour promotion (Rahmsdorf et al, 1990). PKC is expressed in mammalian
systems as a family of diverse serine-threonine kinases, consisting of at least 9
isoforms differing in both substrate specificity and dependence upon Ca**
availability. Differential activation of PKC isoforms has been postulated to account
for the divergent actions of different enzyme activators (Nishizuka et al., 1988).
PKC not only plays a physiological role for cellular regulation (Pelosin et al., 1987),

it has also recently been reported that this protein kinase is involved in signal

tr ion p ys that lead to apop The role of PKC in the induction
of apoptosis is not clear due to conflicting reports. For example, Tomei et al.
(1988) was able to show that the PKC activator PMA can prevent apoptosis in
C3H-10T1/2 cells after serum removal or exposure to ionizing radiation. This
result supports the idea of suppression of apoptotic cell death through activation
of protein kinase C. However, the observation from Mercep et al. (1989), showed

that PMA, either alone or in conjunction with Ca?* ionophore, induced apoptosis
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in cells of lymphoid origin, and that inhibition of PKC by exposure to H7, an

inhibitor of PKC, preventedgluc icoid-induced is in murine th

(Ojeda et al,, 1990), suggesting that PKC activation promoted this process. It is
conceivable that these conflicting findings on the role of PKC in the regulation of
apoptosis may reflect cell type-specific responses or, alternatively, the infuence
of undefined factors or perhaps different isoforms of PKC.

Several lines of evidence indicate that PKC also modulates cell surface
membrane ion conductance by phosphorylating ion channel proteins, ion pumps
and ion exchange proteins suggesting that ion channel function may also be
involved in the apoptosis process (Levitan, 1985).

lon channels are integral membrane proteins through which ions can
passively flow down their electrochemical gradient at rates exceeding 10° ions/sec
(Lecar et al, 1985; Gallin et al, 1986). Shifts in the resting potential of cell-
surface membranes may result from the activation of specific ion channels which
are thought to be involved in a variety of cellular functions including nerve
conduction, muscle-cell contraction and relaxation, cell proliferation, protein
synthesis (DeCoursey et al, 1984; Panet et al. 1985; Deutsch et al 1986;
Meldolesi et al., 1987), as well as in processes associated with cell injury through
apoptosis (Trump et al., 1979; Schlichter et al., 1986; Liepins et al, 1987). K*
channel activity has been reported to be involved in the delivery of the *lethal hit*

by cytotoxic T-lymphocytes (Farber et al, 1981; Fukushima et al, 1984) and
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human NK cells (Schiichter ef al., 1986). Other studies using target cells loaded
with *Rb, have suggested the presence and function of K* channels in tumour
celis undergoing T-cell mediated lysis (Henney et al.,1973; Ferluga et al., 1974;
Mariz et al., 1976; Sanderson et al, 1981). Liepins et al. in 1985 and 1987
demonstrated that incubating cells first at 0° and then warming them to 37°
induced apoptosis. Interestingly, two classic K* channel blockers,
tetragthylammonuium (TEA) and 4-aminopyridine (4-AP), also inhibited, in a dose

dependent manner, the membrane vesicle formation and shedding process as well

as nuclear DNA fi ionand membrane p abilty changes. Futhermore,
they showed that the temperature shift induced membrane vesicle formation and
shedding was indistinguishable from that occurring during allimmune T-
lymphocyte-mediated injury of tumour cells. This evidence suggests that the
function of K' channels are required for tumour cell susceptibility to the low
temperature induced apoptosis. Thus, K* channel activity appears to be required
for both tise triggering or delivery of lytic signals from the effector cells, as well as
for the target tumour cells to initiate a self-destructive cascade of events.

The observation that calphostin C led to CD14 loss from monocyte
membrane and the subsequent observation that this might be an apoptotic process
led to the present studies to elucidate the role of PKC and also ion channel
function in the process of apoptosis. Our findings demonstrated that calphostin C,

which is a highly specific inhibitor of PKC, was sufficient to induce apoptosis in
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human monocytic leukaemia THP-1 cells as well as nomal human peripheral
mononuclear cells. Staurosporing, a potent, but less specilic PKC inhibitor, failed
10 induce apoptosis in these cells. Further studies found that quinidine, a Ca*'-
dependent K* channel inhibitor, significantly prevented calphostin C-mediated
THP-1 apoptosis, indicating that Ca**-dependent K' channels are involved in the

regulation of apoptosis.
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Resuilts and Discussion

4.5 Induction of apoptosis by a PKC Inhibitor, calphostin C, in THP-1 cells

451 () gi of calphostin C-medi: THP-1 cell i

Cells of the human monocytic leukaemia cellline, THP-1, were exposed to
calphostin C, a light acitivated and highly specific PKC inhibitor. Concentrations
ranging from 10 nM to 100 nM and different time periods were used. The results
from one representative experiment of several independent experiments are shown
in Figure 30. THP-1 cells start to bleb after 1 hour in the presence of 100 nM
calphostin C only when exposed to light. Controls treated with calphostin Cin the
dark did not undergo blebbing. In parallel studies, nuclear condensation was also
observed using transmission microscopy following calphostin C treatment in the

presence of light, but not in the dark.
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Figure 30. Morphological features of THP-1 cells undergoing apoptosis. THP-1
cells were exposed to 100 nM calphostin C for 2 h in the absence (AC) or
presence (B,D) of light as described in materials and methods. Cells blebbing are
observed in B but not in A when using a light microscope. Apoptosis cells were
fixed and examined by transmission mi Nuclear cond was
observed in D, but not in C.
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Figure 30
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Figure 30



452 Dose and time dependent effect of calphostin C-mediated THP-1
apoptosis
Recently, flow cytometric analysis has been widely used in quantifying

apoptosis. Nomally, the hi: of DNA in cells that

shown in Fig.31, in which A and B peaks represent cells in G /G, phase and in
G/M phase, respectively, the plateau area between two peaks represents cells in
S phase (Shapiro, 1988). Cells undergoing apopotosis will show as a discrete
peak (A,)in thearea marked M, on Figure 31 displaying reduced fiuorescence with
respect to the G/G, (peak A on Fig.31) (Telford et al., 1992).

By using flow cytometric analysis of propidium iodide-stained THP-1 cells,
it was found that calphostin C mediated apoplosis in a dose-dependent manner
over the range from 35nMto 105 nM. Results of one representative experiment
quantifying cell DNA content using the propidium iodide staining technique and
flow cytometric analysis, is shown in Fig.32. The percentage of apoptosis
recorded in the A,, or apoptosis peak, was observed to increase with increasing
calphostin C concentration from 34% to 51%. Figure 33 shows that calphostin C
mediated apoplosis increased with the length of time (2:6 h) in the presence of
ordinary fluorescent light. The percentage of cells undergoing apoptosis increased
up to 28%. Figure 33 also shows that THP-1 cells were more subject to undergo
apoptosis in serum free medium, where a 4 h incubation of cells with calphostin

C lead to 34% apoptosis.
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Figure 31. The histogram of DNA fluorescence in THP-1 cells. Under normal
circumstances, all non-replicating normal diploid cells in the G, and G, phases of
the cell cycle in the same eukaryotic organism have the same DNA content as
shown in peak A (this quantity is sometimes expressed as 2C). DNA synthesis
during S phase of the cell cycle results in an increase in cellular DNA content as
shown in the plateau area, which reaches 4C at the end of S phase and remains
at this value during the G, phase and during mitosis (M) as shown in peak B.
Apoptotic cells are found in the A, region having less than 2C DNA content as
shown in M, area.
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Figure 32. Dose-dependence of calphostin C-mediated THP-1 cell apoptosis. THP-
1 cells were exposed to different concentrations of calphostin C ranging from 35
nM (C), 70 nM (D), 105 nM (E) to 140 nM (F) or DMSO solvent control (B) or
media only (A), for 3 hours. Then THP-1 cells were fixed with 70% ethanol, stained
with propidium iodide, and analyzed by FACS. Apoptosis increased with the
calphostin C concentration as shown in the histograms.
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Figure 33. Til pendence of THP-1 cell is induced by calphostin C.

THP-1 cells were exposed to 10 nM calphostin C in the presence of ordinary
fluorescent light for different periods of time as indicated in the histograms, then
fixed by 75% ethanol and stained with Pl as described in materials and methods,
and finally analyzed by FACS. Apoptosis increased over the time period, 14%
apoptosis for 2 h (B), 18% apoptosis for 4 h (C) and 28% apoptosis for 6 h (D).
Histogram E shows that apoptosis also occurred in serum-free medium with
calphostin treatment.



453 of DNA cy i by agarose gel

electrophoresis in calphostin C treated THP-1

Another critical event in is is the activation of Ca*"
endonucleases which cleave DNA into multiples of 180 to 200 bp internucleosomal

DNA fragments. Figure 34 shows this typical ladder-like pattern of DNA fragments,

from the ic fraction, in the light: pl in C-treated
THP-1 cells (lane 4 and 5), and this was not observed when cells were kept in the
dark (lane 6) or in untreated THP-1 cells (lane 2) and DMSO trzated THP-1 cells

(lane 3).

138



123 456

Figure 34. Oligonucleosome-sized DNA fragmentation following calphostin C
treatment. THP-1 cells were incubated with medium alone (lane 2) or with solvent
control (DMSO) (line 3), or with 50 nM (lane 5) or 100 nM (lane 4) calphostin C in
the presence of light and 100 nM calphostin C (lane 6) in the dark. Cytoplasmic
DNA was extracted and subjected to 10% agarose gel electrophoresis as
described in materials and methods. 123 bps ladder sizes of molecular weight
markers are applied in lane 1. DNA fragments were observed only in calphostin
C and light treated cells (lines 4 and 5).
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4.6 of by Cin PBM

In view of the fact that THP-1 is a transformed cell line, it was decided to
also look at PBM. In the literature, there have been no reports on the effects of
calphostin C on normal PBM. Our studies found that calphostin C can effectively
trigger normal human PBM to undergo apoptosis. Isolated normal human PBM,
treated with calphostin C in the presence of light (33 watts) for 2 hours, underwent
apoptosis. Because normal human PBM are contaminated with platelets, it is
more difficult to observe PBM morphological changes by light microscopy.
Consequently, the DNA content of calphostin C-treated cells were evaluated by
FACS analysis following staining with propidium iodide. PBM treated with 50 nM
or 100 nM calphostin C showed significantly less 2C DNA coatent than that of
control PMB (Figure 35). After four similar experiments, it was confirmed that PBM
were more sensitive to calphostin C induced apoptosis than THP-1 cells. The
DNA content of these cell as measured by FACS, showed that treatment with 100

nM calphostin C induced 78% i to 48% is in THP-1

cells in the same period of time and under the same experimental conditions
(Figure 36). The characteristic DNA fragment ladder was also found in calphostin

C-treated PBM cells as shown in Fig.38, lane 8 after agarose gel separation.
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Figure 35. DNA content of normal and apoptotic PBM. PBMs were treated with
50 nM (B) or 100 nM calphostin C (C) or medium only (A) in the presence of
ordinary fluorescent light for 2 hours in 5%CO, at 37°C, then fixed with 70%
ethanol and stained with Pl overnight as described in materials and methods.
DNA frequency histograms analyzed by FACS show 48% apoptosis for 50 nM
calphostin C treatment (B), and 78% apoptosis for 100 nM calphostin C treatment
(C).
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Figure 36. Different sensitivity of THP-1 cells and PBMs to calphostin C.

THP-1 cells and PBMs were incubated with or without calphostin C for 3 hours in
the presence of light. After 3 hours, cells were fixed and stained with PI, then
analyzed by FACS. PBMs showed 78% apoptosis (D). THP-1 cells showed only
48% apoptosis (B).
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4.7 Effect of PMA, 4 idine and idine on C-induced
THP-1 apoptosis

THP-1 cells were pre-treated with PMA, a PKC activator, quinidine,
a Ca®*-dependent K* channel blocker or 4-aminopyridine (4-AP), a classical K*
channel blocker, respectively for 1 hour, prior to 50 nM calphostin C treatment for
3 hours. The results from one representative set of 3 independent experiments
are shown in Fig. 37. Flow cytometric analyses (Fig.37) showed 16% apoptosis,
17% apoptosis, and 28% apoptosis in PMA, quinidine and 4-AP pre-treated cells
respectively versus 61% apoptosis in THP-1 cells treated with calphostin C alone.
These results indicate that PMA and quinidine and to a lesser extent 4-AP could
significantly delay calphostin C-induced apoptosis in THP-1 cells. Cytoplasmic
DNA from treated cells was extracted and then subjected to 10% agarose gel
electrophoresis. After electrophoretic separation, the ethidium bromide stained
DNA gel was photographed using UV illumination. Fig.38 shows that the degree
of DNA fragmentation correlates with percentage induction of apoptosis from the

FACS analysis in Fig. 37.
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Figure 37. DNA histograms of THP-1 cells treated with the indicated reagents pre-
treatment, followed by 50 nM calphostin C treatment for 3 h in the presence of
light. Percentage of apoptosis is 2.9% for untreated THP-1 (A); 4.7% for solvent
(DMSO) control treatment (B); 61% for 50 nM 3 h calphostin C treatment in the
presence of light (C); 15.6% for 1 h pre-treatment with 50 nM PMA (D), and 27%
for 1 h pre-treated with 10 nM 4-AP (E); 17% for 1 h pre-treated with 0.5 mM
quinidine.
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Figure 38. DNA fragmentation in THP-1 and PBM: THP-1 cells with no
pretreatment (lane 3) or with 1 h pretreatment with 100 ng/mi PMA (lane 4); with
1 mM quinidine (lane 5) for 1 h, followed by 3 h 50 nM calphostin C treatment;
untreated THP-1 cells (lane 2). PBMs were treated with 50 nM calphostin C (lane
8) or without calphostin C (lane 7) for 3 h in the presence of light. After 3 h,
cytoplasmic DNA was extracted and subjected to 10% agarose gel electrophoresis
as described in material and methods. 100 bps ladder sizes of molecular weight
markers are applied in lane 1. The degree of DNA fragmentation in lane 5 with
1 h pre-quinidine treatment following 3 h calphostin C incubation is significantly
less than in lane 3 with calphostin C treatment only.
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4.8 Discussion:
Calphostin C is a specific inhibitor of PKC. It interacts with the regulatory
domain of the PKC and inhibits phorbol dibutyrate binding to PKC (Pelosin et al.,

1984). The present findings demonstrate that exposing THP-1 cells or PBM to

calphostin C was sufficient to induce DNA ion, which is
of apoptosis and cell death. The data also confirm that the inhibition of PKC
activity by calphostin C, in intact cells, is light-dependent (Bruns et al, 1991;

Kobayashi et al., 1989). The pre-treatment of THP-1 cells with PMA resulted in

significant inhibition of in C: i i ine, however,
failed to induce apoptosis in THP-1 cells and human PBMs. Staurosporirie not only
inhibits PKC, but also inhibits PKA, CaM-Kinase Il (Ruegg et al, 1989). It is

reasonable to assume that either different isotypes of PKC are affected or that the

pecific inhibitory activity of ine may account for this finding. In the

thereis no i reported evi for PKC inhibit I PBM
apoptosis. The data also demonstrate that normal PBM are more sensitive to

of is by in C than THP-1 cells under the same

experimental conditions. These results imply that there is a different PKC
requirement for the survival of leukaemia and normal cells.

PKC has been shown to activate the Na'/H" antiporter (Rosoff et al., 1984).
Although there is no direct evidence showing that PKC can modulate K' ion

channel function through phosphorylation, it has been reported that different ion
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could be y by different kinases in several cell systems
(Levitan, 1985). Our studies demonstrated that pre-treatment of THP-1 cells with
quinidine, a Ca**dependent K’ channel blocker, significantly inhibited calphostin C-

mediated apopotosis in THP-1 cells, indicating that the Ca®-dependent K'

channels are involved in the ion of is induced by calphostin C.
In summary, the results suggest that PKC activity is required for the

suppression of apoptosis in THP-1 cells and PBM and that K*' channels are also

involved in the ion of PKC inhibit
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