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ABSTRACT

A radiometric assay for the simultaneous, but independent,
measurement of phagocytosis and killing by human mononuclear
and polymorphonuclear phagocytes was developed. The main
advantage of this technique is an objective discrimination
between impaired ingestion and defective killing by phagocytes.
The method is based upon the observation that viable ingested
fungal blastospores are Qnable to incorporate uridine from

the culture medium unless released from phagocytes by sodium

deoxycholate treatment.

Ontimal assay conditions were defined for the organism/phago—
cyte ratio, serum concentration, and incubation-time., Thus

standardised, this method is sensitive and eminently suitable
for distinguishing the relative contributions of cellular and

humoral elements to overall phagocytic activity.
The chief observations made with this assay were:

1.0ntimal killing by polymorphonuclear leucocytes (PMNs) was
achieved in 5-10% serum which, in terms of protein concen-

tration, corresponds to the extravascular environment.

2.The *hird component of complement (C3) was necessary for
killing but not ingestion of Candida blastospores by PMNs,
It was found that defective killing, due to the absence of
C3 or complement, was associated with reduced microbial

iodination and failure to induce the respiratory burst.



A similar decrease in phagocytic killing was apparent if
either heparin, which prevents C3 conversion, or trypan blue,
which blocks C3b receptors, werce present. Taken together
these findinas indicate that oxidative microbicidal pro-
cesses in PMNs are preferentially activated via €3b surface
recentors. HMononuclear phagocytes, unlike PMNs, did not

require extrinsic C3 for killing Candida.

3.Most antibiotics, including penicillin, gramicidin, gentamicin,
tetracycline, and metronidazole had no untoward effect on PMN
function. In contrast, co-trimoxazole diminished phagocytic
killing without affecting phagocytosis, whereas erythromycin
nrevented nhagocytic killing by inhibiting ingestion. The
antifungal drug ketoconazole, which is effective in vivo at
lower concentrations than in vitro, increased the susceptibility

of Candida hlastospores to phagocytic killing.

4,PMNs from 412 patients with susnected immune deficiency were
tested. Intrinsic impairment of PMN candidacidal activity
was found in 2% patients while sera from an additional 18
natients failed to sunport killinag by intrinsically normal
phagocytes. Therefore, cellular or humoral defects of phago-
cytic function were observed in 37% of the patients with

abnormal infections.
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(1]

'Nature has provided, in the white corpuscles as you call
theme—— in the phagocytes as we call theme== a natural
means of devouring and destroying all disease germs. There
is at bottom only one genuinely scientific treatment for

all diseases, and that is to stimulate the phagocytes.'

Sir Ralph Bloomfield Bonnington in The Doctor's Dilemma by

G.B.Shaw, 1900,
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GENERAL INTRODUCTION

Section A: Immunity to infection

Section B: The phagocyte in host defence
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SECTION A: IMMUNITY TO INFECTION

In higher animals the protection of the individual from
potentially pathogenic organisms can be assigned to two
types of immunity: specific and non-specific. Specific
immunity is characterised by the production of antibody .
or reactive lymphocytes to particular antigens., It is a
relatively modern evolutionary invention which has been
superimposed on older non-specific defence mechanisms.
Non-specific defence is active against a wide raage of
microorganisms and makes only crude distinctions between
different antiaqens. It has been pointed out that both
forms of immunity are interdenendent (Manning, 1979).
However, for convenience of presentation the two types

of immunity will be discussed separately.

1-1 Non=specific immunity

Non-specific immunity is chiefly concerned with preventing
entry of microorganisms into the body, although it is also
effective in preventing their establishment when the

primary defences have been breached,

1-2 Factors preventing host invasion by microbes.

The skin is the foremost barrier to the entry of micro-
orgcanisms as well as presenting an inhospitable environ-

ment to organisms insufficiently adapted to survival on
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it's surface, Commensal microbes which have adapted to
this austere lifestyle are not normally a threat to their
host, achieving an extremely successful symbiotic relation-
ship which does not incur a vigorous immune response.
Desnite this the skin flora is continually removed by
desquamation thus maintaining a constant and acceptable
microbial load for the host, Correspondingly organisms

are also removed from mucosal surfaces e.g. from the oro-
pharynx and conjuctiva by the lavaging action of secretions;
from the urethra by the flushing action of urination; from
the gut by defaecation; and from the respiratory tract

by the sweening motion of cilia.

Commensal organisms colonise their host early in life and

accuny specific environments, for example Lactobacilli are

found in the vagina and anaerobic genera are present in

the gut (Savage, 1972). Members of the indigenous flora
can defend their existence by interference with other
indigenous microbes (Savage, 1969), and with pathogens
(Meynell, 19G63; Hentges and Maier, 1970; Abrams and Bishop,
1966). Therefore, the commensal flora, when successfully
defending itself, incidentally nrotects the host. However,
commensal organisms are also capable of causing opportun-
istic disease when the host is immunocompromised (von
Graevenitz, 1977; Williams, 1973). This emphasises the
existence of a dynamic relationshin betweern host defence
and microbial infection, especially that between the host
and his indigenous microbial flora which is normally in

a state of balance,
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In order to initiate disease a successful pathogen must
have properties comparable to those of indigenous microbes.
First, the ability of adhering to mucous surfaces ari
avoiding detachment by moving lumen contents, muscular or
mucociliary action. Second, to withstand pH changes and
antimicrobial substances in host secretions. Third, to
comnete on equal terms or better with other microbes on the

host surface (Smith,1976),

Not only commensals (Brooker and Fuller,1975; Savage, Dubos,
and Schaedler,1968) but also pathogens adhere selectively

mucous surfaces. For example, Streptococcus mutans adheres

to teeth by means of an extracellular polysaccharide glyco-
calyx but it is not ablé to attach to gums or buccal epi-
thelium (Gibbons and vanHoute,1971;Gibbons and vanHoute,1975;
Hamada and Slade,1980)., Similarly, the ability of entero-

nathogenic Escherichia coli to attach to the brush horder of

niglet small intestine is conferred by the protein antigen
K88 (Sellwood et al.,1975;Smith and Linggood,1971;Hohmann
and Wilson,1975), and gonococci adhere selectively to the

epithelium of the urinogenital tract (Ward and Watt,1972).

At oresent the way in which pathogens overcome non-snecific
antimicrobial substances in secretions and compnete success-
fully with indigenous organisms is poorly understood (Smith,

1977).

1-3. Factors preventing establishment of microbes after

host invasion.

Some pathogens overwhelm the primary defences and cause
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disease without significant penetration of the host. For

examnle, Vibrio cholerae attaches to epithelial cells and

cause morbidity by exotoxins (Craig,1972; Craig and Pierce,
1970). Organisms of this type probably avoid a concerted
immune response simply because antigen is not 'seen' by the

immune system.

On the other hand organisms which do penetrate host tissue
are subjected to the non-specific secondary defences of
lysozyme which is found in mucus, blood, and lymnh (Fleming,
19223 Muschel, 1963); iron-chelating proteins which deny
bacteria essential iron for growth (Weinberg,1978); and basic
nolypeptides (Hibbit and Benians,1971). However more impor-
tant defences than the aforementioned are interferon, the

éomplement system, and phagocytes.

a. Interferon,

The antiviral activity of interferon was first reported in
1957 (Lindenmann, Burke, and Isaacs,1957) and since that time
a number of other effects have bheen discovered which include
depression of cell division, inhibition of non-viral intra-
cellular nathogens, enhancement of lymnhocyte cytotoxicity,
and enhancement of phagocytic activity (reviewed by Stewart,

1979). It is active against a wide range of viruses and

intracellular parasites including malaria (Jahiel, Vilcek,
and Nussenzweig, 1970), and therefore should be included in

a descrintion of non-specific immunity.

Interferon is released from virally infected cells and by

interaction with the plasma membrane of uninfected cells
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renders the latter resistant to infection (Friedman, 1967;
Vengris, Stoller, and Pitha,1975). The binding of interferon
to the cell surface anpears to result in the production of an
inactive intracellular virus inhibitor which becomes active
when that cell is infected (Friedman,1979). The exact level
at which virus replication ia affected, whether at uncoating,
transcription, translation, or protein synthesis remains un-.

clear (Friedman,1977).

b. The Comnlement System.

Comnlement consists of anproximately twenty pnlasma nroteins
eleven of which , unon sequential activation, aive an amp-
lified resnonse to an oriainal stimulus, This tvne of system
1s called an enzyme cascade and can be comnared to the clot-
ing and fibrinolytic systems pnrecent in plasma (MacFarlane,
1969). Biologically active components of the complement
cascade are responsible for opsonisation, promotion of phago-

cyte chemotaxis, vascular permeability, and membrane lysis,

Activation of complement proceeds via two pathways: first,
the classical pathway which is started by antibody binding

to antigen, and second, the alternative pathway which is
initiated by microbial surfaces in the absence of antibody,
The classical pathway can be regarded as an interface between
specific and non-specific immunity whereas the alternative
nathway is truly non-specific in function. However, both
routes revolve arcound the conversion of C3 and are common in

the later stanes which lead to membrane lysis (Fig.1.1).
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Nomenclature

Comronents of the classical pathway are named C1, C2, C3,
c4, C5, C8, C7, €8, and CO9, The three subcomponents of

C1 are called C1q, Ci1r, and C1s. Fragments of an enzym-
atically cleaved component are distinguished by small
letters eqa. C5a and C5b. An enzymatically active component
or complex has a bar above it, egq. CZ?, whereas a fragment
in it's inactivated form is identified by the subscript

'i', eaq. C3bi.

The nomenclature of the alternative pathway is given in Table
1.1. The rules obtaining in the classical pathway for ac-
tivated comnonents and fragments are also anplied in the

alternative pathway.

TABLE 1.1. Nomenclature of components in the alternative

comnlement pathway.

Description of component Symbol
Third component of complement C3

C3 Proactivator B

C3 Proactivator convertase D

C3b Inactivator (Factor I) C3b TNA

C3b Inactivator accelerator (Factor H) B+
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The Classical Pathway

The classical pathway of complement is activated when IgM or
IgG antibodies are bound to antigen (Muller-Eberhard,1963;
Spiegelberq,1974), This is thought to produce conformational
changes in the antibody molecule allowing binding of Ci1g to

previously hidden sites in the C_,2 domain of Iqg% and the CH4

H
domain of IgM (Colomb and Porter,1975; Burton et al.,1980;
Brown and Koshland,1977; Hurst et al.,1974; Yasmeen et al.,

1976; Bubb and Conradie,1978; Siegel and Cathon,1980).

The native C1 molecule consists of one Cilqg, twe CIr, and two
Cls subunits in a Ca2+—deoendent macromolecular comnlex (Lenow
et al.,1963; Ziccardi and Cooper,197% a and b). . The Ci1g mole-
cule is made unp of six protein structures, each consisting of
three polvpeptide chains A, B, and C. Disulpnhide bridges hold
the A and B chains together within a single structure whilst
the C chain forms a disulphide bridge with a C chain of another
structure forming a doublet. The three doublets in C1qg are
linked by non-covalent forces, the whole structure resembling
a 'bunch of tulips' (Figure 1.2.; Porter and Reid,1879).
Limited nroteolysis suggests that the immunoglobulin recog-
nition sites of Cl1gq reside in the globular C terminal ends of
the molecule (the flower heads) while the Cis binding site is
in the collagen-like N terminal region (the stalks) (Knobel et
al,.,1975; Knobel et al.,1974; Reid et al,,1977; Wautier et al.,

1977). Each C1q molecule can bind twelve to eighteen IgG mole-

cules (Schumaker et al,,1976). Therefore it seems likely that
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FIGURE 1.2. The Structure of C1g. Schematic representation
of C1q, after Reid and Porter (1976), showing attachment to

immunoglobulins of different specificity. See text for

details.
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Cl1g, as well as acting on Ci1r to activate complement, can also
increase the avidity of hound InG to make a 'IgM=like' antigen
binding comnlex without the restriction of Iqg variabhle reqaion

monospecificity.

Activation of complement by IgG requires two closely adjacent
antibody molecules (probably at a distance épart not much
greater than the diameter of the circle described by the glob=
ular heads of C1q), whilst a single molecule of IgM is suffic-
ient (Borsos and Rapp,1965; Howard et al.,1978; Humphrey and

Dourmashkin, 1965 and 1969),.

Cir and C1s are incapable of binding to antigen-antibody’comQ
plexes in the absence of Cilqg (Muller-Eberhard and Kunkel,1961).
It is therefore thought that activation of €1 to CT is the
result of a conformational change in C1r oriqginating from a
signal transmitted alonqg the collagen-like tail of C1q aé it
binds to antibody with it's globular C terminal reagqion. The
chanqge causes the exposure of a catalytic site on Cir which is
active upon other C1r molecules causing their irreversible
change to Cir. Cir then acts on Cis to form Ci1s, which un-
like Cir, is able to activate the next component of the path-

way, C4 (reviewed by Porter and Reid,1979).

C4 is snlit by the esterase activity of C1s to it's fragments
C4b and C4a. C4a is lost into solution but C4b nossesses a
labile hydrophobic binding site which allows it to attach to

the cell surface and perhaps the Fab region of the bound Ig
molecule (Goers and Porter,1978)., C4b has no enzymatic activity

but allows the binding of C2 which is then split by Cis (
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Muller-Eberhard et al.,1966). The C142 complex is unstable;
C2 is readily lost into the fluid phase as an inactive product
leaving C14 free to generate further C142 (Borsos, Rapp, and

Maver,1961),

C3 is cleaved into C3b and C3a by the action of C142 which is
the classical pathway C3 convertase. The C3b nortion has a
lahile binding site for membranes and the C7142 complex, hut C3a
is lost into the fluid phase. The C142 comnlex, like the CT
complex upon binding C4, alters it's specificity when C3b bhe-
comes attached. 1In this instance the change in enzymatic
snecificity occurs in the c2 nart of the complex which now

attacks the c¢chain of C5 (Cooper and Muller-Eberhard,1970).

fhe C3d portion of C3b appears to be responsible for the hind-.
ing of C3b since this nart of the moleculie is left on the cell
surface when C3¢c is removed by the action of C3INA (vide infra)
(Ruddy and Austen,19741). Recently it has been suggested that
C3h is bound to the surface of particles by a covalent bond
formed between a carbonyl group in the ¢« portion of C3b and a
hvdroxyl ¢groun on the taraget surface (Law and Levine,1977;

Law, Lichtenbera, and Levine,1979).

Control of the classical nathway

CT-inactivator acts non-enzymically on CT inhibiting it's

esterase activity (Harpel and Cooper,1975). The inhibition
apnears to be due to dissociation of Cir and C1s from antigen-
antibody-C1 complexes leaving C1q intact (Arland et al.,1979;

Sim, Arland, and Colomb,1979; Ziccardi and Cooper,1979).
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C3h-inactivator (C3MINA) odulates the classical and alternative

pathways by cleaving C3b into a nicked inactive form, CSbi (
Pangburn, Schreiber, and Muller-Eherhard,1977; Nagasawa and
Stroud,1977; Harrison and Lachmann,1978). The nicked inactive
form, which has a cut in the Qchain, pnrecedes the appearance
of fragments C3c and C3d. C3bINA recuires a cofactor called
B1H for production of C3b, (Nilsson and Miller—Eberhard,1965;
Whaley and Ruddy,1976;Weiler et al.,1976) Recently a second
scission has been found in the &« chain of C3b which releaseé

a small 3K fragment to form C3bi (Harrison and Lachmann,1980).
The identity of the responsible protease is not clear although
the available evidence favours the puarticipation of C3bINA and
B1H. The nroduction of C3c and C3d from C3bi requires another
nrotease, »nossibly nlasmin (Panaburn et al.,1977; Nanasawa and

Stroud,1977) (Figqure 1.3.).

C4 binding nrotein (C4bn). Both Harrison and Lachmann (1980)

and Pangburn et al.(1977) hold the view that 61H is the cofactor
required in the nicking of C3b. However, other workers initi-
ally attributed this activity to a C4 binding protein different
from 61H (Fujita, Gigli, and Nussenzweig,1978; Scharfstein et
al.,1978). Cabp with C3bINA acts on both C3b and C4b (Nagasawa
and Stroud,1977; Shiraishi and Stroud,1975) but this combin-
ation is much less effective on C3b than B1H and C3INA (Fujita
and Nussenzweig,1979). It therefore appears that C4bp is
primarily involved with control of the classical pathway (3iqgli,

Fujita, and Nussenzweig,1979).

It is not surnrising that 'b' fragments of C4 and C5 are bhroken
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FIGURE 1.3, The metastable binding site of C3b., It has been
oroposed that native C3 (1) has an internal thioester bond

which becomes exposed after C3 convertase-mediated removal of
C3a (2). The metastable C3b so formed is then capable of
covalent attachment to surfaces (3). The nucleophilic attack
of water on intact C3 breaks the internal thioester bond and
produces functionally "C3b-like" C3 without removal of C3a (4).
After Pangburn and Maller—Eberhard (1980). See text for
further details.

INSET shows proposed sites of enzyme cleavage of C3. Arrows
without labels indicate cleavaqge sites of unidentified serum
proteases, After Harrison,RA and Lachmann,PJ (1980) Molec.

Immunol.17,219,
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down by C3bINA since they share structural homology with C3b
(see Porter and Reid,1979). 1Interestingly, it has been
reported that a nicked inactive form of C4b (C4b') appnears
before breakdown of C4b into C4c and C4d fragments (Nagasawa,

Ichihara, and Stroud,1980).

The Alternative Pathway

The alternative pathway 1s activated directly by bacteria,
viruses, fungi and parasites without the aid of antibody
(reviewed by CGotze and MGller—Eberhard,1976; Muller-Eberhard
and Schreiher,1980). As a consequence of this the alternative
pathway 1s considered to be of great importance in the early
stages of infection when inadequate quantities of specific

immunoqlobulin are available,

Current theory argues that the alternative pathway is constantly
cycling so that small quantities of C3b are continuously
denosited on the cell surface (Lachmann and Nicol.1973).

Howevenr the surface bound C3b is subject to prompt inactivation
by C3bINA and 31H unless certain conditions of the cell sur-
face structure are satisfied. Significant activation of the
nathway is therefore only seen when bound C3bh escapes the
control of C3bINA/B1H and is able to form the alternative

nathway C3 and C5 convertases,

Initiation of the alternative pathway

The alternative pathway is started by the interaction of C3
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and Factor B in the presence of magnesium ions and Factor D
(Schreiber et al,,1978). After binding to C3 Factor B hecomes
susceptible to the action of Factor D which cleaves off the

Ba fragment (Lesavre and Muller-Eberhard,1978)., The result-
ing complex of C3Bb then cleaves other C3 molecules removing
the C3a fragment and producing a metastable binding site which
enables C3b to attach to particle surfaces (Law and Levine,
1977; Law et al,,1979). The C3 moiety in the initial C3
convertase anpears to be of equal molecular weight to the
native structure (Schreiber et al.,197%5). Furthermore, the
exneriments of Pangburn and Mallon—EherharH (1930) suqgest
that the C3 of the initial enzyne comnlex, althouah whole in
terms of molecular weight, has a cleaved internal thioester
bond. This bond when cleaved produces the reactive carbonyl
group resnonsible for the covalent attachment of C3b to cell
surfaces. The production of the first C3 convertase may
therefore denend upon the breakage of this bond by the nucleo-

philic attack of water (Figure 1.3.).

The C3b, having become bound to a surface, is able to form
another C3 convertase (C3bBb) with the aid of Factors B and

D in the nresence of Mgz+. The C3b fragment 1s unique in
that it is bhoth a product and a subunit of C3 convertase and
it is this functional duality which serves to amplify both
comnlement pathways and constitutes the C3-dependent positive
feedback looo (Figure 1.1.){(Mak, Lachmann, and Majewski,1977;

ftak, tajewski, and Lachmann,1877; tuller-Eberhard and Cotze,

1972)
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Control of the alternative pathway

Both C3b and C3bBb are controlled by $1H and C3bINA: B1H
prevents formation of the alternativewoathway convertase, or,
with C3bINA, causes it's active disassembly and degradation (
Pangburn and Muller-Eberhard,1978; Whaley and Ruddy,1976).
Properdin is implicated in the stabilisatioﬁ of C3bBb (Fearon
and Austen,1976; Medicus, thze, and Muller-Eberhard,1976;
thze, Medicus, and MSller-Eberhard,1977) but it's role in

the initiation of the pathway remains controversial.

The ability of the nascent C3 convertase to develop fully is
dependent on the nature of the surface to which it is attached.
A surface which restricts the reqgulation exerte& by ﬂ1H and
C3INA, by preventing interaction of C3b with B1H, isusaid to

be an activator of the alternative pathway (Panghurn and MUller-
Eberhard,1978;Fearon and Austen,1977 a and b; Pangbhurn et al.,
1980)., Although the exact property of B1H interference is
unknown for most activators, it has recently been shown that
removal of sialic acid from sheep erythrocytes (Pangburn and
MUllef—Eberhard,1978; Kazatchkine et al,,1972a), or introduction
of E.coli liponolysaccharide into the membranes of sheep red
cells (Pangburn et al.,1980) converts them from non-activators
to activators. On the other hand it has been nossible to
convert activators of the pathway to non-activators hy the
introduction of henarin or cyanoaen bromide (Kazatchkine et
al.,1979)., It is unclear how surface structures dictate
activation or control of the alternative pathway (Schreiber

et al.,1972; Panghurn et al.,1682), There are however two

theories: the 'B1H-antagonist' theory proposes that surface
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structures bind to discriminatory sites on C3b which in turn
reduces (31H attachment and allows activation (Pang urn et al,,
1980)(Figure 1.4.). Conversely, the '$1H-protagonist theory'
suggests that surface structures prevent activation by inter-
acting with C3b thus causing an increase in 61H binding (

Kazatchkine et al.,1979%a).

Activation of components CB5-=CO,

The addition of C3b to the C142 complex of the classical
nathway or to the C3bhB3b complex of the alternative pathway
allows the cleavage of the achain of C5 (Cooper and MUller-
Eberhard,1970; Medicus, thze, and MUller—Eberhard,19?6).

The cleavage of C5 into CH5a and CBHh is considered to be the
last enzymatic sten of both complement pathways. CBa is lost
into the fluid phase whilst CHb has a transient binding site

for C6 and C7,

1t has been difficult to demonstrate C5 convertase activity

in nurely fluid nhase systems (Dias da Silva and Lenow,1967;
Medicus, thze, and MGller—Eberhard,1976) but not if surfaces
have been nresent (Daha, Fearon, and Austen,1976). These
observations have been explained by Vogt and his coworkers
{1978) who showed that C3b fixed to particles binds C% in such
a way that surface bound or fluid nhase C3 convertase can act

as a CO convertase,

The assembly of C6 to C9 proceeds upon cleavage of C5 without
any further enzymatic activity (MUller-Eberhard,1975). Part
of the CBb-C9O complex is inserted into the membrane (Kolb and

"
Muller-Eberhard,1976) producing the characteristic lesions of
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FIGURE 1.4, The antagonist theory of alternative pathway

control.

Complement activation is restricted when B1H binds to C3b on
the surface of a non-activator (LEFT). The putative B1H
antagonist of an activating surface removes the B1H binding
site on C3b and allows the uncontrolled formation of altern-

ative pathway C3 convertases (RIGHT).

After Muller-Eberhard and Schreiber (1980).



complement (Humnhrey and Dourmashkin,13£88), C& combines with
C5b which in turn binde C7 (Lachmann and Thomnson,1970; Podack,
Kolb, and Muller—Eberhard,1978; Podack, Biesecker, Kolb, and
MUller—Eberhard,1978). The C5b67 complex has a metastable
binding site for membranes (Lachmann, Munn, and Weissmann,1970;
Podack et al.,1978), which can be hlocked at the C5b6 stage by
the S-protein, a newly recognised molecule (Podack, Kolh, and
MSller-Eberhard,1978). The trimolecular complex binds C8 and,
finally, C9 (Podack, Biesecker, Kolb, and MUller-Eberhard,1978).
The whole complex then dimerizes to form the membhrane attack

comnlex (MAC)(Biesecker et al,,1979; Podack et al.,1979).

The effector functions of complement

1.Membrane lvsis. Activation of C5 to C9 produces a membrane

attack comnlex {(vide sunra). The MAC becomes inserted into
lipid membranes (Hammer, Nicholson and Mayer,1975; Bhakdi et
al.,1975; Hammer et al,,1077; Giavedoni, Mason, and Dalmasso,
1973; Bhakdi et al.,1978) nroducing channels which can be
detected by electrical conductance (Michaels et al.,1976).
These channels are of differing sizes; the size apnarently
increasing with complement dose (Boyle and Borsos,1979; Boyle,

cee, and Borsos,1979; Ramm and Mayer,1980).

The lytic action of complement can work in conjunction with
lvsozyme to kill Gram negative organisms (Wilson and Spitznagel,
1968; Muschel, Carey, and Baron,1959) or with antibody alone
against narasites (Pearson and Steigbiqgel,1980). Although

some narasites can eliminate potentially lytic complement-

activating antihodies and so resist destruction (Balber et al.,
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1979). Also, it seems that the lytic action of complement is
manifested by lvmphocytes which manufacture MAC components
and therefore may contribute towards antibody-~dependent cell-
mediated cytotoxicity by these cells (Sundsmo and MUller—

Eberhard,1979; Simone and Henkart,1980),

2.Kinin activity. C2 kinin is thought to be a cleavage product

of C2 which increases vascular permeability., It 1s believed
to be responsible for the kinin activity seen in hereditary

angioneurotic oedema (Klemperer, Donaldson, and Rosen,1968).

3,C3a ananhylatoxin activity. C3a causes the release of

histamine from mast cells and thereby produces associated
phenomena of smooth muscle contraction and vascular permea-
Bility (Dias da Silva, Eisele, and Lepow,1967; Bokisch,
Muller-Eberhard, and Cochrane,1969; Cochrane and Muller-

Eberhard,1968).

4.C3b opsonin activity. The term 'opsonin' for substances in

normal serum which promote microbial ingestion by phagocytes
was coined by Wright and Douglas (1903). 1In addition, they
showed that opsonins acted on the microorganism and that some

of the onsonic activity was heat labile,

Riqgli and Nelson (1968) and Stossel et al, (1975) established
that microbial surface bound C3b was responsible for the heat
labile onsonic activity in serum. Further work has indicated
that antihody and complement have differiﬁg roles in opsoni-

zation: C3 anpears to be responsible for the attachment of



microbes to the phagocytic cell membrane whereas Ig triaaers
ingestion (Mantovani,1975; Scribner and Fahrney,1976; Mantovani,
Rabinovitch, and Nussenzweig,1972). However, other workers
claim that C3 nromotes narticle ingestion at low Ig levels
(Wellek, Hahn, and Opferkuch,1974) and is absolutely neces-—

sary for phagocytosis of IgM coated narticles (Wellek et al.,
1974; Huber et al.,1968). Conversely, it has been suqgested
that it is the strength of particle hinding, rather than the
nature of a narticular ligand-recentor interaction, which

trigaers phagocytic ingestion (Capo et al.,1978).

The non-=phaaocytic stimulation of phagocytes by complement
components including C3 has been the subject of recent attention
(Coldstein and Weissman,1979), This aspect of phagocytic
activity will be discussed in the second section of the

Seneral Introduction, 'The nhagocvte in host defence'.,

5. C3e leucocytosis-inducing activity. It has been reported

that C3e mobilises leucocytes from isolated rat bone marrow
and causes an increase in circulating levels of leucocytes in
"

rabbits after intravenous injection (Shebrehiwet and Muller-

Eberhard,1079),

€. CSa anaphylatoxin activity. TFraoment CHha nossasses ana-

rhylatoxin activity (Cochrane anu Hzllev—Eherhard,1968).

This activity is subject to inactivation bv a carboxypentidase
enzvine which removes an arginyl residue from the C terminal
recagion. The product of inactivation, C% des arg, has no

ananhviatoxin activity (reviewed by foldstein,1979),
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7. C3 and C5 derived chemotactic activity,. A C3 derived

fragment structurally related to C3a has been reported to be
chemotactic (Ward,1967; Bokisch, MGller-Eberhard, and Cochrane,
1969; Ward, Cochrane, ~nd MUlleP—Eberhard,1965). However
studies on purified C3a have thrown these initial observations
into question and doubt has arisen as to whether C3a has any
significant function as a chemoattractant (Fernandez et al,,

1978; Snyderman, Phillips, and Mergenhagen,1971),.

Cba is chemoattractant for polymorphonuclear leucocytes (Ward.
and Newman,1969; Fernandez et al.,1978; Chenoweth and Hugli,
1978). The anaphylatoxin inactivation of CS5a also abolishes
it's cliemotactic properties (Fernandez et al.,1978), but it
remains active in the nresence of small amounts:of normal
serum. Other studies have revealed reversible inactivators
of CO derived chemotactic activity. The presence and levels
of these inactivators can be correlated with clinical disease
(reviewed by Goldstein,1079). The trimolecular complex CHbhG7

is also regarded as a chemoattractant.

Complement deficiencies

The basis and effect of various complement defects will now be
examined. For detailed reviews the reader is directed to

Lachmann and Rosen (1979) and Whaley (1978),

C2 deficiénhCy. Human C2 deficiency is inherited in an auto-

somal recessive manner (Klemperer et al,,1966), It is the



most common comnlement deficiency however it's clinical
significance is unclear; approximately half the patients
described are healthy. Factor B and CZ are thought to be-
derived from the same ancestral gene. It's therefore possible
that in some circumstances Factor B can compensate for the
absence of C2, Some patients with C2 deficiency have immune
complex associated diseases which may indicate that this
defect is causally related to abnormal antigen clearance.,
However, immune complex-like disorders are associated with
other unrelated complement deficiencies and therefore no‘firm

conclusions can be drawn.

Hereditary angioneurotic oedema is due to CT-inactivator:
deficiency., Individuals sufferinag from this disease have
unrestrained consumption of C1-C4 which gives rise to fragments
affecting vascular permeability. C3 and other components are

at normal levels,

C3 deficiency. Complete absence of C3 has been reported in

five subjects (Alper et al.,1976; Ballow et al,,1975; Davis
et al.,1977; Crace et al.,1976; Osofsky et al,,1977). Partial
C3 deficiency has also been described (Alper et al,,1969;

Hopre et al.,1978; Mclean et al.,1980).

There are two dominant C3 allotypes present in the population
designated C3 Fast and C3 Slow (C3F and C3S), C3S has a higher
genc frequency which is reflected in the population phenotypi-
cally (Alper and Rosen,1976). There are no functional dif-

ferences between various allotypes although C3FF serum supports
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greater C3-mediated reosettes with monocyters than does C38S

(Arvilommi,1074),

Patients with complete C3 deficiency are subject to life-
threatening infections by pyogenic microbes, Patients with
partial deficiency may be predisposed to immune complex

diseases resembling Systemic¢ Lupus Erythematosus.

A primary deficiency of C3bINA causes a secondary deficiency
of native C3 and Factor B due to uncontrolled formation of
alternative pathway C3/C5 convertases (Abramson et al.,1971;
Thompson and Lachmann,1977; Ziegler et al,,1975), Clinically

patients with this disorder resemble those with C3 deficiency.

C5 deficiencv. This defect has been described in three families

(Rosenfeld, Kelly, and Leddy,1976; Snyderman et al.,1979;
Haeney et al.,19880)., Homozygotes suffer from Gram negative
bacterial infections and their serum fails to support in vitro
chemotaxis by normal nhagocytes. Later components in the lytic
stage of complement (C6-C9) are also necessary for efficient

defense against Gram negative bacteria,
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1-4 Specific Immunity

In most instances non-specific defence is sufficient to
orotect the host. It is only when these mechanisms fail to

eliminate microbes that specific immunity comes into play.

Specific immunity is the acquired ability of the host to
respond to microbial infection., It is characterised by the
production of antibody and reactive lymphocytes which leads
to an increased state of immunity and memory specific for the

infecting agent,

Snecific immunity is dependent upon the clonal selection‘of
lymnhocytes hearing receptors for antigenic determinants on
foreign material (Burnet,1959; Coodman,1977). Antibody to
antigenic determinants is produced by B lymphocytes in coll-
aboration with helper T lymphocytes and macrophages (reviewed

by Miller,1872; Parkhouse,1977; Roelants,1977; Rosenthal,1978).

The princinal antibodies of the immune response are IgG and
IgM (Spiegelberqg,1974). IgM is produced during the primary
response when it's high avidity and complement fixing propn-
erties are crucial to the host's resistance to early stages
of infection, High affinity IgG, nroduced in the secondary
resnonse, is, as well as activatinag comnlement, opsonic in
it's own right. This class of antibody also has regulatory
nroperties. Both IgG and IgM are found in mucous secretions
hut they are probably of functionally greater importance in
interstitial fluid. Maternal IgG can cross the placenta and

therefore helns to defend the foetus and neonate before it's
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own immune sysytem is fully operational.

IgA, acting like a protective 'paint', is found on mucous
surfaces, ea. the gut where it is derived from bile and
lymphoid areas of the intestine (Hall and Andrew,1980),

It is also found in colostrum thus serving the newborn in a

similar way to maternal IanG,

IagDh is found as a membrane protein on a proportion of small
lymphocytes. It's function is unknown but it has been suggested

that it acts as « regulator of lymphocyte activation.

IgE, the remaining immunoglobulin class, causes histamine
release from mast cells upon binding antigen. It is also

associated with immunity to parasites.

In addition to antibody, specific cellular immunity is prac-
tised hy cvtotoxic T cells which can recognise and destroy
virally infected cells (Shearer and Schmitt-Verhulst,1976;
Zinkernagel and Doherty,1978; Cerottini and Brunner,1977;
MeMichael,1979). T cells also produce lymphokines which
activate macrophages turning them into cytotoxic effector

cells (Evans and Alexander,1972).

Historically, the relative importance of cellular and humoral
immunity was hotly debated (Silverstein,1979). However, the
integrated nature of the immune system is now realised since
it is known that antibody and comnlement, although to some

extent effective on their own, also work in conjunction with
nhagocytes and lymnhocytes to onsonise and kill target cells

(8issons and Oldstone,1980).
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SECTION B: THE PHAGOCYTE IN HOST DEFENCE

Phagocytic function research was initiated by Metchnikoff
with his classical experiments on inflammation in starfish
larvae during the early 1880s (Karnovsky,1981). Almost a
hundred years has passed and in that time a‘significant
impetus for further study was the recognition of chronic
granulomatous disease and it's attribution to a primary

nhagocytic defect (Good et al.,1968).

Over the last twenty years research has been concentrated

on many areas of the phagocyte's life history and although
much is known about the role of opsonins and chemotaxins,
relatively little work has been devoted to the effect of
serum on nhagocytic killing. Since much of this thesis is
given over to the effect of serum on phagocyte microbicidal
activity the following description of phagocyte hiology will
emphasise microbial killing mechanisms and deal with other

aspects only briefly.

1-5, Development.

Polymorphonuclear and mononuclear phagocytes (PMNs and MNPs
resnectively) develop in the bone marrow where they are
derived from committed stem cells (Territo and Cline,1975;
vJalker and Willemze,1980). 1In this environment neutrophil
PMNs acquire their armoury of primary (azurophil) and seco-
ndary (specific) qranules (Bainton, Ullyot, and Farquhar,1971;
Bainton,1977). The azurophil granules, wihich contain myelo-

neroxidase, cationic proteins and acid hydrolases, are the
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first to appear, occuring at the promyelocyte stage. The
azurophil granules are considered to be true lysosomes, unlike
the specific granules which contain lysozyme and alkaline
nhosphiatase and do not appear until the myelocyte stage.

Both quantitative and qualitative granule defects can occur

(Rainton,1981).

The maturation time from myeloblast to segmented form is
annroximately one to two weeks., Therefore, to offset the
disadvantage of a slow maturation time a larqe pool of
granulocytes, called the marrow granulocyte reserve, is
availahble for sudden needs, Cells enter the circulation
from the marrow and do not return to their sites of pro-
liferation and differentiation. 1Instead they marginate on
vessel walls and eventually leave the circulation. The
normal daily turnover in man hetween marrow and tissue

2
accounts for anproximately 101‘ cells,

ilononuclear nhaqocytes are released into the circulation
where they are known as monocytes. lMNonocytes are then
thought to become tissue macrophaaes which are highly

nhanocytic and do not normally divide (Langevoort et al.,

1960).

1-G, Leucocyte movement

There have been several excellent reviews on phagocyte

locomotion and it's pathology in recent years (Zigmond,1977;

Callin et al.,1980; Wilkinson,1974; Wilkinson,1980; Snyderman
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and Pike,1977)., I therefore shall not attemnt a comprehensive
account here esnecially since 'the time when the whole field
could be covered realistically in a short review has passed
forever' (%ilkinson,1930). Instead I merely mention that

PlNs and MNFs move in resnonse to chemokinetic and chemotactic
factors released from inflammatory sites or cell damage. The
nrincipal chemotactic peptide appears to bevCSa which, to
simnlify, forms a concentration gradient along which the
leucocyte travels to meet invading microbes, Movement is
accomplished by means of the so called 'motor' which is

comprised of actin and myosin (Stossel et al.,1980).
1-7. Phaqgocytosis

Phagocvtes posscss recentors which enable them to recognise
and attach narticles onsonised with immunoglobulin and com-

nlement (Stossel,1974; Stossel,1975; Rabinovitch,1968), altho-

[47]

ugh they can also bind and ingest certain microbes in the
ahbsence of immunoglobulin (van Oss,1978; Weir and Ogmunsdottir,
1977). Ingestion is achieved hy enveloping pseudopodial
nrocesses which fuse on the distal side of the microorganism
causing the latter, enclosed in a vacuole, to be pinched off
from the inner side of the cytoplasmic membrane. The increasing
annosition of nhacocyte membrane and microbial surface, which
termninates with the formation of a nhagocytic vacuole or
nhagosome, has been likened to a zipner being fastened (Griffin
et al.,1975; Griffin, Griffin, and Silverstein,1976; Michl

et al.,19070). The coun de grace is delivered when granules

fuce with the nhatosomal membrane and discharae their contents
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into the vacuolar space. Degranulation results in the
formation of secondary phagosomes containing dead and degraded

microorganisms (Elsbach,1930),

1-3, Antimicrobial activity

The respiratory burst,

The 'respiratory burst' is a collective term used to describe
the biochemical changes accompanying phacocyte stimulation.

Oxvaen consumntion is the cardinal feature of the respiratory
burst but amongst other changes are suneroxide anion formation

and hydrogen ncroxide production (3abior,197%),

A sharp increase in oxygen consumption by phagocytosing cells
was first noted by Baldridae and Gerard (1933) using canine
leucocytes. Later expcriments gave similar results with
auinea nig granulocytes (Stahelin, Suter, and Karnovsky,1956;
Stahelin, Karnovsky, Farnham, and Suter,1957). It was initially
thought that oxvgen untake was necessary for the enerqgy req-
uirina process of particle engulfment. However, this idea was
soon quashed when it was realised that ingestion, oxygen
consumnhtion and hexose monophosphate shunt activation, were
all unaffected by inhihitors of mitochondrial respiration
(Sharra and Karnovsky,1959)., Moreover, nhagocytosis could

take place in anaerobic conditions,

The true purpose of oxygen consumption, namely to arm the
nhagocvtes against microbes, was brilliantly foretold by

Iyer, Islam, and Quastel (1961) who postulated that peroxide
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nroduction from oxygen was involved in phagocytic killing.

More direct measurements subsequently confirmed that peroxide
was produced by phagocytes (Paul and Sharra,1968; Root, Metcalf,
Oshino, and Chance,1975; Homan-Muller, Weening, and Roos,1975),
although it is now recognised that peroxide works antimicrob-
ially in conjunction with myeloperoxidase (Klebanoff,1968;

Klebanoff,1967; Cech et al.,1979a; Lehrer and Cline,1969b),

Biochemistry of the respiratory burst,

The onc electron reduction of oxygen to form the superoxide
anion is considered the first of the reactions following
initiation of the respiratory burst (Bablior,Kipnes, and
Curnutte,1973; Drath and Karnovsky,1075; Johnston, Keele, and
tisra et al.,1975; Tauber, Goetzl, and Babior,1976; Johnston,
1078). It has been estimated that all the oxygen consumed by
nhagocytes is converted to the superoxide anion, approximately

80% of the latter being used for the production of H202 (Root

and Metcalf,1977).

Ground state molecular oxygen has two unpaired electrons in it's
outer orhitals., These clectrons occupy separate orbitals and

have narallel snins thus satisfying Hund's rules (see CoulSon,

107

[$3)

Y. As the orhitals are incomplete each can accept another
electron. Addition of one electron to the molecule results in

the formation of the superoxide anion (O;), whilst filling both

orhitals produces the peroxy anion (O, ). Peroxide can forn

N o

fror the snontaneous dismutation of two superoxide anions since

the latter can act as oxidant or reductant:
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- - 2=
1) O2 + O2 —_— O2 + O2
oxidant reductant reduced oxidised
2— +
2) 02 + 2H — H?_OZ

The dismutation reaction is slower at neutral pH than at acid
nHH because of electrostatic repulsion between unnrotonated
anions., To overcome this oxygen utilising cells possess
superoxide dismutase (SOD) which can promote dismutation at a
very fast rate in the pH range 5-9 (Fridovich,1975)., A rise
in nhagosomal pH (Segal et al.,1981) would appear to correlate

with SOD favoured dismutation.

The source of electrons for synthesis of O;, and the enzyme
system responsible for this reaction, remains a subject of
conciderable controversy% (3adwey, Curnutte, and Karnovsky,
1979; DeChatelet,1973), not least because of the variety of
sources used for nhagocytes and the different exnerimental
conditions cimployved. I shall hrieTly outline the evidence

for the stronaest candidates which may act as electron donors.

NADPH oxidase!

This enzyme activity was first reported by Iyer and Quastel
(1963) who studied homogenates of guinea pig granulocytes.

NADPH or NADH could act as electron donors to produce H202.
However, maximal activity was achieved with NADPH at low pH
in the nresence of Mn2+. This enzyme system was present in

the aranule fractions (Rossi and Zatti,1964; Patriarca et al.,

1073) and was found to he diminished in the granule fraction
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of cells from individuals suffering from chronic granulomatous

disease (Hohn and Lehrer,1975),

Unfortunately, all of the foregoing work was done at acid pH
in the presence of Mn2+ which was later shown to promote a
non-enzymic chain reaction oxidising NADPH ;n an O; dependent
manner (Curnutte, Karnovsky, and Babior,1976). The enzyme
activity was then studied again in the absence of Mn2+ and

found to have a broad pH optimum at neutrality (Gabig and

Babior,1979).

Sensitive isotopic and fluorometric assays were developed and
found to substantiate the carlier findings of SOD inhibitable
NADPH oxidation in leucocyte granule frcations (Iverson,
neChatelet, Spitznagel, and VWang,1977; McPhail, De Chatelet,
and Shirley,1976, The work of Babior and his associates, using
O; nroduction as opposed to NADP formation, largely agreed with
the above (Rabior, Curnutte, and kicMurrich,197G6), although a
flavin requirement was also reported (Babior and Kipnes,1977).
NADPH is considered an attractive candidate for the cofactor

in O; formation because it was possible to confirm that there
is reduced MADPH oxidase activity in granule fractions of CGD

leucocytes (McPhail, De Chatelet, Shirley, and Wilfert et al.,

19773 Curnutte, Kipnes and Babior,19075),.

The nostulated sequence of reactions for the reduction of

oxvaen if NADPH was the electron donor are as follows (Babior

et al,,1976):

3) 20, + NADPH — 20, + NADP' + Y

[a%
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4) 202 + 2H

The production of N/\DP+ from MNADPH drives the hexose mono-
rhosphate shunt (HMS) and accounts for it's activation during
the resoiratory burst (Sharra and Karnovsky,123352), The HMS
reaenerates MNADPH which would then be available for further

oxvgen reduction:

~lucose NADP+ o

[AV]

"I

co, + RuS(:) NADPH 0

[V

Another notential source of NADPT Tor the HMS is the
detoxification of H2O2 in the cytosol by the glutathione
neroxidase~glutathione reductase system (Reed,1969; Voetman,
Loos, and Roos,1980):

"Glutathione peroxidase'!
3) 265H + Ho O, Gesn + 2H,0
22 2

"Glutathione reductase" +
6) GSSA + MADPH 2GSH + NADP

NADI oxidase

An MADH oxidase system has been reported in guinea pig leuco-

cvtes (Cagan and Karnovsky,1964) which produces both O, and

N

H,)O9 (Radwey and Karnovsky,1979). A nlasmalemma bound NADH

oxidase has also heen found in human PWNs (3riggs, Drath,
Zarnovsky, and Karnovsky,1975). The latter is decreased in

natients with CGD (Driggs, Karnovsky, and Karnovsky,1977}),
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Recently, considerable interest has arisen because a b-tyne
cvtochrome has been identified in human granulocvtes (Segal
and Jonec,1979 a and bh). However, it has not been nossihle
to show that this surface bound cytochrome (3egal and Jones,

1070a)is reduced by NADIL or NADPH (Cross et al.,1981),

Similar cytochromes have heen found in horse (Hattori,1961)
and rabbit granulocytes (Shinagawa et al.,1966). Cytochrome
h_?45 studied by Segal and his associates is absent in CGD
mhagocytes (Segal et al.,1978). Not all individuals with

C=n lack this cytochrome (RBorregaard et al.,1979; Segal and
Jones,1973b) which implies that the superoxide anion gener-
atinao svstem is made up of several components. indeed, this
vould acree with the aenetic basis of C2D which is manifested
in an X-=linked or autosomal recessive manner (Cood et al.,
1949

; Windhorast et al, ,1963; Azini et al.,1973; Ament an-~

Oche,1072; Nujax ot al.,1072; Clark and Klebanor?, 1075),

Thae maradox of diminieihed HADPH and MNATH oxidase activity in
C3N can perhans be exnlained by the observation that in human
leucocvtes there exists an NAD kinase (De Chatelet et al.,
1977) which could synthesise NADP:

*"NAD kinase"
7))  MAD + ATPR — MNADP + ADP

Therefore, NADH oxidation could bhe linked to formation of

NADP and stimulation of the HMS., It is also conceivable that
+

a transhvdroqenation reaction between NAD and NADPH could

take place (see Dhagvan,1973):



2)  NADT & NADPH &  NADN + MADPT

Site and initiation of the resniratory burst

The relationship between PMN metaholism and stimulation hy
various surface acting agents has recently been reviewed
(Goldstein and Weissmann,1979; Baehner and Boxer,1979).
Necause much of the material presented in this thesis is

concerned with PMN activation it will also be covered here.

1. Membrane oxidative systems.

Phagocyvtosis is not strictly necessary for initiation of the
resniratory burst since materials which perturbe the plasma
membrane in the absence of ingestion are active in this nheno-
menon. These include Concanavalin A, nhosnholipase C, non-
nhagocvtosable particles, anddetergents (Graham et al.,1967;
Romeo, Zabucchi, and Rossi,1973; Patriarca et al,,1871; Sim-
berkoff and Elshach,1971), Conversely, other surface active
agents such as p-diazobenzenesulphonic acid (DBSA) apnear to
inhibit oxidative metabolism (Goldstein, Cerqueira, Lind, and
Kaplan,1977). These findings strongly suggest that the O;
generating system is, at least in nart, an ectoenzyme system,
This is supnorted by various morphometric and cytochemical
lines of evidence. First, the redox dye nitroblue tetrazolium,
which is reduced to blue formazan by O; (Segal,1974; Baehner,
Roxer, and Davis,1976), has disclosed that respiratory burst
activity is nroduced at the point of membrane contact with

narticles (Nathan, Baehner, and Vleaver,1969). Second, the

detection, on the surface of stimulated PMNs, of H?O? with
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cerous ions (Briggs, Drath, Karnovsky, and Karnovsky,1975) or
diaminobenzidine (Briggs, Karnovsky, and Karnovsky,1975).
(Using both of these techniques Briggs et al.,(1977) showed

that there was considerably less H O2 produced in CGD cells,)

2
Third, NAD(P)H dependent 0; forming activity has been located
in the plasma membrane of human (De Wald et al,,41979) and
guinea pig leucocytes (Cohen, Chovaniec, and Davies,1980).
Fourth, the cytochrome activity found by Segal and associates

is present in plasma membrane fractions (Segal and Peters,1977;

Segal and Jones 1979a),

Evidence against a plasma membrane location for the oxidase
activity has been presented (Patriarca et al.,1973; Iverson,
et al.,1977), but it's interpretation is, at nresent, confused
(Babior et al.,1978). However, it is nerfectly logical to
assume that the location of oxidase activity would shift from

the membrane to phagosome after ingestion,
2. Stimulation of oxidative metabolism,

ention has already been made of agents which can stimulate
oxidative metabolism. This section, therefore, will be

restricted to the action of immunoglobulins and comnlement

comnonents.

Adherence of PMNs to non-nhagocytosable surfaces coated with

aqgregated IgG nroduces an increase in their oxygen metabolism

and release of lysosomal contents (Henson and Oades,1975;
Johnston and Lehmeyer,1976). This phenomenom has been called

'‘reverse endocytosis' or ‘frustrated phagocytosis'. The latter
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description is nerhaps more accurate since phagocytic behaviour
is normal har the obvious effect of presenting the cell with

an opsonised area greater than that of the phacocyte itself.

Discharge of granule contents into the medium can also occur
with phagocyvtosable narticles, heat-aggregated IoG or soluble
C5a if cytochalasin B is present (Zurier, Hoffstein, and
Weissmann,1973; Goldstein et al.,1975). Since cytochalasin B
affects microfilaments and prevents ingestion the net effect
is the same as the above (Zigmond and Hirsch,1972).
Nevertheless, physiological release of granule contents to the
cell exterior during phagocytosis would appear to be possible
if the stimulus by phagocytosable particles is sufficiently

large{Weissmann et al.,1971).

Doth heat-aggregated IgG on millipore filters (Johnston and
Lehmeyer,1976; Johnston, Lehmeyer, and Guthrie,1976) and
monomeric IaG or IgA attached to pnolystyrene (Kiyotaki et al.,
1978) can stimulate phagocyte oxidative metaholism. Free,
soluble immunoqlobulins or Fc and Fab fragments bound to
nlastic are unable to promote changes in phagocyte metabolism,
which implies that conformational changes in the immunoglobulin
molecule are the most likely cause of this activity.

Natural and synthetic chemotactic factors also stimulate O2
\production, HMS, and glycolysis (Anderson, Glover, and Rabson,
1978; Simchowitz and Spilberg,1979). Esterase activity and
calcium ions are apparently required for optimal stimulation

(2imchowitz and Snilberg,1979; Simchowitz, Mehta, and Spilberg,

1979). Furthermore, the calcium ionophore A23187 can induce



superoxide generation in PMNs which, with the above findings,
would suggest that changes of intracellular Ca2+ follow inter-
action of stimulants with the cell surface (Becker, Sigman,
and Oliver,1979). Putative Ca2+ fluxes may be responsible for
the observed changes in membrane potential when granulocytes
are treated with the samc agents ie. C5a and synthetic chemo-
taxins (Seligmann et al.,1980; Whitin et al,,1980). However,

potassium was the dominant ion in the latter studies.

It has been nostulated that secretion of agranule enzymes may
nlay a role in substrate cuided chemotaxis (Wilkinson and
Dradley,1981)., The function of esterase activity in the gener-
ation of superoxide (Kitangawa, Takaku, and Sakamoto,d19820) and
inagestion of antigen-antibody comnlexes (Naqai, .Nakamura, and
Kovama,1973) on the other hand is unclear. It is conceivable
that the requirement for this protecase activity in the stimu-
lation of oxidative metabolism could be extended to enzymes

on microhial surfaces. 1In which case microbially associated
comnlement could interact enzymatically with the phagocyte

surface and not merely act in a ligand-receptor manner.

GColdstein and his associates have confirmed that aggregated

IaG and Cha stimulate superoxide production in PMNs (Goldstein,
et al.,1975). Serum treated zymosan, but not unonsonosed
zvmosan, also stimulated O; nroduction (Goldstein et al.,1975),.
There anneared to be no correlation hetween stimulation of
oxidative metabolism and release of granule enzymes. This

was narticularly true of CSa which suggested that the signals
for nroduction of these responses were different., Furthermore,

the effects of C3 and immunoglobulin appeared to be independent



since oxidative metabolism could be stimulated by C3 coated
senharose particles in the absence of immunoglobulin (Goldstein,
et al.,1976). Lysosomal enzyme release did not occur under
these conditions, but if IgG was also present then there was
enhanced oxidative metabolism and release of qranule enzymes.
Metabolic stimulation could be blocked by F(ab')2 anti-C3,
whereas F(al)')2 anti-IoG prevented enzyme release but did not
comnletely abolish suneroxide production in the presence of

C3b.

The above findings sugoest that stimulation of oxidative
metabolism is nreferentially mediated by comnlement components
C5 and C3. This agrees with the observations of others using
similar techniques (Tedesco et al.,1975), However, from these
sturdies it is impossible to identify which of these two com-

ponents has the greater activity.

The nresence of large amounts of IgG apnears to cause both
superoxide and granule enzyme release, although it remains to
be nroven if immunoglobulin is merely increasing a metaholic
resnonse to C3h., This could be resolved by attaching IgG to
non-nhagocvtosable particles in the absence of complement.

Obhviously, a particle which has no inherent ability to stimulate

metabolism should he used.

Fusion of granules with the phagosome would anpear to be a
secondary event following ntimulation of oxidative metabolism.
Hlowever, the kinetics of aranule fusion in the nresence of

narticles coated only with C3b versus narticles coated only

with Iaft are unknown,



Oxygen=dependent microbial killing

1. The myeloperoxidase-halide-Ho0o system.

Peroxide formed in the respiratory burst interacts with
mveloneroxidase (MPO) and halide to create a nhagocytic
killing mechanism which is the best described to date

(Klebanoff,1975; Klebhanoff and Clark,1977).

MPO is a haem nrotoin of approximately 160,000 mw (Zgliczynski
et al.,1968; Saunders et al.,1964) and is present in azurophilic
aranules of mammalian monocytes and neutrophils but not those
of avians (3rune and Spitznagel,1974). It has been renorted
that it undergoes conformational changes during:-phagocytosis

( Wever et al.,1976) although this is unconfirmed (Blum et al.,
19073), MPO is delivered to phagosomes where it catalyses the
halogenation of microbes in an H202 dependent manner (Root and
Stossel,19074; Leffel and Spitznagel,1974). The physiologically
relevant halide in this reaction would appear to be chloride
since it is nresent in sufficient quantity, whereas other

halides are probably not.

MPO catalvses the oxidation of halide to hynohalite ions with

9) X + H?_O2 —_—p X0 + H?O

The exact mechanism whereby microorganisms are killed by this

system is unresolved. 1Incorporation of halide into the microbial



cell wall resulting in damage and loss of membrane inteqrity
has been put forward as one possibhility (Klebanoff,1967;
Zaliczynski and Stelmaszynska,1075). However, halogenation

ner se as a microbicidal mechanism is difficult to prove when

other notentially damaging reactions are taking place. These
include decarboxylation of amino acids resulting in damage to
macromolecules and secondary production of toxic aldehydes

(Zaliczvnski et al.,1968; Strauss, Paul, and Jacobs,1970):

10) R=CHNH,_,-CO

5 H ——» R-CHO <+ CO + N!-13

2 2

Even these nossibilities are subject to criticism as it

annears that efficient killing by the MPO—halide-—H202 system
can take nlace in the absence of decarboxylation (McCall et al.,
1971)., It is also believed that insufficient quantities of
aldehyde are nroduced (Zgliczynski et al.,1965). Recently, a
third mechanism has been nroposed (Selvaraj et al.,1980)., This

involves the chlorination of bacterial NADH or MADPH by the

HPO—halide-H?O2 system to catalytically inactive coenzymes:
"NMPOY

11) NANDH/NADPH 44.>NADCl?/NADPC12
H202+ Cl

This mechanism will be of little significance if MPO is shown
to be incanable of penetrating microbes or cells. Nevertheless,
this reaction could work nhysiologically by limiting indefinite

continuation of the respiratory burst. Indeed, increased O2

consumntion and H?O? formation in MPO deficient leucocytes



comnared to normal cells does occur (Rosen and Klebanoff,1976;

Klebanoff and Pincus,1971; Jandl et al.,1973).
2. Toxic oxidising species,

It has been shown that SOD or catalase can inhibit the bacteri-
cidal nronerties of the xanthine/xanthine oxidase system which

produces both O, and H (Babior, Curnutte, and Kipnes,1975)

2 202
and can also prevent phagocytic killing when attached to latex
narticles (Johnston et al.,1975). These observations indicate

that a nroduct of the reaction between O2 and H202 is micro-
hicidal and present in leucocytes., Recent evidence sugaests
that the hydroxyl radical, formed by the Haber-Weiss reaction
(Reauchamn and Fridovich,1970), is the toxic product involved

since it annears to bhe nroduced by both monocvtes and neutro-

nitils (Yeiss, Kina, and LoBuqlio,1977; Tauber and DRabior,1977):

12) O, + H,0,——O0H' + Ol + O

2 2

Unfortunately, ethylene, the end nroduct of the assay system
used to detect OH® is nroduced by cells in an MPO-dependent
manner, a finding which obviously comnlicates the above

ohservations (Klebanoff and Rosen,1978).

Singlet oxygen has the same molecular formula as atmosnheric
oxycen but nossesses a distorted electron cloud which makes
it highly reactive (Kearns,1971). Singlet oxygen ('02) is
thonaht to be formed both in the Haher-Weiss reaction and in

the snontaneous dismutation of O; to H2O9 (Kellog and Fridovich,
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1975; Khan,1970). It is also formed as a product of the

reaction between hypochlorite and H O? (Kasha and Khan,1970):

2

13) OCl™ + H_Q_ =10

505 > + Cl1 + H.O

2 2

Thus 'O? is an indirect nroduct of the MPO-halide—HZO?

Rosen and Klebanoff,1977).

system

3. Toxic nroncrties of OH® and 'OQ.

Hvdroxyl radicals are considered one of tne most reactive

snecies known to oraanic chemistry (Halllwell,1978). For
examnle, they hydroxylate DNA bases causing mutation (Myers,
1973), This may exnlain why the r‘ecA+ gene nroduct in E.coli
K=12 has better survival value than catalase or SOD when these

organisms are exposed to H?O2 (Carlsson and Carnenter,1980).

Hvdroxyl radicals and singlet oxvgen also cause linid nerox-
idation (see Halliwell,1973; Badwey and Karnovsky,1980), a
nrocess which once initiated is autocatalytic and leads to
widesnread cellular damage. Linid neroxidation could be linked
indirectly to nrostaglandin metabolism in activated nhagocytes
(foldstein et al.,1978; Wentzell and Epand,1978; Hirata et al.,

10790; Hsueh, Kuhn, and Needleman,1979; Morley et al.,1979).
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Oxvgen-indenendent killing bv phagocytes

The nurpose of this section is to list antimicrobial substances

of nhagocytes other than products of oxyaen metabolism.

1. Organic acids and protons.

It is possible that lactic acid produced by increased
alycolysis diffuses into microbial cells where it dissociates
and reduces the nH to microbicidal levels. Organic acids are
more effective as antimicrobial agents when the nroton con-
centration outside the organism is high enough to sunnress
dissociation of the acid (Freese et al.,1973; Dubos,1953).
This is nrobably due to higher diffusion across the microbial

membrane when the acid 1is undissociated.

2. Lactoferrin.

Lactoferrin is an iron chelating protein found in specific
granules which can inhibit microbial growth. TIt's immediate

importance in phagocytic killing is unclear,

3. Lysozyme,

Lvsozvme is a potent antimicrobial agent against susceptible

hacteria like Micrococcus lysodeikticus, Other bhacteria, for

examnle Giram negative organisms such ase E.coli, are lysed by
lysozvme only when the outer mewbranc of tneir c2ll wall is
disrunted by the action of comnlement. It is likely that

lysozyme inside nhagocytes is more important to digestion



62

rather than killing.

4, Cationic proteins,

These nroteins so named because of their electronhoretic
mobilities have heen found in the aranules of PMN3s from

several snecies (see Avila,b1979),

Human cationic proteins are ootimally toxic at high pH and

are antimicrobial even after heating. Moreover, cationic
proteins are highly specific in their antimicrobial pron-
erties ie. a given protein will attack a limited range of

microbes (Zeya and Spitznagel,196G8).

MPO and oxyden independent antimicrobial activity has been
described in PMNs and monocytes (Lehrer,1972; Lehrer,1975)

and studies with Candida paransilosis have attributed this

to cationic nroteins (Lehrer, Ladra, and Hake,197%; Drazin

and Lehrer,1977),

Recently it has been found that there is an increase in pH
following stimulation of normal but not CGD leucocytes

Seqgal et al.,1981). Segal and his associates argue that the
sequential rise and fall in vacuolar pH favours killing by
granule nroteins (high pH) followed hy digestion of organisms
by hydrolytic enzymes (low pH). If this is confirmed then
the relatively neglected antimicrobial pronerties of cationic
nroteins may assume a greater significance in microbial kill-

ing., In this regard the purnose of the respiratory burst
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would be to raise vacuolar pH briefly by consuming protons in

the reduction of oxygen.

Mononuclear nhagocvtes

Mononuclear phagocytes are the central cells of the immune
system. Not only do they phagocytose and kill microorganisms
but they also produce complement components, nresent antigen,

secrete monokines, and destroy tumour cells,

The origin and kinetics of MNPs in man is essentially the same
as the mouse: promonocytes in the bone marrow divide to form
monocytes which enter the circulation and eventually become
tissue fixed macronhages (van Furth, Raeburn, and van Zwet,

1079).

Monocytes, like PMNs, show an increase in oxygen metabolism
during nhagocytosis. However, oxygen uptake in monocytes is
only martially channelled to oxygen denendent killing, the
rest seemingly directed to providing energy for phagocytosis
(Reiss and Roos,1978; Sagone, Kind, and Metz, 1976). Human
blood monocytes, unlike PMNs, can be cultured iﬂ vitro for
several months. In this environment they undergo changes
such that they resemble tissue macrophages and have increased
nowers of digestion (@degaard, Viken, and Lamvik,1974;

zuckerman, Ackerman, and Douglas,1979).

Macrophages also produce toxic oxygen products (Johnston et al.,
1978) which can kill susceptible parasites (Murray et al.,1979)

and tumour cells (Nathan, Silverstein, Bukner, and Cohn,1979).
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Macrophages have a wide spectrum of metabolic activity: MNPs
from immunised animals releasing twenty-five times more H202

than MNPs from normal animals (Murray et al.,1979). 1Increased

metabolism in cells from immune-boosted animals is most likely
due to lymphokine activation (Nogueira and Cohn,1978; Nathan,

Nogueira, Juangbhanich, Ellis, and Cohn,1979).

Stimulation of monocyte oxidative metabolism occurs when cells
are in contact with IgG bound to substrate (Johnston, Lehmeyer,
and Guthrie,1976). Moreover, lysis of IgG coated red cells by
normal but not CGD monocytes is partially dependent on oxygen
(Borenaard and Kragballe,1980). It therefore anpears that
monocytes are in many respects similar to PMNs with regard to
stimulation and execution of oxygen dependent killing. However,
monocytes, when compared to macrophages, are functionally imma-
ture, It is therefore possible that monocytes are only cells

in transit, fulfilling their dedicated role when they have

fully developed into tissue fixed macronhages,

Phagocyte defects

Phagocvte killing defcts will now be described. Other nhago-

cyte related defects eqg. chemotaxis will not bhe discussed,

Chronic aranulomatous disease (CGD). This disorder is nre-

eminent amongst other defcts of phagocyte function. The
dicsease manifests itself in early childhood with repeated
nvogenic infections. The infections are slow to heal often

nrogressing to granuloma formation (Good et al.,1968).
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Virtually any oraan is suscentible but common sites are the
liver, lungs, lymph nodes, and skin., Patients previously
undiagnosed oTten nresent with snlenomegaly and scars which
bear witness to surgical drainage of abscesses. CGD is an
X=linked or autosomal recessivedisorder(Windhorst et al.,1963;
Azimi et al.,19G83; De Chatelet et al.,1976). In the X=linked

form female carriers can be detected (Mills, Rholl, and OQuie,

1050).

ChAD nhagocvtes do not reduce oxyoen and therefore all signs

of the resniratoryv burst are absent (lolmes, Page, and Good,
1967; 3aehner and Nathan,1967; Curnutte, Whitten, and Babior,
1974; Mandell and Hooke,1969a; Nathan, Baehner, and Weaver,
1069; Stjernholm et al.,,1973). Mveloneroxidase-mediated
iodination is also defective hecause H?O2 is not nroduced
(Klebanoff and white,1969). Other asnects of nphagocytic
function including ingestion (Quie et al,,1967; Stossel, Root,
and Vaughn,1972) and degranulation (Daehner, Karndvsky, and
Karnovsky,1969; Cold et al.,1974) are usually normal. Disorders
of chemotaxis however have heen noted in some patients (Clark

and Klebanoff,1973). Unusually small, tight phagosomes have

also bheen noted (Segal et al.,1981),.

€GN »~hacocytes fail to kill catalase nositive microbes, eg.

Stanh.aureus and members of the enterobacteriaceae, but can

destroy oraanisms like Strep.nneumoniae which excrete Hgo?.

Catalase ncrative organisms therefore commit suicide by nro-

vidinn the nhacocyvte with H?O? which can partake in MPO-mediated

killina (Mandell and Hooke,1969b).
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thought that the biochemical lesion lies in the oxidase

Since CGD phagocytes do not form O_ upon stimulation it is
responsible for the reduction of oxygen-—— this has already
been examined in previous sections., However, it is worth
reiterating here that the 'oxidase' is probably a system

made up of several components any one of which is notentially

abnormal or ahsent in CGD,

Glucose-6-nhosnhate dehvdrogenase deficiency (G=6-PD Def,),.

Phagocytes from patients with severe ©-6-PD deficiency fail to
mount a respiratory burst and appear unable to kill catalase
nositive microorganisms (Cooner, De Chatelet, McCall et al.,
1972; Baehner, Johnston, and Nathan,1972; Gray et al.,1973).
Glucose~G6-nhosphate dehydrogenase is the enzyme resnonsible
for the second step in the HMS, the conversion of glucose-

G- P to 6-nhosphogluconolactone, Consequently this pathvay

is inonerative in total G-6-PD deficiency and fails to provide
NADPH, Therefore the simnle answer to the cause of the micro-
bicidal defect in these pnatients' cells is the failure to

nive electron donors for oxygen reduction (see Babior,1972),
However, although clinically similar to CGD, 6G-4=PD deficiency
does not fully reflect the severity of CGD as exnected (see

Snnal,1979).

fiveloperoxidase deficiency. MPO is a relatively common dis-—

order which is usually undetected. The incidence has been
estimated at 1/2000 (Kitahara et al,,1931). 1In vitro phagocytes
from MPO deficient individuals display delayed but otherwise

normal killing of bacteria (Kitahara et al.,1981; Cech et al.,
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1079a). In contrast MPO appears to he an absolute reauirement

for phagocytic killing of C.albicans (Cech et al,,197%a;

Lehrer and Cline,1969a). Patients with MPO deficiency and
diabetes mellitus are susceptible to fungal infections (Lehrer
and Cline,19G9%a; Cech et al.,1979 a and h). On the other hand
completely IMPO deficient sub jects without diabetes do not have
fungal infections (Kitahara et al.,1931; Lehrer and Cline,1969a),
This suggests that diabetes makes an imnortant contribution to
defective phagocytic function in MPO deficiency. The majority
of individuals with MPO deficiency do not suffer from undue
suscentibility to infection, It must therefore be inferred
that oxyvgen-dependent (without MPO), or oxygen-independent
(Mandell,1974) killing provides the host with sufficient nro-

tection.

Disorders of the glutathione reductase-glutathione peroxidase

systen. Glutathione reductase deficiency has been renorted
(Loos et al.,1973; Roos, VWeening, and Loos,1979), Patients
vith this defect do not suffer from infections, and, although
their phagocytes kill normally in vitro they cannot sustain a
nrolonged respiratory burst, It is therefore concluded that

H902 nroduced during the respiratory bhurst eventually causes
damage to the phagocyte. However before this hanpens, during
the short neriod when the resniratory burst is functioning

(presumably due to intracellular pools of GSH) the intracellular

organisms are killed.
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Glutathione neroxidase deficiency has been noted in some
natients with CGD (Quie et al.,1903; Holmes et al.,1970;
Matsuda et al.,1976). It must he established if glutathione
neroxidase deficiency in these patients is the nrimary cause
of their disease or whether defective oxidase activity is
concurrent with this condition. If glutathione neroxidase
deficiency is the sole defect which gives rise to a disease

which phenotynically resembles COGD then adequate reasons must

be Torthcoming (see Roos et al.,1979).

Chediak=Ficashi svndrowe (CHS), Pharocvtes of patients with

c1in have abnormally laroc araruloc which fail to fuse with

ananosomes (reviewed bLy Lills and Guie, 10805, The resniratory
burst is normal but restinag and oactive HM3 as well as MPO-
mediated iocdination are both raiscd. Patients suffer from
severe infections and malignancy, often not surviving the

first decade of 1life,
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CHAPTER 2

THE DEVELOPMENT OF A RADIOMETRIC PHAGOCYTOSIS AND

KILLING ASSAY
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2-1. Introduction

In 1903 Wricht and Douglas published a paner which attemnted

to resolve the heated debhate hetween prononents of cellular

and humoral theories of immunity (Wright and Douglas,1903),.

Vith hindsight it can be said that this naner assisted the
marriage of both theories and helped to establish the integrated
two—-armed theory of immunity which is recognised today.

Wright and Douglas's work is also significant in that it laid
the foundations of modern phagocytic activity measurement,
namely to distinguish the relative contributions made by nhago-
cytes and aserum in the recognition, attachment, enqulfment,
intracellular killing and subsequent digestion of microorganisms

by nhagocytic cells,

More recent methods used to determine phagocytosis and killing
are dictated by the tyne of organisms used as prey, eg.bacteria,
funaal blastospores, or parasites. Further distinction in
methodology can be made on the basis of culture conditions,
that is to say suspension assays in which phagocytes and micro-
oraanisms are actively mixed, or monolayer assays in which the
nhacocytes are attached to substrate. In the following review
T have chosen the nature of the tarcot microhe as the primary
criterion in classifying the principal methods available for
measurement of phacocytic activity. Assays which have uned
unnhvasiolorical/synthetic tarcet rarticles hut, desnite that,
have contributed to a petter und rstandincg of nhagocytic

function will also be mentioned,
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Assays using bacteria as the target particles,

Peasuring phagocytosis by monolayer assays involves exnosing
nlass or plastic adherent cells to phagocytosabhle particles,
removing the free particles after a nrerequisite time by
washing, and finally preparing the culture Tor licht microscopv.
Phacocvtic assays which use monolaver culture conditions
readily lend themselves to examination by light microscony

and therefore the majority of such techniques rely on this
instrument (Axline and Reaven,1974; CGriffin, DRianco, and
Yilverstein,1075), although radiometric measurement is nossible
(ttantovani, Rabinovitch, and Nussenzweig,1972). However, a
serious drawback to microscopical assessment of nhagocytosis

is the inabhility of the observer to distinguish.intracellular
narticles from those attached extracellularly to the phagocyte
membrane., Dilworth et al.(41975) were ahle to overcome this by

usina a fluorescein conjuagated antiserum to N.gonorrhoeae which

recacted with extracellular organicems but not ingested gonococci.
Measurement of bacterial killing in monolayer culture systms
is achieved by disrunting phacocytes and counting the number

of viable oraanisms hy their ahility to form colonies on solid

media (Bauchn and Ronventre,1975).

""ore sonhisticated techniques have renlaced microscopical
evaluation of phagocytosis the most popular of which are based
on the susmension culture assay introduced by Maalde (1946),
This method employs differential centrifugation to separate
nhagocytosed bacteria from those remaining outside the nhago-

cyte. The outline of the technique is as follows: mixtures of
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nhagocytes and onsonised bacteria are incubated in tubes at
37°C with constant agitation, At intervals the mixtures are
diluted and centrifuged at approximately 150g to pellet nhago-
cvtes and phagocyte associated bacteria leaving the remaining
bacteria in the supernatant. Aliquots of supernatant are then
nlated on solid media and each colony so formed has, in theory,
arisen from a single bacterium or colony-forming unit (CFU).
The number of CFU remaining in the supernatant is inversely
correlated to ingestion. This basic technique has been modi-
fied to make an estimation of killina as well as nhaqgocvtosis

{Cohn and 'lorse,10659; Nuie, Vhite, ilolmes, and Cood,1067),

Verhoef and his co-workers have develoned a radiometric method
for measuring phagocytosis using a nrotocol based upon Maalde's
technique (Verhoef, Peterson, and Quie,1977). In this modi-

fication Staphylococcus aureus was prelabelled with 3H-thymidine

and then nlaced in mixtures containing phagocvtes and serum.
Aliquots were removed at intervals and centrifuged. The re-
sulting nelletwas washed several times hefore solubilisation
in scintillation fluid and counted in a spectrometer, The
nercentaqe of radioactivity associated with nhagocytes was
nronortional to ingestion. Verhoef et al, assessed killing
by lyvsina nhargocytes from a duplicate tube and platinag the
released oraganiams for CFU, A false measurement of innestion
due to phagocyte-mediated release of label is a nossible dis-

advantage to this technique.

Antihiotics have been used instead of differential centri-

fuagation to separate phagocytosed bacteria from those



remaining outside (Holmes, Ouie, Windhorst, and Good,19G60;
Alexander and Cood,1963). Illowever their use is controversial
as it has been renorted that some antibiotics can menetrate
phagocytes (Easmon,107C). Lysostanhin, a muralytic enzyme,
may be used in the same way as antibiotics to recmove extra-

ceillular Staph. aureus and appecarcs not to penetrate phagocytes

(Tan et al.,1971; Verhoef et al.,1977). DBoth the use of
antibiotics and lysostaphin have the additional advantage of
aiving a true value for nhagocytosis because they remove micro-

ordganisms attached to the outside of nhagocytes,.

Vray and his associates used the muralytic enzyme lysozyme to

remove extracellular fluorescently labelled Micrococcus lyso-—

deikticus in a novel ingestion assay (Vray et al.,1920). 1In
this techniaue fTluorescence associated with lvsozyme treated
and washed nhanocyvtes was directly nronortional to quantity

of nmhanocvtoaed bacteria. Unfeortunately, this method required
“he une of «oad organizms and conceaqueatly no siniltanaouns
meanurenent of bacterial Killine wans »noscible, G the other
hand, a rricroansay has heen deve loned For measuring nhaaocvte
bactericicdal activity (Phillips, Shelton, and tlcsking,1979Q).

The number of orcanisms killed is evaluated by statistical
methods and, although the number of bacteria in the nhagocytes
available Tor killing is determined, no measurement of ingestion
is made in terms of the original number of organisms presented

to the nhagocyte,.
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Assavs using fungal blastosvores as target particles,

The Lehrer and Cline assay for measuring phagocytosis and

killing of Candida albicans, like the hacterial assay of Maalde,

has become a classical technique upon which many newer ones
have been Tounded (Lehrer and Cline,1969b). The original
method of Lehrer and Cline was as follows: phagocytes and

C.albicans were mixed in equal numbers at 37°C for one hour,

The volume of the reaction mixture was 1ml and contained 25%
serum., After incubation the phagocytes were lysed with sodium
deoxycholate and the released blastospores exnosed to methylene
hlue. The concentration of methylene blue used stains only
non-viable organisms and killing can therefore be determined

by microscopical examination of nhagocyte lysates.

In a modiTication of the original Lehrer and Cline assay nhaqgo-
cvtes and organisms were allowed to interact as hefore hut
methanol fixed cytocentrifTuged preparations were stained with
niemsa (Lehrer,1970)., Organisms stained cdeep blue were con-
sidercd viable whilst unstained or nale nink organisms were
recarded as Killed, The advantace of this assav over the
methvlene blue dye exclusion technicue ias that a simultaneous
soasurenent of nhagocytosis and killing by different tynes of
shagocyte is possible. A serious disadvantage of this assay
however is that orcanisms, although killed, may not be scored

as dead because the pale pink staining is indicative of

diqestion rather than killing.

Arune et al. (1973) using phagocytes attached to glass were

Ahle to use the original method of Lehrer and Cline with intact
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nhanocytes. Thus killed and live organiems could be disting-
uished with methylene blue vwnen inside rhacocvtes. However,
as nointed out earlioer, it is notoriovaly Jifficult to dist-
inqduish between attached and incested orqanicms with the
light microscope. Therefore, unstained organisms could he

extracellular, and although attached, might not be killed,

Another assay using microscopical examination has bheen designed
which distinquishes attachment and ingestion (Hed,1979). This
uses the nhenomenon of crystal violet quenching fluorescein-
isothiocyanate (FITC). FITC conjugated veast are allowed to
interact with nhagocytes for 15 mins at 37°¢ whereupon crystal
violet is added; crystal violet quenches the fluorescence of
attached uningested organisms leaving the fluorescence of

intrcellular organisms intact.

Fluorcscence was also used by Bchuit in a nhagocytosis and

killina assay which used Saccharomyces cerevisiae, C.,albicans,

and C.tronicalis (Schuit,1979)., Vhilst the assay of Hed has

the advantage of distinguishing attachment and ingestion it

was not desiagned to measure killing. Conversely, the assay

of Schuit is not capable of differentiating between attachment
and inqestion but can make a measurement of killing by taking

e ot

advantaqge of the different fluorescing colours of live and dead

orqanisms.

licro-methods for measuring phagocytosis and killing of fungal
ylastoapores have been published (Oseas and Lehrer,1973; Vood
and thite,1972). These techniques reauire fewer phagocytes

than other assays and are therefore useful in clinical settings
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where obtaining large volumes of blood is often impossible,
These assays are based upon the the original methods of

Lehrer and Cline (19G9b) and Lehrer (1970). A significant
advance was made by Yamamura and his co-workers who developed

a radiometric micromethod for measuring nhagocytosis which

was able to distinguish surface attachment and inagestion
(vYamamura, Boler, and Valdimarsson,1977). The further develop-
ment of this assay enabling measurement of intracellular
killing in addition to phagocytosis will be described in this

thesis,

Assays Tor phagocytosis using svnthetic particles as targets.

~tossel introcduced a method for the nhagocytosigs of albumin
coated o0il dronlets stained with a red dye (Stossel,1973),
The advantaqges of this system are 1) the particle is well
defined, and 2) nhagocytosis is assessed quantitatively with
a spectrometer using the absorhance of o0il red O after ex-
traction, Stossel, using this assay, was able to investigate
the kinetics of phagocytosis (Stossel,1973; Stossel, Mason,
and Hartwig et al.,1972) as well as granule fusion (Stossel,

lason, and Pollard et al.,1972)

Other technicques have used nolystyrene or polyvinyl latex
rarticles in a similar manner since they can he extracted
fron cells in a soluble form and quantitated spectrophoto-
retrically (Roberts and Juastel,10G3; Yeisnan and Korn,19457),
Obviou~lwv avinthetic narticles carant “e uned Lo aive values
Tor nhacocviic killing although they may he used to analvse

metabolic activity associated with killina (2aehner and Mathan,
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. The design of phagocytosis and killing assays: some

remarks,

Definitions

1)  ‘'Phagcocvtic activity' is defined as all events in the

interaction of mnhacocytes, serum and micrehes, The
different, temnorally related acnects of nhagocvtic
activitv (PA) arg in sequence, a. onsonisation, h.
generation of chemoattractanta, ¢, chemotaxis of nhaqo-
cvtes, d. attachment and ingestion of microbes, e. intra-

cellular killing, and f. digestion.

2) Intrinsic PA is defined as the cellular component of

nhagocytic function, Examnle: the ingestion of optimally

onsonised microorganisms.

3) Extrinsic PA is defined as the humoral sunport of phago-

cytic function. Examnple: the nroduction of onsonins by

activation of the comnlement system.

Heasurement of intrinsic PA demands the use of non-limitinag

conditions in terms of serum concentration. It is also
necessary to provide a quantity of microbes known to saturate
the enqulfment and killing capacity of healthy control cells,
Moreover, when studying the enhancement of intrinsic PA, egq.
in the nresence of drugs, high org¢anism/phagocyte ratios
should be emnloyed. The importance of this pnremise is empha-
sised by the work of Palmblad and Engstedt (1979) who reported

enhanced killing by phagocytes in the presence of levamisole.
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Carefully chosen high organism/phagocyte ratios were used in
their experiments as lower organism/phagocyte ratios in this
assay did not readily disclose levamisole induced stimulation

of PA,

Tn practice maintaining nrecise organism/nhaqgocyte ratios
during the course of an assay is difficult, enecially when
hacteria are used as the nrey. Hooke and associates (1973)
overcame this problem by selecting for temperature sensitive
mutants of E.coli which were unable to divide at the assay
temneraturce of 37% but grew into colonies on solid media

vvhen nlated out at a lower tempmerature. This techniaue

should be extremely useful for methods employing other snecies
of bacteria. However, it is dehatable whether qrganisms
unable to elahorate virulence pronerties at 370C fully

reflect the dynamic interaction bhetween phagocytes and micro-

oraqanisms,

Asseasment of extrinsic PA requires the use of suboptimal

serum concentrations.

Titrating senum in nrelaiion %o phagocytic activiiy produces a peak
on plateau of PA at a given serum concentration which is defined
as optimal, Limiting serum didutions below the peak on plateau are
defined as suboptimal, whereas serum concentrations beyond optimum
may be Lnﬁiéiiong {see Figune 2.1).

Tdeally, extrinsic phagocytic activity should be measured
using subontimal serum concentrations hecause at limiting

dilutions nhagocytic activity is linearly related to serum

concentration.
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-— OPTIMAL

SUBOPTIMAL

SUBOPTIMAL | OPTIMAL

——INHIBITORY

PHAGOCYTIC ACTIVITY ————=

[sEruM) -

FIGURE 2.1, Properties of extrinsic PA,

Several subontimal serum concentrations should be used to
construct a aoraph the gradient of which can be heasured and
exnressed as units of PA ner unit of serum concentration
(Fiqure 2.2a). Titration of several normal sera in this
manner can be used to build un a normal rande for the slone.
The steeper the slope the more efficient the serum in sup=-

norting phagocytic activity over the concentration range chosen,

4 ™ T v LI S B s 4

[seruM]

PHAGOCYTIC ACTIVITY ——=
L J

FIGIIRE 2.2. Measurement of extrinsic PA I.
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Alternatively, the ability of serum to support phagocytic
activity can be expressed as that serum concentration which
nroduces 50% of the total PA (PASO)(Figure 2.3.).This method
is useful because it takes into account sera which hehave like

serum B in Fiqure 2.3,

PHAGOCYTIC ACTIVITY

[SERUM] —————

FIGURE 2.3, Measurement of extrinsic PA 1.

However, for clinical use it is more convenient to use one or
two serum concentrations per test as onposed to several, 1In
this case a qradient or PA50 cannot be calculated but values
of nhagocytic activity at a given serum concentration may be

comnared to a normal range (Figure 2.2b.).

Additional considerations of existing assays

Many published phagocytosis and killing assays are unsatis-

factory, Monolayer culture conditions are unaccentable because

consistent organism/phagocyte ratios cannot be maintained from
exneriment to experiment, or within an experiment if cells are
detaching from the suhstrate. Monolayer Cultures also measure

the additional variables of chemotaxis. Assays which use the
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active mixing of phagocytes and microbes are therefore better
in this respect because particle contact is related to the
probability of collision (Fenn,1922) and unrelated to chemo-
taxis. However, it should be rememhered that phagocytes 12
vivo probably trap organisms against surfaces in confined

intercellular spaces,

Using metabolic changes as indications of nhagocytosis or

killing is highly questionable since this approach assumes

the one is always a direct reflection of the other. For
example, nitroblue tetrazolium should not be used as an
indicator of phagocytosis because in CGD <ngestion can take
place in the absence of NBT reduction (Good et al.,1968)., It
has been reported that closely related organismg differ in
their susceptibility to microbicidal mechanisms of phagocytes
(Lehrer,1972). Measuring the biochemical changes associated
with killing without recourse to simultaneous assessment of
microbe death is therefore unsatisfactory. Furthermore, quan-
titative measurements of microbial killing should be accompanied
by a simultaneous assessment of phagocytosis, This is because
of the temporal relationship between intracellular killing

and ingestion which would make evaluation of killing in iso-

lation invalid,

The use of CFU as an endpoint for assays of phagocytic activity

is unsuitable because bacteria and C.albicans tend to clump in
hiaqh serum concentrations (Koch,1974; Chilgren, Hong, and Quie,

1068)., Microsconical analysis is also unsatisfactory hecause

it is subjective, time=-consuming, and laborious.
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The assay described in this thesis measures phagocytosis and
killing simultaneously using a radiometric susmension culture

method which is standardised for extrinsic and intrinsic PA.

2=-3, Introduction to method

It has previously been demonstrated that incorporation of

3 - . . . s . .
H-uridine into C.albicans is a sensitive indicator of

phagocytic function bhecause 1) there is a linear correlation
between uridine incorporation and yeast number, 2) Candida
organisms surviving within phagocytic cells do not take up
uridine from the culture medium, and 3) phagocytic cells do

not incorporate significant amounts of uridine in short term
cultures (Yamamura, Boler, and Valdimarsson,1977). Phagocyto~-

sis can therefore be determined by comparing the uridine

incornoration into a fixed number of C.albicans in the presence

and absence of phagocytes.

It was reasoned that it should be possible to determine intra-
cellular killing in a similar manner by liberating ingested
surviving organisms with sodium deoxycholate. This substance
disrunts the nhagocyte cell membrane without affecting the
Candida. Ingested, killed microorganisms, although released,
would be unable to incornorate label- Therefore, the reduction
in uridine uptake in mixtures with phagocytes would give a

direct measure of phagocytic killing (Figure 2.4.),.
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PHAGOCYTOSIS
TEST (ONTROL
Q 0
0 0
0 ¢ 0
2000 CPM Pi.=30 5000 CPM
KILLING
Na.deoxycholate __
s N 0
and DNAaseI .0 \ 0
\\ t,' 0 0 0 °
\]
3000 CPM Kl=20 S000 CPM

FIGURE 2,4, Principle of radiometric phagocytosis and

killinag assay. Coloured organisms are those which

lhave taken up radiolabel, DBlack organisms are killed,
Clear organisms have not had the opnortunity to in-

corporate radiolabel. See text for details,.

2-4, MATERTALS and METHOD

RPI1TI 1640 tissue culture medium buffered with 20mM Hepes
was used throughout this study and is referred to as

'‘medium' in the text.

Prenaration of nhagocvtes:

Polymornhonuclear leucocytes (PMNs) were prenared from

horarinised (20 units/ml) human venous blood by sedimenting
the ervthrocytes with dextran. Two volumes of blood were

nixed with one volume of dextran 110 (dextran 6% w/v in
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0.9% NaCl) and allowed to stand for 30 mins at 37°C,

whereunon the leucocyte-rich sunernatant was removed,
centrifuged at 200g for 5 mins, and the cells washed four
times in medium before final resusnension to the appropriate
working concentrations. On occasion further purification

was achieved by differential centrifugation on a Ficoll-
Hypaque gradient (density=1,077g/ml). Two volumes of
leucocyte-rich supernatant, obtained from dextran sedimentation,
were layered on one volume of gradient and the resulting
prenaration subjected to centrifugation for 40 mins at 20°C
with a force of 400g at the plasma/gradient interface (Bgyum,
1968), The PMN enriched pellet was then removed and the cells
washed four times in medium before final resusnension to the

apnropriate working concentrations. For PMN oxygen consumntion

studies red cells were removed by hvpotonic lysis using ice-
cold distilled water. After a short neriod of agitation the

tonicity was returned to normal with an eaqual volume of 1.8%

saline,

The cell suspension obtained from dextran sedimentation
contained 60-80% PMNs, the remainder comprising lymnhocytes.
Monocytes were removed during the washing procedure; The
susnension of PMNs obtained with Ficoll-Hypaque centrifugation
vere not less than 95% pure and had a viability greater than
05% as evidenced by trynan blue dye-exclusion and acridine

orange-ethidium bromide fluorescence (Parks et al.,,1979),



85

Mononuclear phagocytes (MNPs) were obhtained from either

cell-separator residues (anticoagulated with CPD), or
henarinised venous bhlood. Both sources of MNPs were
sedimented with dextran as described above and the resulting
sunernatant if obtained from cell-senarator residues diluted
1+3 in medium, or if obtained from perinheral venous bhlood
diluted 1+1 in medium. Two volumes of the diluted super-
natant were layered on one volume of Ficoll-Hypaque gradient
and centrifuged as described above. After centrifugation

MNPs were taken from the plasma/gradient interface, washed
three times in medium using siliconised qlassware, and finally

resuspended to the apnropriate working concentrations,
The MNP susnension thus nrocured had 75-90% lymnhocyte
contamination and less than 1.5% contamination with PMNs,

Viability was greater than 959,

Prenaration of microorganisms

Candida albicans (strain UC 820) was maintained on 2% agar

slopes containing 1% peptone and 2% glucose. Subcultures

were made in 1% peptone-=2% glucose broth and incubated at

25°% for 2-3 days.

Candida naransilosis (strain 46392) and Candida quilliermondii

were both nrivided by the Mvecoloqv Dent., St.Marv's Hosnital

Medical Cchool., They were maintained on anar slones and

subcultured ao described above,

Saccharonyces cerevisiae (strain NCYC 373) was maintained on




86

agar slopes as described above. Suhcultures were made in

RPMI 1640 and incubated at 28°C for 2-3 days.

All of the above organisms from subcultures had a viability
areater than 98% and a homoqgeneous yeast form. They may be
kent for 1-2 weeks at 4°C without loss in number or viability.
In the experiments presented here the subcultured organisms
were not more than 1 week old at the time of assay.
Pseudohyphal formation was negligible in suspensions of

C.albicans incubated in serum (5%) for up to two hours. The

other organisms do not form germ tubes,

Sera

Human sera aenctically deficient in C3 and C2 were provided
hy Professor P.J.bachmann, Cambridge, UK. Additional C3
deficient serum was provided by Dr.A.Rabson, Capetown, SA,
C5 deficient serum was obtained from B10 D2 old strain mice.
These sera together with normal sera and standard AB serum
were kent in 0.5 and O.1ml aliqouts in liquid nitrogen prior
to use. Serum from freshly clotted bood was also used.

51 SN

Chromium (Na2 CP207)(specific activity 250-500 uCi/uqCr)

=
was used to label C,albicans in the °1Cr release killing

ct

cot of Yanamura et al.(1976). This was done hy centri-
Tucinag a susnencsion of Candida, rorovine the suncrnatant

o1 .
and nently adoinn O.2ml1 of Cr 2olution takins care not to

dianerse the cell nellet over the walls of the tube when

mixina, The Candida were then incubated for two hours at
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28°C before washing four times in phosphate buffered saline.

125

125 . . . . . o ..
“Todine (as sodium iodide, snecific activity A15mCi 1/

pa iodine) was used for MPO-mediated microradioiodination of

=
C.albicans by PlINs, 123I was diluted in medium to apnropriate

workina concentrations,

“H—uridine (5,6,°H—uridine, specific activity 45Ci/mMol uridine)

was diluted in nhosphate buffered saline to 100uCi/ml.
Yorking concentrations of 3H—uridine were made by further

dilution in medium,

Sodium deoxycholate was used as a 1.25% solution in distilled

vater,

Deoxvribonuclease (DNAase) was dissolved in nhosphate buffered

saline to a concentration of 1mg/ml and stored at -20°C in
0.2 and 0,0ml aliquots., Further dilution in medium to work-

ing concentration was carried out shortly hefore use.

a, Standard assay nrocedure,

Unless otherwise stated the assay procedure was as follows:
microorganisms and phagocytes were mixed in trinlicate in
2ml flat-bottomed plastic tubes, each containing 1 X 106
blastosnores and 2 X 1O5 nhagocytes suspended in a total of
0.%m1 medium with 5% serum. Control tubes without phagocytes
containing 1 X 106 blastosnores and 5% serum were also set

up in triplicate. The tubes were incubated at 37°C with

constant end-over-—-end rotation (30 rnm) for 40 minutes.



Phagocytosis was measured by tranaferring a sinale 0.1 nml

aliaquot from each tube into a corresnondina U-=bottom micro-

titre well containing 0.2 uCi “H-uridine in 110 pl medium,

Intracellular killing was measured by transferring a sinqle

0.1 ml aliquot from each tube into a corresponding U-hottom
microtitre well containing 0.2 uCi 3H-—uridine in 10 pl medium,
625 ug sodium deoxycholate in 50 ul distilled water, and 5 ug

DNAase in 50 ul medium,

Phagocytosis and killing was measured in the same microtitre
nlate (Sterilin M24AR or Linbro Titertek) which was incubated
for 60 mins at 37°C to allow microorganisms to incorporate
radiolabelled uridine. Cell associated radioactivity was then
collected onto glass fibre discs with a Skatron harvester,
Finallv, the discs were dried, nlaced in toluene-PPO (4 a/litre)

scintillation fluid, and counted in a Packard p—counter.

Thus hoth nhagocytosis and killing were assessed under
identical conditions reqarding time, organism/phagocyte

ratio, serum and 3H—ur‘idine concentration, 'loreover, aliquots
removed for measuring phagocytosis and killing contained the
same rumbher of orqganisms (2 X 105/ microtitre well).

A schematic outline of the assay nrocedure is qgiven in Figure

2.5

f- @ e



89

SERUM

@ C.ALBICANS ( 1x10%) ——

PHAGOCYTES (2x10° )—=
(ABSENT IN CONTROL MIX)

@ ROTATE  40Mins/ 37C

REMOVAL OF ALIQUOTS TO
MICROTITRE  WELLS:

PHAGOCYTOSIS

100 ul ALIQUOT /

g

f

3H-URIDINE

VOLUME=0,5ml.

KILLING

\m L ALIQUOT

v
!

3H-URIDINE
Na. DEOXYCHOLATE
DNAase

@wms INCUBATED FOR  60min/ 37,

FIGURE 2.5. Schematic outline of assay procedure




90

b. Presentation of data

The results for nhagocytosis and killinqg were calculated with
the same basic formula——the difference being that killing

was calculated with radioactive counts obtained from wells
containing disrunted phagocytes whereas phagocytosis was
evaluated with counts obtained from wells containing intact
nhagocytes. Results are exnressed as an index; the phagocytic
index (PI) is the average number of organisms ingested per
nhagocyte and the killinqg index (KI) is the average number of
organisms killed per phagocytet The indices were calculated
with the following formula:

cpm Candida + phagocytes

Plor KI = }1-— — X R

cpm Candida alone

where cpm = counts per minute, R = organism/phagocyte ratio.
The killing efficiency is determined by the following formula:

(KE) (%) ( )X 100 = Killing efficiency

The overall killing efficiency (OKE) should be used when

values of PI fall below the normal ranae, The OKE is derived

OKE (%) ( )X 100

Values of OKE are not presented in this thesis,

thus:

*

See Fiqure 2.4,
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c, Is there a correlation between Candida viability and the

uptake of uridine from the culture medium?

Before standardising the assay it was essential to know whether
the number of Candida killed could be equated with a KI derived
from uridine incorporation. To investigate this live and heat
kKilled organisms were mixed in suitable nroportions and 0.1 ml
aliquots, each containing 2 X 105 ornanisms and 5% serum,
nlaced in microtitre wells containing 0.2 uCi of 3H-uridine.
The microtitre plates were then incubated for 60-90 mins at
37°C whereunon cell associated radiocactivity was collected and
mcasured as described previously. Thus this nrocedure faith-

fully followed conditions used in the assay.

Figures 2.6 and 2.7 show the results for C,albicans and C.para-

psilosis respectively. The KI is calculated from the radio-
active counts and plotted against the percentage of dead orga-
nisms in the original mixtures. It can be seen that there is

an excellent correlation between the two for both organisms,

This correlation could be demonstrated for organisms in all
serum concentrations referred to in the results, It was also
nroved that the sodium deoxycholate and DNAase at concentrations.

used in the assay did not affect the uridine incorporation by

Candida (Table 2.1.,).
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TABLE 2.1. Effect of DNAase and sodium deoxycholate on

3H-uridine incorporation by C.albicans,

* *k
Agents present Correlation coefficient,r. slope
Na deoxycholate 0,997 0,864
DNAase 0,999 1.0
Both of above 0.998 0.967

* Agents nresent in concentrations corresponding to assay
conditions, *%* r is derived from regression calculations.
Protocol is the same as for results presented in FIG. 2.6.

and 2.7, See text for details.

RESULTS

2-5. Standardisation of the assay to measure phagocytosis

and killing of C.,albicans by polymornhonuclear leucocytes.

Timn course., It was ecstablished that the ingestion of

C,alhicans wan complete after annroximately 15 minutes,
Fisure 2.8, demonstrates time course of Candida killing.,
Each noint renresents the mean of not less than 7 and not
rreater than 14 experiments conducted with PMNs from healthy
volunteers in the presence of 5% normal AR serum, Killing
increased in a linear fashion up to 40 mins when a plateau

was reached. A standard incubation time of 40 mins was

therefore used for the combined phagocytosis and killing

assay.
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FIGURE 2,9, Effect of varying the C.albicans/

PMN ratio on the killing index. Standard

serum concn and incubation time. PMNs from

four healthy donors.



Effect of varying the C.albicans/PMN ratio. The importance

of determining the phagocytes' intrinsic killing canacity

was discussed in the introduction (nage 77). Figure 2.9.
shows four experiments in which the organism/phagocyte ratio
was altered, The ratio was altered by varying the number of
P'MNs whilst keeping the Candida numbers constant so that the
humoral factor-Candida relationship remained the same. This
ensures that the phagocytes' intrinsic ability to kill at
different organism/phagocyte ratios is not due to availability

of serum factors.

It was evident that uo to a ratio of 5:1 there was a linear
relationshin between the number of Candida presented to the
PMNs and the number killed by each cell, At ratios greater
than 5:1 PMNs from different sources showed increased varia-
bility in killing despite consistently ingesting greater
numbers of organisms at these ratios. Phagocytes from some
individuals are able to kill in proportion to ingestion at
high ratios. Figure 2.10. shows phagocytosis and killing at
different ratios by PMNs from two different donors; in both
experiments killing increased linearly with phagocytosis and
at no ratio did the value of KI exceed that of PI. It was
also noticed that the killinag efficiency at low ratios was

relatively low when compared to higher ratios.

It was concluded that the capacity of human PMNs to kill

C.albicans may occasionally be overstretched at a ratio of

10:1 whereas low ratios do not induce maximal phagocytic

killing. A ratio of 5:1 was chosen for the standard assay
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FIGURE 2,10, Phagocytosis and killing of

C.albicans by PMNs at differing organism/

nhagocyte ratios, Phaqgocytes from two

healthy donors. Standard serum concn, and
incubation time. OPEN symbols renresent
nhagocyvtosis, CLOSED symbols represent

killing.
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since this appeared to provide a satisfactory challenge and

a reasonably narrow normal range for PMNs from healthy donors.

Serum requirements, The intrinsic ability of phagocytes to

ingest and kill must be measured under conditions where serum
neither limits nor inhibits these functions. Figure 2.11.
shows the results of a typical experiment in which phaqgo-

cytosis and killing of C,albicans by normal PMNs was tested

in normal AB serum, concentrations ranging from 0,31 to 20.0

per cent,

Phagocytosis always approached a maximum in 0,62-1.25% serum
and remained on a plateau at concentrations between 2.5 and
20,0 per cent, On the other hand intracellular .killing,
being very low relative to phagocytosis in 0,62% serum,
needed 5% serum to reach a maximum and then showed a consist-

ent drop at concentrations between 10,0 and 20.0 per cent.

Figure 2.12, shows that the drop in intracellular killing
at high serum concentrations was observed with PMNs from

all donors tested.

Figure 2.13. shows phagocytosis and killing of C,albicans

by the same PMNs tested in sera other than standard AB
serum. It can be seen that these sera show the same
characteristics as AB serum with the exception of serum

'‘B' which did not support killing at 1.25 or 2.5 per cent

concentrations.

A serum concentration of 5% was therefore chosen as non-
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time,
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All sera were obtained from healthy donors,



limiting and optimal in the combined assay for intrinsic

phagocytosis and killing by human PMNs,

2-6, Comparison with other Candida killing assays.

Table 2.2. shows the results of six exneriments in which
the new radiometric assay was compared with conventional

methods for determining phagocytic killing of C.albicans.

All methods were performed using a Candida/PMN ratio of
5:1, a serum concentration of 5%, and an incubation time

of 30 mins with mixing by end-over-end rotation at 37°C.
The correlation between the different assays was considered
satisfactory, but the radiometric assay gave the lowest

replicate error,

3 . s . .
TABLE 2,2. Comnarison of the "H-uridine incorporation assay

with methylenea blue dve—exclusion and colcny counting as

methods for assessing intracellular killing of Candida.

Sub jects Radiometric Methylene* Colony*
tested assay hlue test counting
1 2.75%0,30 nd 2.65%0,53
2 1.8:0.17 nd 1.0%0,17
3 2.28%0.14 nd 3.35t0.50
4 3.25%0,35 3.15t0,35 nd
5 2.4%0,10 2.8520,.57 nd
6 2.55%0,20 2.9$0,43 nd

%* Results aiven as killing indic- s, nd = not done. PMNs from
different sources were used., Standard ABD serum was emploved

throughout.
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The methylene blue dye—~exclusion test was performed according

to the method of Lehrer and Cline (1969b) with the aforement=
ioned modifications regarding serum concentration, organism/
phagocyte ratio, and incubation time. After the incubation
nhagocytes were lysed with sodium deoxycholate (final concn.
= 0.625%) in the presence of DNAase (final concn.= 25 pa/ml)
to prevent clumping., The released C.albicans were then exposed

to methylene blue (2 X 1O4M) for five minutes before being
concentrated by centrifugation at 400qg for five minutes,
The supernatant was removed leaving the organisms in a 100 pl

volume which was then examined microscopically. C.,albicans

unable to exclude the dye were scored as dead. Control mixes
without PMNs were examined in parallel and the organisms in

these preparations had >95% viability,

Colony counting was carried out by plating sodium deoxycholate

and DNAase treated mixtures onto 3% agar (1% pentone, 2% gluc-
ose) after appropriate dilution in medium. Killing was deter-
nined by calculating the reduction in colony forming units

compared to controls in which no phaqgocytes were nresent.

The “H-uridine incorporation assay was also compared with a
-
J1Cr release technique for measuring candidacidal activity of
phagocytes (Yamamura, Boler, and Valdimarsson,1976). The

latter measures killing by virtue of phagocyte-mediated

release of radiolabelled sodium chromate from C.albicans,

Figure 2.14. shows percentage killing versus time for both
tynes of assay conducted simultaneously using a Candida/PMN
ratio of 1:1. It can be seen that killing evaluated by 3H—
uridine incorpnoration reached a plateau at 20 minutes with
anproximately 50% organism death, whereas 51Cr release showed
a linear increase in killing up to 40 minutes when qgreater
than 100% killing was apnarently achieved. It was also noted

that 17% of routinc clinical tests over a neriod of 8 months

=1
dave similar resulte sudaeabina that Lha Or peloase nethod
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was measuring digestion in addition to killing.
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, 3 . . . . . 51
FIGIRE 2,14, Comnarison of “H—=uridine incornoration with Cr

release for measuring intracellular killing of C.albicans by

PINs, ROUND symhols renresent 3H—uridine method, SQUARE
24
syvmbols represent Q1Cr release method.

The method was carried out according to Yamamura et al (1976).

51

The nreparation of Cr labelled C.albicans has already been

-
described (page 86). The standard assay conditions for J1Cr

-
release were as follows: 5 X 10° C.albicans and 5 X 105 PMNs

were mixed at 37°C with end-over-end rotation in 0.5m1 medium
containing 2.5% normal AB serum, Control tubes without PMNs
were also set up. After incubation 0.2 ml DNAase and 0.1 ml
sodium deoxycholate were added. The resulting mixtures were
incubated for a further 15 mins at 37°C. The tubes were then
centrifuged at 2500g for 10 mins, 0.2 ml supernatants collected
and counted in a Packard 7Y-spectrometer. Results are derived
from the following formula: Percentage killing= 100 [(X=S)=(T=-S),
where X= release in presence of PMNs, S= snontaneous release,

Total releasable chromium (T) was determined by incubating
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C.albicans with PMNs as above but followed by sodium deoxy-

cholate and boiling for 30 mins.

2=-7, Validation of the 3H-uridine incorporation assay using

PMNs from CGD patients.

The validity of the combined phagocytosis and killing assay

was examined by using PMNs from patients suffering from chronic
qranulomatous disease. The results of two such experiments
using CGD PMNs together with control cells tested at the same
time are shown in Table 2.3. As expected CGD leucocytes in-

gested but failed to kill C.albicans,.

TARLE 2,3. Ingestion and pnhagocytic killing by PMNs from

ratients with CGD.

Phagocytes PI KI KE(%)
CGD (MC) 2.9 ) 0
Control (1) 3.3 2.6 78
cCGD (JV) 3.4 0.4 12
Control (2) 3.8 2.4 63

2-8. Normal ranges and assay stability.

Recults for intrinsic phagocytosis and killing by PMNs from
27 healthy adults, all tested within 36 hours, are presented
in Table 2.4, Replicate variability within an experiment

never excecded 11%, Initially apnroximately 50 per cent of

all experiments had to be discarded because low values were
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obtained for either phagocytosis or killing by PMNs from
standard control subjects. These early problems were most
apparent whilst the laboratory was being decorated, but they
may also in part have been due to toxic medium or plastics.
Latterly more than 803% of tests have been technically
acceptable and Table 2,5, shows consecutive results from two
of the most frequently used standard control subjects over

twelve months,

TABLE 2.4, Intrinsic phaqgocytosis and killing of C.albicans

using PMNs from 20 healthy individuals tested November 1978

PI KI KE (%)
Mean 4.9 2.7 68
Mean 2isd 3.1-4.9 2,.0-3.4 40-96

Standard AR serum concn (5%), organism/PMN ratio (5:1), and

incubation time.

TADLE 2.5, Consecutive results for intrinsic phagocytosis and

killina of C.albicans usina =MMs from two atandard control

aub jects,
Nate of testing PT KT KE (%)
6.10.783 2.15 2.15 100
H,12.78 4,50 3.25 71
, 10.1.79 4.05 1.80 44
CONTROL 1 4 03,79 3.15 2.55 81
26.9.79 3.956 3.35 85
24,10,79 3.86 3.45 90

continued on nage 105/
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TABLE 2.5. continued from previous page.

Date PI KI KE (%)
29.11.78 4.65 3.40 73
13.12.78 4,35 2.70 62
CONTROL 2 27.,06.79 3.45 2.65 77
29.08.79 3.55 2.20 62
17.10,.79 4,35 3.75 86

Re—examination of the normal range for intrinsic phagocytosis
and killino 16 months after construction of the original range
showed no significant difference in PI between the two.
However, the values of KI were significantly higher in the more
recent data. The new normal ranges are given in Figure 2.15.
which shows KI plotted against corresponding values of PI.
Normal ranaes for extrinsic phagocytic activity will be given

with clinical data in Chapter 5.

KILLING INDEX
Q37U SO¥O Q3LSIONI 40 39VINIIY3d

PHAGOCYTIC INDEX

FICURE 2.15. Normal ranae for intrinsic phagocvtosis

and killing of C.albicans by PMNs, Standard assay

nrocedure., CLOSED symbol represents two points,
Range, PI = 2.75-5.0. Range, KI = 1.95-4.3. Mean
KE = 84, n = 22,
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2-9. Standardisation of the assay to measure nhagocytosis

and killing of C.parapsilosis by PMNs,

Optimal assay conditions for the phagocytosis and killing of

C.parapsilosis were investigated. This was in order that

these organisms could be directly compared when examining

nhagocyte function in further studies.

Time course. The time course for phagocytosis and killing of

C.parapsilosis is presented by a typical experiment in Figure

2.16, It can be seen that the kinetics of ingestion and kill=-

ingwere similar to that of previous studies with C.albicans,

Phagocytosis was at a maximum within the first ten minutes of
incubation whilst ontimum killing was apparent at 30-40 mins.
A standard incubation time of 40 minutes was therefore chosen

to comply with that of the C.alhicans assay.

Effect of varying the C.parapsilosis/PMN ratio,

The organism/phagocyte ratio was altered altered in the same
way as described previously (page 95). Figure 2.17. shows
that phagocytosis and killing increased in a linear manner

up to a ratio of 5:1, However, at a ratio of 10:1, although
there was greater ingestion, the ability of PMNs to kill was
variable, Killing efficiency at ratios of 2:1 and below were
not as qgreat as a 5:1 ratio., In view of these findings a
ratio of 5:1 was chosen for use in the standard assay. This

decision was again in line with that of the assay for Candida

albicans.
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FIGURE 2,16, Phagocytosis and killing versus

incubation time for C.parapsilosis and PMNs,

Standard assay conditions, OPEN symbols
renresent nhagocytosis, CLOSED symbols repre-

sent killing. Normal AR seecum was used,
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FIGURE 2,17, Effect of varying the Candida

parapsilosis/PMN ratio on phagocytosis and

killing. Standard AB serum concn and incu-
bation time. OPEN symbols renresent ingest-
ion, CLOSED symbols represent killing.

PMNs from two healthy individuals.
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Serum requirements. Experiments in which the ability of

normal PHMNs to phagocytose and kill C.parapsilosis in differ-

ing serum concentrations are shown in Figure 2,18 a and b,

In both sera phagocytosis increased linearly up to 2,5=5.0
ner cent serum concentration, reminiscent of C,albicans
enculfment under the same conditions., However, in serum
concentrations above 5% there was a reduction in values for
PTI., This was most marked in non-AB normal serum (FIG. 2.18b).
Phanocytic killing was low relative to ingestion at serum
concentrations bhelow 1.25-2.5 per cent.,  Ontimum values for
kKillina were reached at 2.0-5,0 ner cent., At serum concen=-
trations greater than 5,0% the dron in nhaococvtosis was

Airrored by a fall in killinn althouch the killing efficiency

remained hich,

It was evident that ohagocytosis and killing of C.parapsilosis

were optimal in 5.0% serum and therefore this concentration

was chosen Tor use in the standard assay., The standard assay

conditions for nhaqocytosis and killing of both C,albicans and

C.paransilosis were thus exactly the same in regard to serum

concentration, organism/phagocyte ratio, and incubation time.
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FIGURE 2,18a. Effect of serum concentration on the

nhaqocvtosis and killing of C,paransilosis by PMNs,

Normal AB serum was used under standard assay
conditions regarding incubation time (40 mins)
and organism/phagocyte ratio (5:1). PMNs from a

healthy subject.
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FIGURE 2.,18b, Effect of serum concentration on the

phagocytosis and killing of C.parapsilosis by PMNs,

Normal non-AB serum was used, Standard conditions
as for FIG. 2,.,18a.
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2-10. Modification of the assay to measure nhaqocytosis and

killing of C.,albicans by mononuclear nhagocytes (MNPs).

The ability of ILINPs (monocvtes) to ennulf and kill C,albicans

was comnared to PMNs, However, before analysing the time
course, Candida/monocyte ratios, and serum requirements for
monocyte associated phagocytic activity it was essential to
rule out that 1) Candida organisms stimulate 3H-uridine
incorporation into mononuclear cells, and 2) mononuclear cells

affect 3H—uridine uptake by Candida.

Does the presence of Candida stimulate uridine upteke by

mononuclear cells ? Experiments designed to answer this

question are presented in Table 2.6. It can be seen that

organisms did not affect mononuclear cell uridine uptake,

TABLE 2.6, Effect of Candida on the incorporation of 3H-uridine

by blood mononuclear cells,

Mixture description EXPT 1 EXPT 2
Monocytes + killed Candida 43355 31329
Monocytes alone 437%65 325¢31
Killed Candida alone 214 1815

Number of contaminating 5 5
3.2 X 10 2.8 X 10°
lymphocytes/well,

Uridine incorporation expressed as mean cpm:1 sd of twelve

o)
wells. Monocytes (4 X 104) and heat killed C,albicans (2 X 107)

3 .
were placed in a microtitre well containing 0.2 uCi “H-uridine
and 5% serum in a total volume of 200 ul. Controls containing

either mononuclear cells or heat killed Candida alone were also



113

prepared. The resulting mixtures were incubated for two
hours at 37°C before harvesting the cells and counting

radioactivity in the standard manner,

Is the incorporation of 3H-uridine by Candida affected by

mononuclear cell products ?

Figure 2,19, shows that there is reduced uridine uptake by

C.albicans when incubated with supernatants from cultures

containing monocytes for 90-120 minutes. Mononuclear cell-
Candida stipernatant and mononuclear cell supernatant did not
significantly differ from one another in affecting 3H-ur‘idine

incorporation by C,albicans. The possibility that mononuclear

cells and Candida were competing for serum nutrients was not
investigated. However, it was concluded that if was possible
to use a radiometric assay of this type for meaguring monocyte
phagocytic activity provided the incubation time with radio-

labelled uridine was restricted to 60 minutes.

2-11. Materials and Method,

Unless otherwise stated the assay procedure was as follows:
quadruplicate mixtures of mononuclear cells (containing

4 X 104.monocytes) and C,albicans (2 X 105) were placed in

'U' bottom microtitre wells in a total volume of 100 ul and
containing 2.5 per cent serum. Two control mixtures, also

in quadruplicate, were prepared containing either mononuclear
cells or Candida alone in the same quantities, volume and
serum concentration as above. Asecond series of wells the
same as the above were also set up in quadruplicates in the

same microtitre plate (see Figure 2.20 for layout).
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FIGURE 2.19, Effect of cultured blood mononuclear cell

products on 3H-uridine incorporation by C.albicans,
CLOSED ROUND symbols = Fresh medium, OPEN ROUND symbols

= Mononuclear cell-Candida supernatant. OPEN SQUARE sym-—

bols = Mononuclear cell supernatant.
6 heat
killed C.albicans and 5% serum in a total volume of 0.5

ml were incubated for two hours at 3?°C. Controls with

Mixtures containing 5 X 105 monocytes, 2,5 X 10

monocytes alone were also prepared. After incubation
the mixtures were centrifuged at 2500g for 10 mins,

The resulting supernatants (pH 7.2, 100 ul), or fresh
medium (100 wl), and 2 X 10° live C.albicans (100 ul)
were incubated together in microtitre wells for 40 mins
at 37°C prior to adding 0.2 uCi of SH-uridine/well.

C.albicans incubated in fresh medium also contained a

final serum concentration of 2.5% thus making such
preparations identical with the others. Incubation was
allowed to continue for varying periods of time up to
two hours. Time = O on the figure indicates time when

radiolabel was added.
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FIGURE 2,20, Schematic diagram showing layout of microtitre

plate for measurement of phagocytosis and killing by MNPs,
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FIGURE 2,21, Phagocytosis and killing versus incubation
time for MNPs and C.,albicans. Standard assay conditions

regarding organism/phagocyte ratio and serum concn,

OPEN symbols represent nhagocytosis, CLOSED symbols

renresent killing.
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Ingestion was measured from the first series of wells and

killing from the second series.

The microtitre plate was then incubated for 40 minutes at

37°C prior to adding 0.2 pCi of “H-uridine to each well,

100 pl of medium was then added to wells destined to provide

a measurement of phagocytosis whilst 50 ul sodium deoxycholate
and 50 ul DNAase were added to the second series of wells,

The plate was incubated for a further 60 minutes at 37°Cbefore
placing on ice for 15 minutes to detach any adherent cells,
Finally, cells were harvested and radioactivity counted in

the normal manner,.

Presentation of data

The PI and KI for monocyte phagocytosis and killing of Candida
albicanswere calculated with a modified formula which took

into account unstimulated uridine uptake by mononuclear cells:

cpm (Candida + MNPs) — (MNPs alone)
Pl orKI = — R

cpm Candida alone

The KE and OKE were calculated as described previously (page

90).
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2-12. RESULTS

Time course. Figure 2.21 shows a typical experiment in which

the assay was terminated at 20 minute intervals up to 60 mins.
It is apparent that 40 minutes is a suitable length of time
for incubation in the modified radiometric assay measuring

phagocytic activity of monocytes.

Effect of varying the Candida/MNP ratio., Figure 2.22. shows

two experiments using monocytes from healthy donors. Both
phagocytosis and killing reached a plateau at a 5:1 ratio.

At the higher ratio of 10:1 phagocytosis did not increase

and the killing efficiency was comparable to a 5:1 ratio.

The killing efficiency was lower at a ratio of 1:1 indicating
poor induction of phagocytic killing. Phagocytosis and kill-
ing were both optimal at a 5:1 ratio, this ratio was therefore

chosen for the standard assay,

Serum requirements., The effect of four different normal sera

on monocyte nhagocytosis and killing are shown in Figure 2.23.
Phagocytosis and killing are both at a maximum in 1,25<2,5%
serum, At serum concentrations greater than 2.%5% sera B and
D maintain a relatively high value for PI. On the other hand
sera A and C show..a substantial decrease in support of MNP
nhagocytosis at high serum concentrations, It appears that
some sera inhibit ingestion at high concentrations. However,
all sera fail to support monocyte killing at concentrations
between 2.5 and 20,0 per cent, In view of these findings a

serum concentration of 2.5% was chosen for the standard assay.
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FIGURE 2.22, Effect of varying the C.albicans/MNP

ratio on phagocytosis and killing.

OPEN symbols represent phagocytosis, CLOSED sym-
bols represent killing. Standard assay c¢conditions
in regard to incubation time and AB serum concn,
The organism/monocyte ratio was altered by vary-

ing phagocyte numbers.
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FIGURE 2,23, Effect of serum concentration on

phagocytosis and killing of C.albicans bv MNPs,

OPEN symbols represent phagocytosis, CLOSED
symbols represent killing. Standard assay
conditions in regard to incubation time and
organism/MNP ratio. All sera from healthy

donors.



120

2-13, Discussion.

It is important to determine whether defective phagocytic
killing is due to impaired ingestion or reduced phagocyte
killing capacity. The combined assay described measures
phagocytosis and killing independently from a single sample
and has the additional advantages of objectivity and sensi-
tivity. It is in part based on an earlier method for meas-
uring phagocytosis (Yamamura et al.,1977), but also detects
metabolic death by the absence of radiolabel incorporation
by microorganisms. The original uridine incorporation assay
has already been modified to measure phagocytosis of bacteria
(Lam and Mathison,1979) and it should be possible to adapt

the method for measuring phagocytic killing of bacteria.

The data nresented shows that assays for phagocytic function
must be carefully standardised in terms of organism/phagocyte
ratio, incubation time, and serum concentration in order to
achieve acceptable sensitivity and analytical performance.
Thus the ability of normal human phagocytes to kill fungal
blastospores is not fully challenged at Candida/phagocyte
ratios below 5:1 and a ratio of 10:1 may be necessary when
agents are tested for their ability to enhance phagocytic
candidacidal activity. At low organism/phagocyte ratios of
1:94 or 2:1 it would be expected that nearly all of the ingested
organisms would be killed. However, this did not occur which
suggests that there is insufficient activation of phagocytic
killing when only one or two organisms are ingested per PMN

or MNP. Presentation of larage quantities of microbes to
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phagocytes has been advocated by other workers (Clawson and

Repine,1976; Palmblad and Engstedt,1979),

A serum concentration of 5.0-10.0 per cent is optimal for
testing the intrinsic candidacidal capacity of human PMNs,
At lower serum concentrations the killing is limited by
humoral factors while higher concentrations consistently

inhibit phagocytic killing of C,albicans without affecting

it's ingestion. 1In contrast, the low killing of Candida

parapsilosis can be attributed to reduced ingestion, The

different effects of high serum concentrations on phagocytosis
and killing of these organisms demonstrates the analytical

potential of this assay.

Similar phenomena in relation to serum concentration has been
noted by Tofte and associates (1980) who found that relatively
high serum concentrations ( 25%) and prolonged incubation for
preopsonisation reduced the subsequent ingestion of certain
bacteria. Prolonged preopsonisation was alsb found to impair
the zymosan induced chemiluminescence of human PMNs (Williams,
Hastings, Easmon, and Cole,1980). Furthermore, the relation-
ship between serum concentration and phagocytic activity is
particularly salutory as many workers have used high serum
concentrations as well as low organism/phagocyte ratios in
their studies (Leijh, van Barselaar, and van Furth,1977; Oseas

and Lehrer,1978; Wood and White,1978),

Monocytes have different serum requirements for the ingestion

and killing of C,albicans. First, they function best in serum
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concentrations of 1.,25-2.5% as opposed to 5.0-10.0%, and
second, they are sensitive to high serum concentrations in

two distinct ways. Relatively high serum concentrations can
cause either a reduction in phagocytosis with attendant im-
paired killing, or, diminished killing with little effect on
phagocytosis. Therefore the behaviour of monocytes to Candida
albicans in high serum concentrations appeared to reflect the
behaviour of PMNs to different organisms. It is unlikely that
the disparate results with MNPs were the function of sera from
different sources because the behaviour of normal PMNs towards

C.albicans and C.parapsilosis with different sera was always

consistent and denended on the organism. Since different MNPs
were used it seems probable that they were responsible for the
variation in phagocytic activity to C.,albicans. Unfortunately,
individual sera were not tested against several sources of MNPs,
Although not proven here, the differential response of mono-

cytes towards C.albicans could be related to their mode of

storage as it has been reported that cooling can cause the loss
of MNP Fc and C3 receptors (Kavai et al,,1980)
Monocytes from cell-separator residues were subjected to 4°C

storage prior to use as were freshly isolated MNPs on occasion,

A former killing assay which measures 51Cr release from Candida
albicans (Yamamura et al.,1976) occasionally gave values of
killing greater than 100%, indicating that this technique might,
in addition to killing, be measuring digestive release of 51Cr

from the organisms. Relevent to this was the observation that

-
monocytes released J1Cr from C.albicans in an 'organism age'’

related manner (Cooper, personal communication), suggesting
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that older blastospores were more susceptible to killing and
degradation, It was also noted that in experiments which did
not demonstrate 100% phagocytic killing there was always a
rapid release of label within the first 30 minutes followed

by a much slower release (Yamamura et al.,1976; Author's
observations). This is consistent with a rapid release of
label associated with killing followed by a slower digestive
release of label. Slow release of label could reflect the
'‘residual killing capacity' reported by other workers (Raeburn,
van Zwet, Leijh, and van Furth,1980). 1Interestingly, the
3H—uridine incorporation technique showed rapid death followed
by a plateau, More extensive studies are needed sincCe the
clinical potential of a digestion assay is very great partic-
ularly in relation to patients with chronic infections who

may have impaired ability to digest and process antigen and

may therefore be in a state of antigen overload.
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CHAPTER 3

THE DEVELOPMENT AND TECHNICAL CONSIDERATIONS OF A MICRO-TEST

MEASURING TODINATION OF C.ALBICANS BY POLYMORPHONUCLEAR

LEUCOCYTES.
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3-1. Introduction,

This chapter is devoted to the description of a micro~-

technique for assaying radioiodination of C.albicans by

PMNs, Standard assay conditions for this test are examined
and compared with those for the radiometric combined nhago-
cytosis and killing assay.

Myelooeroxidase—halide-H202 mediated killing of microorganisms
by nhagocytes has been discussed in Chapter 1 (page 57) and

therefore no further mention will be necessary.

3-2, Materials and Methods.

The standard procedure for micro-radioiodination of C,albicans

was as follows unless otherwise stated. Quadruplicate 200 ul

volumes of medium containing 2 X 105 PMNs, 1 X 106 C.albicans,

10.0% serum and 0.2 uCi of 125Iodine were placed in 'U' wells

of a Sterilin M24AR microtitre plate. Control mixtures which
did not contain PMNs or Candida were also set up in quadrup-
licate. A schematic diagram showing the layout of a typical
microtitre plate is given in Figure 3.1. The microtitre plate
was incubated for 90 minutes at 37°C before collecting insoluble
radiocactivity onto glass fibre discs with a Skatron harvester,
The discs were then dried and placed in 2ml flat-bottomed

plastic tubes for counting in the Y-spectrometer,

[gooqwe@qpoogl

7 [

T a W4
SERUM SERWM SERUM
PHAGOCYTES PHAGOCYTES CANDIDA
CANDIDA

FIGURE 3.,1. Schematic diagram showing layout of microtitre

nlate for microradioiodination of C.albicans by PMNs,
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3=-3, Presentation of data.

Results for iodination of C.,albicans are expressed in raw

counts per minute (cpm) and caculated by the following
formula:

12 6

5I (com) fixed/1 X 10~ blastospores = T =— {(C1+C2) (cpm)

where T = the cpm obtained from experimental wells, C1
represents cpm from mixtures without organisms, and C2 = cpm

from mixtures without phagocytes,

Between 5 and 10 per cent of the original radioactivity was
recoverable from insoluble material as a result of the inter-
action of Candida and phagocytes in optimal seer concentrations,
Renlicate error within an experiment was less than 8,0%,

Recause results are expressed in cpm values are corrected for

=
1231 decay when several experiments are shown together.

3~-4, Technical comments,

a, Effect of different types of microtitre plate on the

harvesting efficiency.

An initial problem of uneven counts was explained by the
nature of the microtitre plate employed. Figure 3.2. shows
that a substantial amount of radioactivity associated with
discs was lost when experiments were conducted in Sterilin
tissue culture grade (M24ART) plates. This was not so severe

when ordinary (M24AR) nlates were used. Moreover, replicate
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FIGURE 3.2. Effect of different types of micro-

titre plate on harvesting efficiency.

Two experiments using PMNs from healthy donors,
Standard assay conditions in regard to organism/
phagocyte ratio and incubation time.

ROUND symbols indicate radioactivity associated
with discs, SQUARE symbols indicate radiocactivity
associated with wells. OPEN symbols represent
experiments in Sterilin M24AR plates, CLOSED
symbols represent experiments in Sterilin M24ART
plates.

Radiocactivity associated with microtitre wells
was measured after cutting up microtitre plate
with a bandsaw, Individual wells were placed in

tubes and counted in Y=spectrometer,

error was less if non-tissue culture grade plates were used,

The proportion of radicactivity remaining in the wells of
M24ART pnlates was greater if the Candida/PMN ratio was low
(FIGURE 3.3.). When the effect of the Candida/PMN ratio was

examined in M24AR plates it was found that negligible amounts
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of radioactivity were lost even at low ratios.
As a result of these findings it was considered prudent to

use M24AR plates in future experiments,

100

50

PERCENTAGE OF 1251 N WELLS

11 21 10
CANDIDA/PMN RATIO

FIGURE 3.3. Effect of C.albicans/PMN ratio on

harvesting efficiency when tissue culture grade

plates are used.

Standard assay conditions regarding incubation
time and serum concentration. Ratios altered

by changing phagocyte numbers.

h. Harvesting nrocedure,

Trichloracetic acid (TCA) is commonly used to precipitate
protein bound radioactivity. The possibility that this

could precipitate radioiodinated serum proteins was confirmed
by the results shown in Figure 3.4. It can be seen that the
amount of radioactivity collected in the presence of TCA was
always greater than that collected by distilled water.

This was more pronounced at serum concentrations between 10,0

and 20.0 per cent. Although it is possible to remove this
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source of error with appropriate controls it was considered
preferable to use distilled wdter and avoid measuring the

serum binding of iodide.

-
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FIGURE 3.4. Comparison of trichloraceti¢c acid with

distilled water for harvesting microradioiodination

experiments.,

200 pl volumes of medium containing serum in concns
ranging from 0-20.0% were placed in 'U' wells of a
M24AR microtitre plate. Each serum concn was set up
in sextuplet. Another microtitre plate was prepared
in an identical manner, To each well was added 0,2
pCi 1251 and the plates incubated for 90 minutes,
Radioactivity from one of the plates (CLOSED symbols)
was collected with 10.0% TCA, whilst radioactivity
from the other plate was collected with distilled
water (OPEN symbols). Radiolabelled material was
collected onto glass fibre discs and counted in the

usual manner,
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5., Standardisation of micro-iodination assay.

3

Time course, Iodination increased linearly up to 60 minutes

(Figure 3.5.). However, maximal counts were usually obtained
when the incubation time was 90 minutes. An incubation time

of 90 minutes was therefore chosen for the standard assay.

30 0CO

20 000

1251 FIXED (CPM)

10 000

d

0 T T T 1
0 30 60 90 120

TIME (Minutes)

FICURE 3.5. Iodination of C.albicans by PMNs versus incubation

time., Standard assay conditions for serum concentration and
organism/phaqgocyte ratio, PMNs and autologous sera from heathy

donors,

The Candida/PMN ratio. Figure 3.6. shows that maximum iodin-

ation was achieved at a 5:1 ratio. There was less iodination
at 10:1 ratios than at 41:1 Candida/PMN ratios. A ratio of 5:1

was therefore chosen for the standard assay.

Serum requirements. 1In normal serum iodination rose with

increasing serum concentration until a peak was reached at
5.0-10.0 per cent serum. Iodination fell in higher serum

concentrations (Figure 3,7.). Significantly lower iodination
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occured when heat-inactivated serum was used (Fig.3.7.).
A serum concentration of 10.0% was chosen for the standard

assay.
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FIGURE 3.6. Effect of varying the organism/phagocyte ratio on

jodination of C.albicans by PMNs, Ratio altered by changing
phagocyte numbers. PMNs and sera from healthy donors. Standard

assay conditions for serum concentration and incubation time.
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FIGURE 3.7, Effect of serum concentration on iodination of

C.albicans by PMNs, OPEN symbols represent normal sera, CLOSED

symbols represent sera which have been heat-~inactivated (5600/
40 mins). PMNs and autologous sera from healthy donors,

Standard assay conditions.
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3-6. Discussion.

The microradioiodination method described is based on a similar
technique devised by Hosking et al. (1978). It requires only

small amounts of blood and is simple to perform,

The effect of organism/phagocyte ratios and serum requirements
are in excellent agreement with the results obtained with the
radiometric phagocytosis and killing assay described in the
previous chapter, Of particular interest are the common optimal
serum concentrations of 5-10% and the reduction in both Candida
killing and iodination observed in higher serum concentrations,
A strikingly similar dependence on serum concentration was
demonstrated by Klebanoff and Clark (1977) in their improved
assay for iodination of zymosan by PMNs., They ;lso demonstrated
that C3 or C4 deficient serum were incapable of supporting
iodination of zymosan by PMNs, Since zymosan is opsonised

via the alternative complement pathway it was argued that the
low iodination in C3 deficient serum was due to poor ingestion.

However, low iodination of C.,albicans by PMNs was observed in

serum concentrations which fully supported phagocytosis. It
therefore seems likely that stimulation of iodination was
independent of antibody mediated opsonisation. Moreover, in
heat-inactivated serum (FIG.3.7.) reduced ingestion does not
fully account for inefficient iodination. Therefore, it is
possible that complement components are not only opsonic but
also are involved in the processes which terminate in microbial

iodination. This will be examined further in the next chapter.

Todination at organism/phagocyte ratios of 1:1 was low when
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compared to a 5:1 ratio. This finding supports the idea that
killing processes are not fully induced when PMNs are challen-
ged with low numbers of Candida. High organism/phagocyte
ratios were also relatively inefficient at promoting iodination
which suggests that killing processes may be saturated or
antagonised by phagocytic ingestion of large quantities of

microorganisms,

Care should be exercised when selecting commercially available
products for laboratoery use. The results for iodination in
two types of microtitre plate confirm this and emphasise that
the more expensive materials are not always the best for the
job., Finally, investigation of simple procedures can avoid
unecessary work,. This is apparent from the obsenrvation that
distilled water was preferable to 10,0% TCA as a harvesting

fluid in the micro-iodination techniqgue.



134

CHAPTER 4

THE BASIS OF EXTRINSIC PHAGOCYTIC KILLING: THE INFLUENCE OF

C3 ON INTRACELLULAR KILLING BY PMNs AND MNPs,
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4-1 Introduction

The salient feature of extrinsic phagocytic activity in

relation to C.albicans and PMNs was the disparity between

phagocytosis and killing at low and high serum concentrations.
Since it had already been shown that C3 is required for

nhaqgocytic killing of C.albicans (Yamamura and Valdimarsson,

1977) it seemed likely that the observed differences between
onsonisation and the humoral support of killing reflected
differences in the effect of specific antibody and C3 on

the phagocytic process. Therefore, at concentrations of
intact serum below 5.0% enough opsonising antibody is present
to promote ingestion whereas killing is probably limited by
the availability of activated C3. Similarly, the drop in
phagocytic killing in serum concentrations above 10,0% could
be due to relatively rapid inactivation of particle~bound C3b
by the combined action of (1H and C3bINA (Whaley and Ruddy,
19763 Pangburn, Schreiber, and Muller-Eberhard,1977).

A process which may be less effective at lower serum concen-

trations because of insufficient amounts of inactivators.

This chapter illustrates various experimental approaches
which sought to confirm the view that C3 is required for
phagocytic killing of Candida by PMNs. Additionally, an
examination of the role of C3 in monocyte killing of Candida

albicans will be presented,
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4-2, Materials and Methods.

Standard assay procedures for phagocytosis and killing and
micro-iodination were followed unless otherwise stated.
Descriptions of other methods are placed with the relevent

results,

RESULTS

4-3. The effect of heat-inactivated serum on phagocytosis

and killing.

A significant reduction in microbial iodination by PMNs
occured when heat-inactivated (56°C/40 mins) serum was used
in place of fresh serum (Figure 3.7.). This could have been
due to poor opsonisation and subsequent phagocytosis, or,
alternatively, normal levels of phagocytosis but impaired
killing, The ability of two normal but heat-inactivated

sera to support phagocytosis and killing of C.albicans by

PMNs is shown in Figure 4.1, Compaired with intact serum

there was reduced ingestion in the presence of heated serum,

although maximal phagocytosis was achieved at the same serum

concentration (1.25%). However, the failure of heated serum

to supnort intracellular killing was much more striking as
o

killing was virtually absent at corcentrations below 5,0% and

increased only marginally un to 20.0%,

Heat—-inactivated serum had a similar effect on the phagocytosis

and killing of C.parapsilosis by PMNs (Figure 4.2.), but the

reduction in killing was more severe in that death of this
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organism was detectable only in 20,2% serum,

Monocytes, in contrast to PMNs, did not appear to have their
function blunted by heat-inactivated serum, instead maintain-
ing good levels of phagocytosis and killing at heated serum
concentrations of between 1.25% and 10,0%.(Figure 4,3,), It
was also noticed that in high concentrations of heated serum
there was more killing than in corresponding concentrations of

normal fresh serum.

PHAGOCYTIC and KILLING INDICES
N W

-
'l

0 0,625 1,25 2,5 50, 10,0 200
PERCENT HEAT INACTIVATED (56 C/40min) SERUM.

FIGURE 4.1. Two exneriments showing the effect

of heat-inactivated serum on phagocytosis and

killing of C.albicans by PMNs,

Standard assay procedure, Sera from two healthy

donors,
OPEN symbols represent phagocytosis, CLOSED sym-

bols renresent killing.
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INDICES

14

Z oG

0 0,625 1,25 2,5 50 10.0 20,0
PERCENT SERUM CONCENTRATION (Lg2)

PHAGOCYTIC and KILLING

FIGURE 4,2, Effect of heat~inactivated serum on

phagocytosis and killing of C.parapsilosis by
PMNs,

ROUND symbols represent normal AB serum, SQUARE
symbols represent heat-inactivated (56°C/4O mins)
AB serum, OPEN symbols represent phagocytosis,
CLOSEND symhols represent killinq.

Standard assay conditions.
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FIGURE 4,3, Effect of heat-inactivated serum

on nhagocytosis and killing of C.albicans by

MNPs. Standard assay conditions.

SQUARE symbols represent normal, fresh serum.,
ROUNS symbols represent serum which has been
heat-inactivated (56°C/40 mins). Serum was
obtained from same healthy donor.

OPEN symbols = nhagocytosis, CLOSED symbols =
killing.
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A4-4. Effect of heat-labile serum components on PMM oxygen

consumption,

An increase in oxygen consumption is the cardinal feature of
the metabolic¢c changes in PMNs associated with microbial kill=-

ina (see Chapter 1, Section B),

Table 4,1 shows that there was a significant reduction in

oxygen consumption by PMNs sub jected to C,albicans opsonised

in heat-inactivated serum when compared with normal fresh

serum, It can be seen that failure to provoke oxygen uptake

in the presence of heated serum was not due to npoor ingestion
(Table 4.2.). Also, adequate oxygen consumption in the presence
of serum-treated, washed organisms proves that ;he blastospores
were coated with a serum factor, or factors, which promoted

0O, uptake by PMNs and that soluble substances were not in-

2

volved,

Heated serum with high antibody titres to C.albicans failed

to stimulate oxygen consumption or phagocytic killing by
PMNs. This implies that antibody does not participate in
the metabolic stimulation of PMNs which leads to the death

of C,albicans,

There was no lag between addition of Candida and uptake of

oxygen by PMNs in any of the sera tested which indicated that
organisms were optimally opsonised (Nakamura et al.,1981).

This was also confirmed microscopically.
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TABLE 4.1, The influence of heat-labile serum conmponents on

oxygen consumption by PMNs stimulated with C.,albicans.

RUN Basal Rate Normal Normal NHS Normal
human human serum High human
serum (56 C/40 mins) titre serum.,
{NHS) ab. wWashed

Candida

1 0 58,80 2.20 11,10 60,20

2 0 73.50 2.40 nd 71,30

3 0 73.70 0 3.0 73,40

Results expressed as nM 0./2 X 107 PMNs/minute,

Oxygen consumption was meisured using a Clark-type oxygen
electrode in a water-jacketed vessel at 37°C. Mixing was
accomplished by an integral magnetic stirrer. Opsonised
Candida were added to PMN suspensions to give a final organism/
phagocyte ratio of 5:1. The volume of the mixtures was 1.2 ml.
Candida blastospores were opsonised in appropriate volumes of
5.0% serum at 37°C/15 mins before concentrating by centrifug=
ation,

The human serum with high antibody titres to C.albicans was

the gift of Dr DWR Mackenzie, LSHTM, London WC1E 7HT. This

serum had an agglutinating titre of 1/32 according to the

method of Vvarnock et al.,1979., It was heat-inactivated to
avoid heat labile serum component-mediated stimulation of O2
consumption or phagocytosis and killing.

Opsonised washed organisms were prepared as above but were

washed three times in medium after serum treatment.

TABLE 4.2. Phagocyfosis and killing of C.albicans by PMNs using

the same sera employed in the experiments presented in Table 4.1.

Serum (5.0%) PI KI KE (%)
NHS 4,40 3.0 68
NHS (56°C/740 mins) 2.30 0.55 24

NHS (high ab, titre) 3.50 0.50 14
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4-5. Effect of C3 on intracellular killing by PMNs,

The previous results are consistent with a complement
dependent candidacidal activity of PMNs. Conversely, it
would appear that monocytes are unaffected by the absence
of heat-labile serum factors (Figure 4.3.). To examine
the nature of heat-labile serum dependent killing various
complement deficient sera were examined for their ability

to support phagocytosis and Killing of C,albicans by PMNs.

Table 4,3. shows that although C3 is not essential for

phagocytosis of C.,albicans it is required for intracellular

killing of this organism by PMNs at low serum concentrations
in vitro. There was no such requirement for early classical
nathway activity nor was activation of C5-C9 needed., 1In
another experiment it was shown that purified C3 could replace
the extrinsic phagocytic activity of C3 deficient serum (Table

4.4.).

TARBLE 4,3, Effect of various comnlement deficiencies on the

nhagocytic killing of C.albicans pv PIMMs in vitro.,

Serum (5,0%) PI KI KE (%)
C2-deficient human serum 3.45 2.75 80
C3-deficient human serum 3.55 0 0
Ch-deficient mouse serum 3.20 3.15 o8

. . o
Heat~inactivated (56 C/40 3.60 0 0

mins) human serum

Normal human serum 4,65 3.10 67
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TABLE 4.4, Restoration by purified C3 of intracellular

killing in C3 deficient human serum,

Serum (5,0%) PI KI KE (%)

Normal human serum 3.85 2.50 65

C3 deficient human
serum

C3 deficient serum
+ purified C3 3.0 1.65 55
(40.0 yg/ml)

4-6. Effect of C3 on jodination by PMNs.

Table 4.5, illustrates three experiments which éonfirm that

there is a concomitant reduction in iodination of C.albicans

by PMNs in C3 deficient serum. Also demonstrated is the

denendence for C3 in PMN killing of C,parapsilosis, again

accompanied by poor microbial iodination. The reduction in
iodination which took place in C3 deficient serum could not

be fully accounted for by diminished ingestion,

4-7, Monocytes kill C.albicans in C3 deficient serum,

The ahility of monocytes to phagocytose and kill C,albicans

in heat-inactivated serum is explained by their independence
of humoral C3 (Table 4.6.). These results however do not
rule out the possibility that monocytes utilise their own
resources of this molecule when it is not available in serum

(Brade et al.,1977; Whaley,1980).
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TABLE 4.5, Phagocytosis, killing, and iodination of C.albicans

and C.parapsilosis by PMNs in C3 deficient human serum.

C.albicans C.parapsilosis
EXPT No. EXPT No.
1 2 3 1 2 3
PI 2.60 2.75 2.50 2.50 2.30 2.75
KI 1,80 2.05 2.10 2.20 2.35 2.80
KE (%) 69 75 84 28 100 100
fgg;?ati°” 19750 18300 17750 22400 17900 20400
PI 1,70 2.95 2.70 1.75 3.65 2.70
KI 0 0.45 0.70 0 0,35 0.90
KE (%) O 15 26 0 9.5 33
Fodination  g,4, 4500 6800 11000 7600 6100

(com)

TABLE 4.6, Phagocytosis and killing of C.albicans by MNPs in

C3 deficient human serum.

Serum PI KI KE (%)

Normal human -
. 6r
serum (5.0%) 3.05 2.9

Normal human
. 3.05 04
serum (2,5%) 3.25 '

C3 deficient

human serum 3.30 3.15 95
(5.90%)

C3 deficient

human serum 3.10 3.30 100
(2.5%)
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4-8. Effect of trypan blue and heparin on phagocytosis and

killing by PMNs.

The dye trypan blue has been shown to inhibit attachment of
PiINs to C3 coated sepharose beads and uptake of complement

opsonised Staph.,aureus (Guckian, Christensen, and Fine,1978).

This activity was restricted to the C3 receptor and did not
affect the Fc receptor. Moreover, it was shown that C3
receptor bearing cells other than PMNs could be similarly

antagonised (Harper, Fine, Guckian, and Cavallo,1981).

The presence of trypan blue in the phagocytosis and killing
assay should therefore be reflected by it's action on the

PMN C3 receptor. Figure 4.4, demonstrates that .trypan blue
inhibits Candida killing by PMNs in a concentration dependent
manner, The results are presented as values of KE since

there was also a deleterious effect on ingestion,

Henarin modulates the alternative pathway CI3 convertase by
nreventing it's formation (Weiler et al.,19783) or causing
breakdown by enhancement of (1H and C3INA activity (Kazatchkine
et al.,1979b), It also has inhibitory activity with respect

to the classical pathway (Raepple, Hill, and Loo0s,1976;

Loos, Volanakis, and Stroud,1976a and b), It's anticomplement-
ary activity is demonstrated by the absence of C3 breakdown

in the presence of C.albicans and heparin but not C,albicans

alone (Figure 4.5.). The addition of heparin to normal serum
in the phagocytosis and killing assay should therefore make

the serum behave as if it was C3 deficient.
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FIGURE 4,4, Effect of trypan blue on phagocytic
killing of C.,albicans by PMNs.

Standard assay conditions.
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FIGURE 4.5, Effect of heparin on complement activation.

Tracings of two dimensional immunoelectrophoresis patterns
showing the absence of C3 conversion by C.albicans in the
presence of 200 U heparin (tracing A). Tracing B shows a
normal pattern of C3 breakdown in the presence of Candida.
Tracing C is the control which shows that C3 remains un-

converted if Candida is absent.

Conversion was allowed to proceed for 20 mins/37°C in 1.0 ml
volumes of medium containing 20.0% normal serum with 2 X 106
hlastospores and 200 U/ml heparin. Control mixtures without
heparin or without C.,albic¢ans were also prepared. The reaction

was stopped by the addition of EDTA (final concn, 1 mM),

Samnles were electrophoresed in the first dimension (10) in
1.20% aqarose containing 20 mM barbitone buffer pH 8.6 for

60 mins 10V/cm. The gels were then cut and electronhoresed

in the second dimension (20) angainst 1.2% agarose 20 mM
barbitone buffer containing antibody to human C3 (Seward) (20
ug/ml gel) for 2 hours 6-8V/cm,

The plates were then dried and stained with Coomassie Brilliant
Blue (0.5% w/v in 10% glacial acetic acid=-45% ethanol soln,).

Destaining was carried out in acid-ethanol soln., without dye.
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Figure 4,6. shows that heparin has a dose dependent effect

on nhaqocvtic kKilling of C.albicans by PMNs,

1001

KE [PERCENTAGE OF INGESTED ORGANISMS KILLED]

L) T ¥

0 12,5 25 50 100 200
HEPARIN (units /ml)

FIGURE 4,6, Effect of heparin on phagocytic killing of

Candida albicans by PMNs, Standard assay conditions,

The failure of Saccharomyces cerevisiae to be opsonised by

C3 in the nresence of heparin is shown in Figure 4.7, which,
as a comparison, includes phagocytosis and killing of Candida
albicans at the same heparin c¢concentration. The normal

opsonic activity of serum for S.cerevisiae is similar to that

of C,albicans (Figure 4.8.). Also included in the latter

figure is the serum of a healthy individual who exhibits an

onsonin defect at serum concentrations lower than 20.0%,
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FIGURE 4.7, Effect of heparin on the opsonisation of

Saccharomyces cerevisiae. Standard assay conditions,

OPEN symbols represent phagocytosis, CLOSED symbols
renresent killing. ROUND symbols = Candida albicans,

S3QUARE symbols = S,cerevisiae,

The action of heparin on monocyte phagocytosis and killing

of C.albicans is shown in Table 4.7, It can be seen that

heparin does not affect the candidacidal capacity of MNPs

in either normal or heat-inactivated serum,

TABLE 4,7. Phagocytosis and killing of C.albicans by MMPs

in the presence of heparin,

Serum (2,50%) PI KI KE %
Normal human serum (NHS) 4,40 3.10 70
NHS 4+ heparin (200 U/ml) 3.50 3.35 96
Human serum (5600/40 mins) 3.50 3.0 86

Human serum (56°C/4O mins)

3.70 3.05 82
+ heparin (200 U/ml)
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FIGURE 4.3. Effect of serum concentration on nhagocytosis and

killing of S.cerevisiae by PMNs,

OPEN symbols represent phagocytosis, CLOSED symbols represent
killing. ROUND symbols represent serum from a healthy donor,
SQUARE symbols renresent serum from a healthy donor with an
antibody-indenendent opsonin defect,

Standard assay conditions as for phagocytosis and killing of
C.alhicans by PMNs,
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4-9, Do CGD PMNs lack the C3 recentor ?

All of the previous results are consistent with a requirement

for C3 in the phagocytic killing of C,albicans by PMNs. The

question then arises as to whether CGD PMNs lack a C3b receptor
which can transmit the stimulatory signal given by C3 coated
narticles., To test this idea PMNs from an individual with

CGD were analysed for their ability to ingest S.cerevisiae in

serum concentrations which do not provide antibody for opsoni-
sation (Yamamura and Valdimarsson,1978), The results, which
are shown in Table 4.8., indicate that this individual does

nossess C3 receptors since Saccharomyces has been ingested as

well as C.albicans or C.parapsilosis,

TABLE 4,8. Phagocvtosis and killinag of C.albicans, C,para-

nsilosis, and S.cerevisiae by CGD PMNs,

CGD PiNs (J.V.)

ORGAMNISM PI KI KE (%)
C.albicans 3.30 0.35 11
C.parapsilosis 2.65 0.50 19
S.cerevisiae 3.0 0.65 22

CONTROL P!MNs

C.albicans 3,75 2.50 67
C.paransilosis 2,95 2.70 01
S,cerevisiae 3.90 2.85 73
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4-10, Discussion,

Antibody and complement act in concert tc promote ingestion
of marticles by PMNs (Mantovani,1975; Scribner and Fahrney,
1976). In this aspect of phagocytic activity it is believed
that the C3b receptor is primarily involved with recognition
and attachment of particles whilst the Fc receptor is resnon-—
sible for ingestion. Division of labour between immunoglobulin
and complement is also extended to metabolic stimulation of
PLINs since C3 coated sepharose beads can cause superoxide
anion pnroduction in the absence of IgG (Goldstein, Roos,
Kaplan, and Weissmann,1975; Goldstein, Kaplan, Radin, and
Frosch,1976; Tedesco, Trani, Soranzo, and Patriarca,1975),
However, IqG, if present on the bead surface, can increase
the superoxide response to C3 as well as initiate degranu-
lation, It was also shown in these studies that F(ab')2 anti
C3 abolishes superoxide anion generation by PMNs in response
to sepharose~C3 whereas F(ab')2 anti-IqG reduced but did not
abolish the oxidative resnonse to sepharose-C3-IgG.
Stimulation is unrelated to ingestion in this system since
the sepharose beads were far larger than the PMNs, However,
it is not known if immunoglobulin by itself can stimulate
superoxide nroduction since beads treated with heat-inactivated

serum or normal serum in the presence of EDTA did not attach

to PMNs,

There have been reports that aggreqated IgG, when attached to
non-nhagocytosable surfaces, can induce PMNs to increase their

oxidative metabolism (Henson and Oades,1975; Johnston and
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Lehmeyer,1976; Kiyotaki, Shimizu, Vlatanabe, and Yamamura,1978),
All of the latter studies have the disadvantages that it is
difficult to ascertain 1) the effect of immunoglobulin or C3
density on the particle surface, 2) receptor accessability to
immunoglobulin or C3 coated onto particles, and 3) the particle
surface itself when in apposition to the phagocyte membrane

with immunoglobulin or C3,

The results presented in this chapter give further credence to
the dual nature of extrinsic phagocytic activity. In regard
to this, the term 'procidin' has been proposed by Valdimarsson
and Yamamura (1979) for humoral substances which render micro-
organisms susceptible to the action of intracellular killing
mechanisms, Such activity should be clearly dis;inguished
from onsonisation even if a single suhstance disnlays both,
Specific antibodies have only opsonic activity and do not act

as procidins for PMN killing of either C,albicans or C.para-

psilosis. On the other hand C3 has both opsonin and procidin

activity towards both of these organisms,

Assiqgning a dual role for C3 in opsonisation and procidination

of S.cerevisiae is not feasible because immunoglobulin, at the

serum concentrations used in the assay, does not figure signif-
icantly in the PMN phagocytic response to this organism. The

absence of C3 necessarily results in the abolition of ingestion
and therefore determining the dircct importance of C3 in nhago-

cvtic killinq of S.cerevisiae is impossible,

Ir contrast, the presence of Ig ana absence of C3 in enqulfment

and killing of C.albicans or C.parapsilosis has a twofold effect.
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First, there was a reduction in phagocytosis indicating opsonin
activity for C3, Second, there was total abrogation of intra-
cellular killing confirming absolute dependence on C3 for it's

function as a procidin.

Several studies have demonstrated that the oxidative system of
PMNs is associated with the plasma membrane. Exnerimental
approaches to this subject have included morphometric work

Karnovskv
rnovs

iy AR “Yoe

(Nathan, Baehner, and Weaver,1969; Briggs, Drath

and Karnovsky,1975; Briggs, Karnovsky, and Karnovsky,1977),
cell fractionation (Segal and Peters,1977; Segal and Jones,
1979a), and use of surface acting agents (Goldstein et al.,
1977; Takanaka and O'Brien,1975). Further evidence for an
ectoenzyme system can be derived from phagocyte-parasite
interactions (Mackenzie et al,,1981) and lectins (Romeo,

Zabucchi, and Rossi,1973).

It therefore seems likely that C3 coated onto the microbe
surface initiates oxidative metabolism by interacting with the
PMN C3b receptor, This is supported by the observation that
there was insignificant oxygen consumption by PMNs when

stimulated by C.,albicans in the presence of heated serum,

What is more it was found that trypan blue, which interferes
with C3 receptors, also inhibited phagocytic killing. Heparin,

which prevents C3 conversion, had a similar effect.

The ability of some orqanisms to provoke oxygen consumption

when coated oniy with antibody miaght be related to the points
raised earlier concerning ligand surface density or accessi-
bility. Another nossibility is that these organisms possess

surface molecules which mimic C3b (Fine et al,,19080).
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The biological advantage attending a microorganism with
surface C3b=-1ike molecules is difficult to envisage unless
these structures interfere with true complement activation
or, alternatively, are used to gain entry into a cell for
the purpose of establishing a parasitic existence (Jack and
Ward,1980). Conversely, the power of other organisms to
escape intracellular destruction could be related to a
failure of the humoral immune system. A possible example is
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destruction and has very low complement fixinan activity

(Horwitz and Silverstein,1981).

Monocytes apnear to be totally independent of serum derived

C3 for phagocytic killing of C.,albicans, Therefore, they

either use endogenous sources of this molecule or employ
different methods to initiate killing processes, It was
interesting to note that they were incapable of killing
efficiently in high concentrations of normal but not heat
inactivated serum. A possible interpretation is that monocyte
derived C3 is subject to inactivation in high concentrations

of fresh serum but not serum which has been heated.

Other workers have found that heat labile serum factors raise
the microbicidal capacity of monocvtes (Leijh et al,,1979).
This activity was largely denendent on the ahility of the

test organism to nroduce catalase (leijh, van Zwet, and van
Furth,1930). It was found that catalase negative strento-
cocci were killed in the absence of serum much more effective=-

ly than catalase positive streptococci or E,coli. Moreover,



the presence of serum increased the ability of monocytesto
kill catalase positive microbes but did not enhance their
capacity to kill catalase negative organisms. This was
because efficient killing of catalase negative organisms was
already taking place in serum free conditions. Taken together
these results imply that catalase negative organisms commit
suicide by providing the phagocyte with H202 which can nartake
in peroxide dependent killing. On the other hand, catalase
positive organisms do not release H202 and intracellular

killing therefore relies upon stimulation of oxidative MNP

metabolism by heat labile serum factors,

Althouagh the findings of Leijh and his associates do not
agree with the results presented here contrary lines of
evidence suggest that serum is not involved in monocyte

killing of C.albicans (Diamond and Haudenschild,1981), In

the latter study a radiometric technique to measure the
metabolic activity of hyphae was used to examine MNP-mediated
damage to hyphae and pseudohyphae, It was found that monocytes

could damaae C.albicans in the absence of serum unlike PMNs

which did require serum for optimal hyphal damage (Diamond,
Krzesicki, and Jao,1978). Similarly, macrophage cytotoxicity
towards tumour cells has been shown to be indenendent of serum
(Keller,1979). These discrepancies of monocyte/macronhage
function are probably related to the wide spectrum of MNP

differentiation or the exnerimental aoproaches adonted by

different workers,

Trynan blue has been repnorted to delay rejection of skin grafts
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(Brent and Medawar,1961;Kripke, Norbury, Gruys, and Hibbs,
1977) and syngeneic tumours (Kripke et él.,1977). It also
sunpresses cell mediated cytotoxicity towards tumour cells
and appears to prevent antibody binding to target cells

(Scornik, Ruiz, and Hoffman,1979).

The results nresented here suggest that the immunosuppressive
properties of trypan blue are related to antagonism of the C3
receptor, Although trypan blue activity was restricted to
analysis in the PMN phagocytosis and killing assay, this con-
clusion is consistent with other reports which infer that
mononuclear cell cytotoxicity is related to endogenously

"

produced complement components (Sundsmo and Muller-Eberhard,

1979; Simone and Henkart,1980).

lemarin, in addition to anticomplement and anticoaqulant
activity, has been noted to interfere with chemotactic factors
in vivo (Berghem et al.,1978) and PMN cationic protein function

in vitro (Clark and Higginbotham,1970). With respect to the

last study there is no direct evidence for the antimicrobial
action of human PMN cationic proteins in vivo. The signifi-
cance of in vitro microbicidal activity is clouded because

the antibacterial properties of these proteins are independent
of alleged enzymic function (Lehrer, Mitchell, and Hake,1973;
Odeberg and Olsson,1975). Nevertheless, cationic proteins
have been alluded to in connection with oxygen-independent
(Lehrer and Cline,1969a;Lehrer, Hanifin, and Cline,1969;
Mandell,1974) and oxygen—dependent killing mechanisms (Segal
et al,,1981), The present studies do not discount the possi-

bility that heparin interferes with cationic proteins in vivo.
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However, the overwhelming effect on PMN candidacidal function
concommitant with absence of significant complement fixation
are together strongly suggestive of the two being closely

linked,

An examination of PMNs from a patient suffering from CGD for
the presence of C3 receptors was prompted by the data shown
here and two sets of observations. First, the findings of
Segal and others that the spectrum of a membrane bound b-type
cytochrome was missing in PMNs from individuals suffering

from X-linked CGD (Segal and Jones,1978; Segal, Jones, Viebster,
and Allison,19783; Segal and Jones,1979b). Second, the report
that the Kell phenotype Ko was strongly associated with CGD
(Giblett et al,,1971; Marsh, Uretsky, and Douglas,1975; Marsh,
Pyen, and Nichols,1976). The Ko phenotype is the result of

an absent gene product called Kx which is normally present on
'PMNs, monocytes, and red cells. The Ko phenotype is found in
boys with the X-linked form of the disease but not in the
autosomal form of girls, The exciting notion that the C3
receptor, cytochrome b, and Kell antigen were all one and the
same was furtHer reinforced by the observation of C3 receptors

on erythrocytes (Fine et al,,1980),

The results presented here do not confirm that theory.s
Mevertheless, since this particular patient lacked cytochrome
b activity it is still possible that in normal cells the cyto-
chrome is antigenically represented nc Kx and that the C3
recentor is a separaté entity., An alternative interpretation
is that cytochrome is present in the membrane but is unable

to produce a characteristic spectrum in redox conditions due
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to a missing prosthetic group, If this is correct then it

may be inferred that the cytochrome is synonymous with a
receptor which is still capable of binding C3 coated particles
but with no effect in certain forms of CGD. 1In any event it

would be worth investigating a larger group of patients.

A second mechanism, independent of oxygen, for phagocytic

killing of C.,parapsilosis (Lehrer,1972; Lehrer,1975; Lehrer,

Ladra, and Hake,1975) was not confirmed in the radiometric
phagocytosis and killing assay because CGD PMNs were unable to
kill this organism efficiently. It must be remembered that
the techniques adopted by Lehrer and his associates were not
optimal in terms of serum concentration or organism/phagocyte
ratio. Moreover, since the Giemsa staining method measures
digestion of ribonucleoprotein (Lehrer,1970) it is probable
that lysosomal enzyme degradation is reflected in the results.
If the radiometric assay was used with an extended incubation
time it might give results similar to those of Lehrer,

A method specifically for measuring phagocytic digestion may

also be useful in this regard.
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CHAPTER 5

CLINICAL APPLICATION OF THE PHAGOCYTOSIS AND KILLING ASSAY.
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5=-1, Introduction.

The majority of patients with abnormal infections and suspected
immunodeficiency do not have a classifiable immune deficiency
disorder, Nevertheless, it is likely that many of these
individuals have some primary immunological irregularity,.
However, their conditions remain undefined because the available
laboratory tests do not detect their disorder or, alternatively,
are insensitive or fail to mirror in vivo states.

Increased susceptibility to infection may also result from

an accumulation of borderline defects affecting two or more
components of the immune system. Unfortunately, it is not yet
possible to analyse, in a meaningful way, the overall effect

of several defects on total bodily defence,

This chapter is partially devoted to preliminary clinical
application of the combined phagocytosis and killing assay.
The effect of various antibiotics on in vitro phagocytic

activity is also presented,.

It should be pointed out that routine tests of immunological
function were not performed by the author. These tests were
carried out by members of the Clinical Immunology Dept.,, SMHMS,
London W2 with the exception of isohaemagglutinins and immuno-
alobulins which were determined by staff of the Blood Trans-—

fusion Dent., SMHMS, and Chemical Pathology, SMH, London W9,
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5-2., Materials and methods,

Intrinsic phagocytic activity was examined using non-limiting

conditions in regard to organism/phacocvte ratio (5:1) and
serum concentration (5.0%). FPFatients cells were tested in
beth control and autologous plasma or serum. Internal control
mixtures with healthy donor phagocytes in standard control

plasma or serum were also prepared,

The procidin activity of patients' serum was tested against

healthy control cells using a C.albicans/PMN ratio of 5:1 and

serum concentrations of 2.5% and 5.0%, 1Internal control
mixtures containing healthy donor phagocytes and sera from
standard control donors were also prepared. The lower serum
concentration (2.5%) was used because phagocytic activity is
linearly related to serum concentrations below 5.0% (see page
77). The normal ranges for extrinsic phagocytosis and killing

are agiven in Table 5.1.

TABLE 5.1, Normal range for extrinsic phagocytosis and killing

of C,albicans by PMNs,

Serum concentration PI KI KE (%)
5.0% 3.10«4,90 2.20-3,90 ’ 76
2.5% 2.80~-4,60 2.0-~3,20 70

n=32. Standard organism/phagocyte ratio of 5:1,
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Antibody independent opsonisation of S.cerevisiae was measured

with the radiometric assay devised by Yamamura and Valdimarsson
(1978). An organism/phagocyte ratio of 10:1 and serum concen-
trations of 1.25 and 2.50 per cent were used in the standard
assay. Patient's serum was tested against healthy donor PMNs,
Internal control mixtures contained serum from standard control

subjects.

Other studies included T lymphocyte enumeration by E-rosettes;

B lymphocyte enumeration by membrane fluorescence for surface
immunoglobulins; in vitro lymphocyte transformation with PHA,
PwMm, Con A, PPD, Herpes antigen; skin tests for delayed hyper-
sensitivity; IgE levels; serum immunoglobulins; isohaemagglut-
inins; viral antibodies; complement profile (C1q, C4, C3, and
CHSO); PMN chemotaxis; PMN reduction of NBT.

Some pnatients had all of the above tests whilst others had

selected tests of immune status,

390 patients were referred to the Consultant Clinical Immuno-

logist, SMHMS, because they had a history of infections which
were unusually frequent, persistent, severe, or complicated.
The majority were referred by dermatologists, paediatricians,
chest physicians, or allergists. When feasible patients with
abnormal test results were investigated again in remission
and significant defects only recorded if present when the

individual was free of overt disease.
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The effect of antibiotics on normal phagocytic activity was

analysed using a 5:1 C.albicans/PMN ratio and normal serum

concentration of 5.0%. The antibiotics were added at the start
of incubation or preincubated with phagocytes for 60 minutes
prior to addition of serum and blastospores,

Most of the antibiotics were obtained as commercially available
injectable preparations. Gramicidin base was the gift of
E.R.Squibb and Sons Ltd., erythromycin was obtained as a base
from Abbot Laboratories, and ketoconazole base was the gift

of Janssen Pharmaceuticals. Care was taken to avoid any toxic

preservatives or pH changes in the assay.

5-3. Clinical Results,

Figure 5.1. shows the percentage of defects found in the 390
patients suffering from abnormal infections. The majority of
defects were associated with reduced phagocytic activity (44%),
only 7.0% had abnormal lymphocyte function and 3.0% a classi-
fiable immune defect(Table 5.2.). Approximately fifty per

cent of the patients had no discernihle defect.

TABLE 5.2, Classifiable immune deficiency diseases obhscrved

in patients with abnormal infections.

DISEASE Number of patients

Hypogammaglobulinaemia
Vliskott-Aldrich syndrome
Ataxia telangiectasia

Chronic granulomatous disease

- N =S W,

Lazy leucocyte syndrome
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9%

FIGURE 5.1. Venn-=Euler diagram showing distribution of

defects found in patients suffering from abnormal infectijons,

PA = phagocytic activity defects, A = defects of lymphocyte
function, n = 390,
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Table 5,3, demonstrates the prevalence of various disorders
of phagocytic activity as defined by the radiometric tests.
Twenty-two per cent of the patients tested had low intrinsic
killing. No defects of intrinsic ingestion were discovered,
However, abnormal humoral phagocytic activity was relatively
common since 31% of the patients tested had low procidin
activity and 42% reduced antibody-independeﬁt opsonisation,
Nearly 25% of the patients tested for antibody-independent
opsonisation and procidins had both defects (Figure 5.2,),
whilst only 11% had abnormalities of both intrinsic killing
and antibody-independent opsonisation, There was also a high
association between procidin and intrinsic killing defects;

20% of those tested had bhoth defects (Figure ~.2.).

TARLE 5,3, Various defects of phacocyvtic activity in patients

with abnormal infections.

Defect of phagocytic activity Number positive/ (%)
total number tested

Intrinsic ingestion 0/112 0
Intrinsic killing 257112 22
Procidins 18/58 31

Antibody-independent opsonins 1297310 42
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51

53 n=38

3.3

FIGURE 5.2, Venn~Euler diagrams showing various defects of

phagocytic activity in patients suffering from abnormal

infections. Results expressed as a percentage.

0 = antibody-independent opsonins, P = procidins, IK
intrinsic killing., See text for details.
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5-4, Effect of antibiotics on phagocyte function,

The analytical potential of the radiometric phagocytosis and
killing assay is particularly well demonstrated by the results
nresented in Figure 5.3. Erythromycin showed a marked in-
hibition of phagocytosis and consequent reduction in killing
at 10wg/ml, Septrin however did not inhibit phagocytosis of

C.albicans at concentrations which completely abolished phago-

cytic killing of this organism. Septrin-induced microbial
survival was associated with low PMN mediated iodination of
Candida (inset Fig.5.3.). The antifungal drug ketoconazole

was able to improve phagocytic killing of C.albicans if

incubated with fungal blastospores for 2% hours prior to

addition of phagocytes (Table 5.4.).

The antibiotics which had no delcterinous effect upon PMN
nhanocytic activity included penicillin, gramicidin, gentamicin,
tetracycline, and metronidazole. Fiqure 5.4, shows the effect
of penicillin or aramicidin on nhagocytosis and killing of

C.alhicans by PMNs,

TABLE 5.4, The effect of ketoconazole on phagocytosis and

killing of C,albicans blastospores which have been pre-

incubated in 5,0% serum.

Ketoconazole (final concn. yg/ml) PI KI KE (%)
0.10 2.35 2.35 100
0.01 2.35 1.35 57
0.001 1.85 1.40 76

Dlastospores were preincubated for 2.5 hours,
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FIGURE 5.3. Experiments showing the effect of erythromycin

or co-trimoxazole (Septrin) on phagocytosis and killing of
C.albicans by PMNs,

Standard assay procedure, OPEN symbols represent phagocytosis,
CLOSED symbols represent killing. Control mixtures (without

PMNs) contained the same amount of antibiotic as test mixtures
(with PMNs)., INSET shows the effect of Septrin on iodination

of Candida by PMNs as well as nitroblue tetrazolium reduction.
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FIGURE 5,4, Experiments showing the effect of benzyl penicillin or aramicidin on phagocytosis

and killing of C.albicans by PMNs, Standard assay procedure. OPEN symbols represent phago=-

cytosis, CLOSED symbols represent killing. Control mixtures (without PMNs) contained the

same amount of antibiotic as test mixtures (with PMNs),
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5-5, Discussion.

Results from the clinical studies highlight the preponderance
of defects of non-specific immunity over those of specific
immunity. Ilowever, approximately half the patients examined
in this series had no abnormality uncovered by these tests.
As expected there was a relatively high association between

low antibody-independent opsonisation of S.cerevisiae and

procidination of C.albicans since both depend upon C3 acti-

vation., It is noteworthy that none of these patients had
abnormal complement activity as defined by other criteria,
There was also a high number of patients with defects of both
intrinsic killing and procidination. Relatively few patients
had both intrinsic killing defects and low antibody~independent
onsonisation indicating that such abnormalities.are not causa-
tively related. Although an effort was made to test patients’
phagocytic activity when they were free of infection, it is
impossible at this early stage to determine the number of
individuals with primary defects. NMNonetheless, it is believed
that assessment of phagocytic activity is clinically valuable
regardless of whether primary or secondary abnormalities are
being detected. Corrective measures, even when directed at a
secondary defect, may break a vicious circle which is a common

feature of persistent infections,

Antibiotics are administered with the aim of directly antagon-
ising microbial growth with little thought to their effect, be
it harmful or helpful, on the immune system, The in vitro

effect on phagocytic activity of Septrin and Erythromycin, on
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the one hand, and ketoconazole on the other, demonstrate both
sides of the coin. Septrin (co-trimoxazole) is a combination
of trimethoprim and sulphamethoxazole. Sulpha drugs have
already been found to inhibit phagocytic killing (Stendahl et
al.,,1978; Lehrer,1971). Dimethyl sulphoxide also inhibits
phagocytic killing and it has been suggested that this is due
to OH® scavenging (Repine et al.,1981)., Since all sulpha
drugs with inhibitory activity possess a sulphoxide group it
seems likely that an oxygen atom with a delocalised electron
cloud is responsible for radical scavenging., PMNs were still
capable of reducing NBT in the presence of Septrin although

iodination of C.,albicans was significantly diminished. This

indicates that production of superoxide is unaffected whilst

the MPO=-halide-H,O

505 system is disturbed.

Ketoconazole only showed a stabilising effect on phagocytic
activity when preincubated with blastospores., Since this

drug was found to inhibit germ tube formation in this and

other studies it is possible that it prevents full expression

of microbial virulence prior to phagocyte encounter,

Similar work has shown that preincubation of antibiotics with
microbes at sub-minimum inhibitory concentrations can enhance
phagocytosis (Gemmel et al.,1981) or killing (Root et al.,1981).
It is therefore suggested that in some circumstances antibiotics
make microorganisms prone to host immune mechanisms rather

than directly antagonising their growth, It is possible that
ketoconazole acts as a synthetic procidin in vivo either alone

or in concert with a humoral component,
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CHAPTER 6

GENERAL DISCUSSION,
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The radiometric combined assay for measurement of phagocytosis
and killing makes it possible to determine whether defective
phagocytic killing is due to impaired ingestion or reduced
phagocyte microbicidal capacity. It can also be used to
detect both cellular and humoral abnormalities of phagocytic
activity in an objective and sensitive manner. The technique
is in part based on an earlier method for measuring phago-
cytosis (Yamamura et al.,1977), but in addition quantitates
intracellular killing by the failure of microormqanisms to

incorporate a radiolabel,

The combined assay has been calibrated for phagocytosis and
killing by polymorphonuclear and mononuclear phagocytes in
relation to fungal blastospores. However, different species
of microorganism differ in their susceptibility to ingestion
and killing. Furfhermore, some microbes can decrease phago-
cytic activity towards unrelated species in mixed infections
(Ingham et al.,1977). It would therefore be of benefit to
assess phagocytic activity in relation to a panel of microbes
using a simple assay. The original uridine incorporation
method for evaluating phagocytosis has already been modified

to measure the ingestion of Staph.aureus (Lam and Mathison,

1979) and it should be possible to adapt the comhined assay
principle for measuring phagocytic killing of bacteria.
Indeed, further modifications have allowed such measurements
to be made in relation to mycobacteria (GAW Rook, personal

communication),

Simultaneous evaluation of phagocytosis and killing invests

the assay with good analytical potential because the efficiency
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of phagocyte microbicidal activity can be readily quantitated.
This property of the assay is particularly useful when examin-
ing the effect of various drugs or serum components on phago-

cytic activity.

Wright and Douglas (1903) postulated that serum contained
substances which acted directly on phagocytes to enhance their
function. They coined the term 'stimulins' for such factors
but were unable to prove their existence and concluded that
‘the question as to whether the blood fluids contain, in
addition to opsonins, also an element which directly stimulates
the phagocytes, remains for the present unresolved'. The
importance of humoral support in phagocytic killing was noted
in the 1960's and early 1970's (Li and Mudd,1965; Shayegani
and Mudd,1966; Miya and Marcus,1961; Solberg and Hellum,1973)
but surprisingly little attention was given to this work,
However, it was later shown that heat-labile serum factors

in the form of C3 could directly enhance phagocytic killing
(valdimarsson and Yamamura,1977; Leijh et al.,1979; Leijh,

van Zwet, and van Furth,1980). The specific term ‘procidin’
has been proposed for humoral substances which render micro-
organisms susceptible to the action of intracellular killing
mechanisms (Yamamura and Valdimarsson,1979). The term first

used by Wright and Douglas, ‘'stimulin' could be used as a

collective term for procidins, chemoattractants, and lympho-

kines since all act directly on phagocytes,

Using the new combined assay it was confirmed that C3 is not

necessary for phagocytosis of C.albicans but is required for

phagocytic killing of this organism by PMNs in vitro. It was
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also demonstrated that C3 has procidin activity for phago-

cvtic killing of C.parapsilosis by PMNs, 1In contrast, it was

not possible to show that monocytes needed extrinsic C3 for

intracellular killing of fungal blastospores.

In the absence of C3 PMNs were incapable of efficient blasto-
spore iodination and, moreover, heat-inactivated serum failed

to promote PMN oxygen consumption, Despite promoting ingestion,
immunoglobulin directed against blastospores did not encourage
efficient killing or oxygen consumption. Taken together these
findinags indicate that C3b coated microbes :nreferentially
stimulate PMN oxidative metabolism via C3 receptors thereby
increasing H202 nroduction for participation in MPO-mediated
halogenation of ingested organisms. On the other hand Ig

triqgers ingestion via Fc receptors but plays no part in the

nrocidination of Candida.

Other lines of evidence support the contention that C3 rather
than IgG is responsible for the stimulation of PMN oxidative
metabolism (Goldstein et al.,,1976; Goldstein et al.,1975;
Tedesco et al.,1975). The concept that antibody and complement
have diverse functions is further supported by studies of their
relative contributions to phagocytosis (Scribner and Fahrney,
1976) and also the development of B memory cells (Klaus and
Humphrey,1977). However, immunoglobulin coated bacteria or
latex particles can provoke oxygen consumption in the absence
of complement which suggests that antibody is stimulatory if
presented to the phagocyte surface in sufficient density.
Alternatively, antibody may work in concert with microbially

derived products which substitute for C3., See Figure 6.1. for
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explanatory diagrams. In regard to these theoretical pro-

posals it has been reported that microbes possess molecules

which mimic bound C3 (Jack and Ward,1980; Fine et al.,1980),
It is also apparent that antigen density, and hence IgG den-
sity, is important to phagocytosis and cytolysis of chicken

erythrocytes by human monocytes and K cells (ghlander, Lars=-
son, and Perlmann,1981)., Conversely, there is evidence that
large quantities of antibody on Candida are detrimental to

phagocytic killing (Laforce et al.,1975),

Further work is therefore required to analyse the effect of
ligand density, be it IgG or C3b, on the activation of phago-
cytic killing processes, A study of microbe surfaces for the
presence of C3-1ike molecules and the influence such molecules
may. have on phagocytic function would a¥so be of value since
it may define a relationship between virulence and evasion of

phagocytic killing.

Although C3 is clearly involved in oxygen dependent phagocytic
killing by PMNs it is possible that C3,or other complement
components, may also cooperate with lysosomal enzymes (Li and
Mudd,1966), and this interaction may result in killing without
digestion (van Houte.et al.,1977). Alternatively, complement
may facilitate digestion by lysosomal enzymes e.g. lysozyme,
Microbes which evade, or are not subject to, oxygen dependent
killing may thus find themselves digested alive, The micro-
bicidal action of digestive granular enzymes is incidental to
phagocytic killing if the organisms have already been killed

by oxygen dependent mechanisms. Therefore serum factors which

prepare organisms for digestion should be called 'prodigestins'



FIGURE 6.1. Schematic diagram showing various models of

phagocyte stimulation,

™ e ——

NANAAANN gue PMN cell membrane
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: surface

A) Synergistic or cumulative activation of phagocyte metabolism
by both C3b and Ig. B) Selective activation by microbially
bound C3b. C) Activation of metabolism by molecules of ,
microbial origin which resemble C3b. See text for details.
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rather than procidins.

The design of the radiometric phagocytosis and killing assay,
which relies upon active incorporation of a radiolabel by
viable microbes rather than the passive release of label by
dead ones, makes it unlikely that this method is measuring
microbial degradation by granular contents. However, it
remains to be established that organisms which escape primary
killing systems can succumb to a death by digestion. Methods
measuring phagocyte digestive capacity, using live but suit-
ably prelabelled blastospores, should clarify these points

and orovide a novel and useful approach to c¢linical evaluation
of phagocytic function, namely separate assessment of ingestion,

killing, and digestion.

The observation that relatively high serum concentrations can
inhibit phagocytic killing of Candida is reminiscent of reduced

Schistosomula killing by eosinophils and neutrophils when high

concentrations of complement are present (Anwar, McKean, Smith-
ers, and Kay,1980). 1Inactivation of C3b by [MH and C3INA is

the probable cause of the aforementioned phenomena but should

be confirmed since this may be of pathogenetic importance in
infection. Moreover, it should be noted that the concentration
of protein in lymph and interstitial fluid although variable

in different tissues corresponds to approximately 5-70 per cent
serum. Human phagocytes may therefore show optimal microbicidal
activity in the extravascular milieu during subclinical stages
of infection and early inflammatory changes. Further studies

to identify and quantitate the proteins found in extracellular
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fluid are needed to clarify these speculations.,

The mechanism by which narticle associated C3b induces phago-
cytic killing is unknown, Ligand binding could induce con-
formational alterations in the C3 receptor or, alternatively,
an intact microbially bound C3/C5 convertase may be respon-
sible for cleavage of a specific PMN membrane protein. This
problem could perhaps be answered by either inactivating the
convertase, but leaving it stereochemically intact, or employ-

ing enzyme inhibitors.

PMNs from an individual suffering from X-linked CGD and who
lacked the b-type cytochrome activity described by Segal and
associates did possess a C3 receptor. This suggests that the
cytochrome is functionally preceded by activatior of the C3
receptor (Figure 6.2.). Supporting evidence for this concept
is derived from studies on Epstein-Barr virus infected myeloid
cells (Newburger et al,,1980). It was found that complement
opsonised bacteria or zymosan were ingested by this cell line
but were incapable of promoting O; production. Soluble stim=-
uli (phorbol myristate acetate) or unopsonised latex particles
however did induce the respiratory burst, This indicates that
stimulation via C3 receptors can be bypassed and since this
cell line does not have Fc receptors it was not mediated by
immunoglobulin or immunoglobulin-like molecules., Results from
other workers also show that there are multiple means of start-

ing the respiratory burst (McPhail, Henson, and Johnston,1981),

Cytochromes of the b-tyne are encoded in mitochondrial DNA (mt

DNA) (see von Jagow and Sebald,1980; Whittaker and Danks,1978),
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FIGURE 6.2. Unifying model for phagocytic killing by PMNs,

Interaction of microbially bound C3b with clustered C3b
receptors on the PMN surface (1)(Fearon, Kaneko, and Thompson,
1981) activates a multicomponent membrane situated oxidase
system (2)(Babior et al.,1981) which produces toxic oxygen
products and a transient rise in vacuolar pH (3)(Segal et
al.,1981). The rise in pH favours the microbicidal activity
R&ﬁcationic proteins in azurophil granules, The MPO-H202-
system imposes a further threat to microbial survival,
Finally, the microbe is subjected to degradation by hydro-

lytic enzymes in an acid environment (4).
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Therefore, it would be interesting to discover if cytochrome
b_245 is similarly encoded because human mtDNA appears to

have some redundancy (Anderson et al,,1981). 1If mRNA for this
cytochrome is transcribed from mtDNA then, at first sight, the
X=linked transmission of CGD could be explained by cytoplasmic
inheritance as virtually all mitochondria are derived from the
ege and not the spermatozoon (Billet,1979). However, this
theory is flawed because one would expect all the progeny of
an affected mother to inherit the disease. Since this does
not happen the putative transcription of mRNA for cytochrome
b_245 from mtDNA must be subject to X-chromosome control,
Approximately 31% of 58 patients with suspected immunodeficiency
were found to have subnormal procidin values wh@le 22% of 112
patients tested had defective phagocytic killing., No intrinsic
abnormalities of ingestion were discovered indicating that this
function is highly conserved or lethal when defective. It
should be pointed out that although an effort was made to test
these patients when they were free of infection, it is not
possible at this stage to tell how many of these defects were

of a secondary nature. Nevertheless, it is believed that a
careful study of phagocytic function is clinically important
regardless of whether primary or secondary abnormalities are
being detected, It is evident that complications may result
from inefficient phagocytic activity (Levinsky et al,,1981),
therefore corrective measures, even when directed at a secon-

dary defect, may break a vicious circle which is a feature of

most persistent infections.
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MATERIALS,EQUIPMENT and SUPPLIERS.

Acridine orange/ethidium bromide Sigma Chemical Co.
Agar Oxoid

Agarose BDH

Barbituric acid/Na.barbitone BDH

Centrifuges MSE/Fisons
Cytocentrifuge Shandon

Dextran 110 (6% w/v O, 9%NaCl) Fisons

DNAase (DN100) Sigma Chemical Co.
Electrophoresis equipment Shandon,
Ficoll-Hypaque (Lymphoprep) Nyegaard & Co.,A/S Oslo
Fluorescence microscope Leitz SM-Lux

Glass plates Ilford Ltd

Glucose BDH

Goat anti-human whole C3 antiserum Seward

Heparin (1000 IU/ml, nreservative free)Paines and Byrne Ltd.

Kenacid Blue R BDH

May-Grunwald Giemsa ctain Hopkin and Williams/Gurr

Microsyringe with dispenser Hamilton

Microtitre plates Sterilin/Linbro

Peptone Difco

Phase contrast microscope wild

Plastic tubes Raven,Luckam,Sterilin

PPO BDH

Radiochemicals Radiochemical Centre,
Amersham,

Rotator Jencons

RPMI 1640 (20 mM Hepes) Flow Laboratories

Skatron automatic multiple channel

F1 Laboratories
cell harvester ow

Sodium deoxycholate BDH

Spectrometers:

B-counter Tri-carb scintillation
spectrometer Model B-
2450, Packard

Y-counter Auto-gamma scintillation
spectrometer 5266,
Packard.,
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Toluene (scintillation grade) BDH

Trypan Blue Sigma Chemical Co.



ABBREVIATIONS

C3b R
Ci

CFU
Con A
concn
condtns
CPD
cpm
DNAasc:
EDTA
Fc R

Hepes

Iqg
KE
KI
LSHTM

MNP
MPO
mRNA
mtDNA
n

nd
OKE
PA
P3S
PHA
PI
PN
pPPD

PPO

P

r

sd

S/ SMHMS
TCA
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C3b receptor

Curie

Colony forming unit

Concanavalin A

concentration

conditions
Citrate-phosphate-~dexirose

counts per minute
Deoxyribonuclease

Ethylene diamine tetra-acetic acid
Receptor for the Fc portion of 1Ig.
N=-2=-hydroxyethylpiperazine=N'-2-
ethanesulphonic acid
Immunoglobulin

Killing efficiency

Killing Index

London School of Hygiene and
Tropical Medicine

Mononuclear phagocyte’
Myeloperoxidase

messenger Ribonucleic acid
mitochondrial Veoxyribonucleic acid
Number of subjects in sample
Not done

Overall Killing Efficiency
Phagocytic activity

Phosphate bhuffered saline
Phytohaemanqaqlutinin

Phagocytic Index
Polymorphonuclear nhagocyte
Purified protein derivative of
mycobacteria

Diphenyloxazole

Pokeweed mitogen

correlation coefficient

Standard deviation

St. Mary's Hospital/SMH Medical School

Trichloracetic acid
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