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ABSTRACT

This study concerns the Neisser-Wechsberg (NW)
phenomenon - a prozone phenomenon that commonly occurs in
the complement-mediated bactericidal reaction. It involves
the deviation of complement activity at relatively high
levels of associated antibody. Thus, target bacteria
survive in the presence of relatively low dilutions of
a hyperimmune antiserum but can be killed in the presence
of higher dilutions. This study, together with other
studies, indicate that the NW phenomenon is an in vivo
phenomenon, and not just an in vitro artefact. The humoral
arm of immune defense is significantly weakened in hyper-
immunized animals and in humans with chronic infections
involving Gram-negative bacteria. The phenomenon is
probably not the cause of chronic infection but is an
important consequence and may have a role in sustaining
such an infection.

The system studied here consists of the Salmonella
typhimurium M206 strain of bacterium, rabbit antisera raised
against this bacterium, and human or guinea pig serum as
the complement source. Bacteria, sensitized with a pro-
zoning dilution of antiserum, still displayed the prozone
phenomenon when washed and incubated with a complement
source. Significant complement consumption was shown to
occur in the prozone situation and the consumption was
dependent on the presence of target bacteria. Thus,
deviation of complement activity in the bactericidal reaction
appears to be associated with phenomena occurring on the

surface of the target bacteria, rather than with interactions
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between antiserum and complement in the fluid-phase.

Two rabbits were periodically vaccinated with heat-
killed bacteria over eight weeks and, unlike the
bactericidal activity (1 week after initial vaccination),
prozoning activity appeared later (after 2-3 weeks) in the
rabbit sera and peaked after four weeks. Hyperimmune anti-
sera were subjected to single step and stepwise affinity
chromatography on protein A-Sepharose columns and the
prozoning activity was found to reside exclusively with
the IgG immunoglobulins. Fractions containing IgA and
IgM immunoglobulins did not display prozoning activity.

IgG fractions, having different reactivities for protein A,
were isolated and all contained prozoning antibody and all
were able to fix complement. It is céncluded that
complement-£fixing (bactericidal) IgG antibody is the
immunoglobulin species responsible for the NW phenomenon.

Adsorption studies, utilizing mutant strains of various
Salmonella species, showed that the prozoning antibody is
specific for antigenic determinants associated with the
bacterial lipopolysaccharide (LPS) (0-somatic antigens,
in this system), and no other outer membrane (OM) component.
As the isolation of specific prozoning antibody by elution
from whole M206 cells or insolubilized LPS proved extremely
difficult, it is concluded that this antibody is very avid.
A protein A binding assay, that measures cell-bound IgG,
was used to establish that near antigen-saturating levels
of specific IgG antibody are required to effect the pro-
zone phenomenon.

Through the use of certain R reagents (C-142, C-EDTA,

C-EGTA) and the demonstration of immune adherence with



(iv)

prozoning mixtures, it was established that both complement
pathways are activated to at least the C3 component in the
NW phenomenon. Through the use of other R reagents
(RaC6-9, Cé—def RaC) and an assay to detect deviated lysis,
it became apparent that the membrane attack complex (MAC)
of complement is not formed or, once formed, cannot bind
to an OM site where it can effect a lesion. Further, the
prozone phenomenon was demonstrated with sheep red blood
cells and §. minnesota R595 cells sensitized with the LPS
of S. typhimurium C5; this constituted evidence for the
cooperation of LPS-antibody complexes in promoting the
fixation of MAC to cells, that are subsequently killed

and lysed by it.

The data allows the following speculations to be made,
regarding the NW phenomenon. Avid IgG antibody quickly and
efficiently covers the LPS antigens of the target bacteria.
This dense cover imparts a highly hydrophobic character to
the surface of these cells. Either, the formation of the
large, amphiphilic MAC of complement is sterically and
electrostatically hindered or, once formed, is prevented
from interacting with the LPS-antibody complexes. Any MAC,
formed in the fluid-phase is quickly inactivated by the

inhibitor, S-—-protein.
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ABBREVIATIONS
A angstrom unit
CM cell membrane
cpm counts per minute
CWP cell wall protein
C6~def RaC C6-deficient rabbit complement
DID double immunodiffusion
EDTA ethylenediaminetetraacetic acid
EGTA ethyleneglycol tetraacetic acid
FFA free fatty acids
GpC guinea pig complement
HA haemagglutination
HuC human complement
ID immunodiffusion
IEP immunoelectrophoresis
KDO 2-keto-3-deoxyoctonate
LPE lysophosphatidylethanolamine
LPS lipopolysaccharide
MAC membrane attack complex
2ME 2-mercaptoethanol
Mg2+ saline 0.002M MgSO4 in N-saline
MKC minimum killing concentration
MW molecular weight
ND not detected
NRS normal rabbit serum
NT not tested
N-saline 0.9% W/V NaCl
NW Neisser-Wechsberg

oD optical density
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PE Phosphatidylethanolamine

PMN . polymorphonuclear

RaC rabbit complement

RaC6-9 rabbit complement, lacking C3 and C5 activity
RBC red blood cell

SRBC sheep red blood cell

SRID single radial immunodiffusion
TCA trichloroacetic acid

TESA Tris-EDTA-saline-azide

Tris tris-(hydroxymethyl)-aminomethane
UDPG uridine diphosphate-galactose

VBS veronal buffered saline

v/V volume per volume

wW/V weight per volume
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CHAPTER 1 INTRODUCTION

CHAPTER 1.1 The complement-mediated bactericidal reaction

1.1.1 The history of complement and the bactericidal

reaction

The first important theory of mammalian resistance
to disease was proposed by Metschnikoff in 1887. For
several years, he studied the behaviour of leucocytes
in many animals, and attributed the destruction of
bacteria in the body to the digestive activity of these
cells. He proposed that phagocytosis was the major
mammalian defense against infectious agents.

Grohmann in 1884 showed that cell-free mammalian
plasma could kill bacteria and fungi. The phagocytic
process was questioned as being the only important
factor in the defense against infectious agents, by this
and other work. Buchner (1889) showed that fresh, cell-
free serum was capable of killing and lysing several
different bacteria, whilst other bacteria were unaffected.
Susceptible bacteria included the cholera vibrio, typhoid
bacillus and bacterium coli. Buchner termed the serum
component responsible "alexin". Its activity was thought
to be enzymatic because it was destroyed by heat (550,

60 minutes) and was most readily demonstrated at body
temperature.

A major advance in the understanding of this serum
bactericidal reaction came with the work of Pfeiffer
(1893) . He found that cholera vibrios were destroyed in

the cell-free peritoneal cavity of immunized guinea pigs,



as well as in the serum from such animals. The heated
serum did not kill the vibrios but, when the heated
serum plus live vibrios were injected into the peri-
toneal cavity of normal guinea pigs, these vibrios were
destroyed. Such experiments indicated the importance
of the serum bactericidal reaction in the mammalian
defense against pathogenic bacteria. Some considerable
time was to elapse before it was agreed that both the
cellular and humoral mechanisms constituted important
defense systems or that some humoral components
accelerated the phagocytic process.

Bordet (1898) recognized that two components were
required for the serum bactericidal reaction: (i) a heat-
stable substance, whose concentration was increased in
the serum of immunized animals, and (ii) the heat-labile
substance alexin, present in the serum of normal and
immunized animals. The terms that were eventually accepted

for the two "mandatory" components in the bactericidal

reaction were "antibody" and "complement", respectively
(Ehrlich and Morgenroth, 1898a). "Antiserum" also
replaced the term "immune serum". It was further observed

that, although some minimal concentration of antibody was
needed to promote complement-mediated killing, excess
antibody could inhibit it (Neisser and Wechsberg, 1901).
This was termed the Neisser-Wechsberg phenomenon and its
investigation forms the subject of this thesis.

Bordet (1898) also discovered a phenomenon that he
termed "immune haemolysis". If the blood of one species

of mammal was injected into an individual of another

species, the serum of the recipient developed the ability



to lyse the red blood cells (RBCs) of the donor species.
He recognized the requirement of the same two components
as in the serum bactericidal reaction. He showed that
the héemolytic activity of a rabbit antiserum, destroyed
by hegting to 560, could be restored by the addition of
fresh normal rabbit serum (NRS).

Antibody, capable of lysing cells other than
bacteria or RBCs eg., nerve cells, spermatozoa,
leucocytes, liver cells and gastric epithelia, could
also be produced by immunization (Bolton, 1906) . There
was a shift in emphasis from study of the complement-
mediated bactericidal system to that of the immune
haemolytic system. RBCs were easier to handle and
standardise in the in vitro assays than bacteria because
of their larger size and non-viable state. Thus various
phenomena, previously established for the bactericidal
system, were shown to hold true for the haemolytic system.

For many years, study of the immune haemolytic
system revealed fundamental relationships between the
target RBCs, the specific antibody and the complement.
These studies also guided the less frequent investigations
of the serum bactericidal system. Ehrlich and Morgenroth
(1899a, 1899b, 1900) established the sequential nature of
immune haemolysis. They showed that the combination of
specific antibody and RBCs (sensitization) could occur

at 0o

, and that lysis could then occur in the presence
of complement only at elevated temperatures (preferrably

379)

. By the kinetic analysis of immune haemolysis,
Brooks (1919) and several other workers discovered that

curves of the time course of haemolysis, and those of



the complement dose and lytic response, were sigmoidal.
These observations and the assumption that complement
was a single substance led some workers (Alberty and
Baldwin, 1951) to suggest that a target cell was lysed
only after a critical number of damaged sites had
accumulated on its surface.

There was a succession of workers who demonstrated
the multi-component nature of complement, by physico-
chemical techniques. Ferrata (1907) identified
precipitating and soluble components of complement by
dialysis in water. Brand (1907) showed that the
precipitating "midpiece" could combine with sensitized
RBCs and, after washing, these could be lysed by the
soluble "endpiece". A third subunit or component was
identified as combining with yeast cells and being des-
troyed by cobra venom factor. A fourth component was
identified as being sensitive to ammonia (Gordon et al.,
1926). Pillemer and Ecker (1941) proposed the terminology
c'l, C'2, C'3 and C'4 for the four components, identified
by these techniques. Ueno (1938) established the order
in which these components interacted with sensitized
RBCs ie., C'l, C'4, C'2 and C'3.

In the ensuing years, the mechanism of immune
haemolysis was studied with "R" reagents; these were
specifically lacking in one or more components. The
results were often difficult to interpret as the R
reagents were not functionally homogeneous and the
techniques used to measure the degree of haemolysis were
not precise. The quantitative spectrophotometric procedure

for the titration of haemolytic complement was eventually



adopted. The sigmoidal relationship between comple-
ment dose and haemolytic response was utilized to
accurately gauge complement concentration as CH50 units
per ml. This procedure ushered in an era, during which
parameters influencing immune haemolysis (e.g., the
nature and concentration of anti-RBC antibody, temperature,
pH, electrolyte concentration, reaction volume) were
studied. Mayer, in particular, was a prominent worker
in this field. He reintroduced the kinetic approach,
isolated reaction intermediates and formulated the "one
hit theory" of immune haemolysis (Mayer, 1961). Rapp
and Borsos (1970) provided a mathematical basis for this
theory; their book also contains a thorough historical
review of the early complement studies. Mathematical
analysis by Rapp (1958) also provided strong evidence
that the activity, then ascribed to C3, was not a single
factor.

Muller-Eberhard, Gotze, Cooper and Nelson, and
others used sophisticated chromatographic techniques
during the 1960's to isolate pure complement components,
including five additional ones, that were recognized as
participating in immune haemolysis. A thorough review
of these techniques was recently published by Williams
and Chase (1977). A standard nomenclature for the comple-
ment components and reaction intermediates in immune
haemolysis was established by a committee of the World
Health Organization (1968); it is used throughout this
thesis. The complement pathway that leads to haemolysis,
through the activation of components Cl to C9 on

sensitized RBCs, was termed the "classical pathway".



This pathway has been reviewed by Miller-Eberhard (1975);
Fig. 1.1, taken from this article, is a schematic
representation of the molecular events.

The early observations of C3 depletion from serum
by cobra venom factor and yeast cells initially led to
independent lines of research. They eventually merged
together with the realization of a common, second path-
way of complement activation, termed the "alternative
pathway". This can be activated by naturally occurring
polysaccharides and lipopolysaccharides (LPS), and by
immunoglobulins. However, this pathway may also operate
in the complete absence of specific antibody and immuno-
globulins (Schreiber et al., 1979). The pathway
involves only components C3 to C9 of the classical
pathway, and is endowed with a unique amplification
mechanism. Much attention has been focused on the
alternative pathway recently and up to date review articles
(Gdtze and Miiller-Eberhard, 1976; Miller-Eberhard and
Schreiber, 1980) exist. Fig. 1.2, schematically
representing the molecular events of this pathway, is
taken from an article by Schreiber et al., (1978).

Various inhibitors and modulators of the complement
pathways have also been known for many years. S-protein,
the most recently discovered inhibitor, combines to the
membrane attack complex (MAC) (Kolb and Miller-Eberhard,
1975; Podack et al., 1976) and inactivates it. The MAC
consists of the five terminal complement components (Kolb
and Miller-Eberhard, 1973; Podack et al., 1978) and forms
the subject of much current work.

Although not mentioned thus far, there have been



FIGURE 1.1

Schematic representation of the molecular events

in the classical pathway of complement

S1,S11 and S1l1l1 are topographically distinct sites
on the target cell surface.

A: antibody to cell surface component.

Bar over a symbol denotes the active enzyme.
Asterisk denotes an enzymatically-activated,

labile binding site.



First site: Activation of Recognition Unit

r
1. S1A + 01q<:F—981A—c1q<£
S

Second site: Assembly of Activation Unit

2. ca-S1BCLynua 4 C4b

3. c22LBCLyqoax 4+ C2b
4. S11 + C4b* + C2a*—S11C4b,2a

5. 3 S11C4b,2ayh3, 4 c3pe

6. S11Cdb,2a + C3b*—S11C4b,2a,3b

Third site: Assembly of Membrane Attack Mechanism

7. c5-8L1C4b,2a,3bye5, 4 cspx

8. S111 + C5b* + C6 + C7 + C8 + C9—IS111C5b,6,7,8,9.

(taken from Miiller-Eberhard, 1975)



FIGURE 1.2

Schematic representation of the molecular events

in the alternative pathway of complement

Control: the situation that exists in a non-challenged
state, in the fluid phase, or upon introduction
of a nonactivator particle.

Restricted control: the situation that occurs upon
introduction of a pathway activator.

C3b*: nascently formed C3b before decay of its labile
binding site.

S1: the site of initial C3b deposition and its secondary
interaction with structures of an activator
particle.

S111: the attachment site of the membrane attack complex,
C5b-9.

Control reactions are in small type; amplification reactions
are in bold type. The heavy solid arrows indicate
amplification; the thin-dashed arrows denote restriction

of control reactions.
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(taken from Schreiber et al., 1978)



extensive studies done on complement-dependent host
defense mechanisms, other than the serum bactericidal
system; the biosynthesis and metabolism of complement
components; phylogeny of the complement system; inherited
deficiencies of complement components in various mammals;
complement-mediated cytotoxicity with cells other than
RBCs as targets, and; complement-mediated participation
in inflammation and tissue injury. However, these
aspects will not be considered in detail here, as they
are not relevant to the Neisser-Wechsberg (NW) phenomenon.

Studies of the serum bactericidal system have
revealed basic similarities but important differences
from the immune haemolytic system. The latter stem from
basic differences in the two target cells ie., cell wall
structure and viability. One example is the existence of
serum-resistant bacteria, known for almost a century
(Buchner, 1889). This topic is expanded in 1.1.2.

The requirement of antibody in the complement-
mediated bactericidal reaction, postulated at the turn
of the century by Bordet (1898), has been scrutinized
over the past 25 years. Some workers considered the
pactericidal antibodies to be non-specific or of limited
specificity (Gordon and Carter, 1932). However, others
(Turk, 1959; Sterzl et al., 1962; Wardlaw, 1962) found
that antibody-deficient serum could kill bacteria. Serum
from precolostral animals or animals raised in germ-free
environments was also found to kill bacteria (Franek et
al., 1961; Kim et al., 1966; Dlabac, 1968). The presence
and participation of natural antibody of low affinity, in

these sera, has been difficult to disprove and several



workers (Inoue et al., 1959; Muschel and Jackson, 1963;
Rowley, 1968) demonstrated an antibody requirement. It
is now generally agreed that the bactericidal reaction,
mediated by the classical pathway of complement,
requires the interaction of antibody, specific for the
target bacterium.

The issue of antibody involvement was clarified
when the full implications of the alternative pathway
of complement were realized. In the assumed absence of
antibody, bactericidal action against certain Gram-
negative bacteria was first attributed to the so-called
"properdin system" by Wardlaw and Pillemer (1956) . Some
(Osawa and Muschel, 1960; Reed and Allbright, 1974)
suggested that antibody was involved in the bactericidal
reaction, mediated by this pathway. The use of
factor B-depleted serum (GStze and Miller-Eberhard,
1971) and C4-deficient guinea pig serum (Root et al.,
1972) established the involvement of alternative path-
way proteins in the bactericidal reaction. Recently,
Schreiber et al., (1979) demonstrated bactericidal
activity through the interaction of the 1l isolated
plasma proteins, that comprise the cytolytic alternative
pathway (Schreiber and Miiller-Eberhard, 1978). Immuno-
globulins were absent and so specific antibody was shown
not to be necessary.

The bactericidal and bacteriolytic actions of
complement were recognized as two distinct events nearly
twenty years ago. Kinetic studies by Davis et al.,
(1966) showed a succession of events: cell death,

accompanied by a loss of phospholipids; conversion of



cells to spheroplasts, and; conversion to ghosts. They
monitored killing with the colony count assay, and

lysis with optical density (OD) measurements and nucleic
acid release. Lysozyme, an enzyme normally present in
mammalian serum, attacks the glycopeptide component

of the cell wall of Gram-negative bacteria. Inoue et
al., (1959) and Glynn and Milne (1967), through kinetic
studies with Escherichia coli, established that lysozyme
is not necessary for the killing but is necessary for
the lysis of bacteria. There is no such requirement

for immune haemolysis.

The requirements for magnesium and calcium ions

in the bactericidal reaction was found to be similar to
that of immune haemolysis (Treffers, 1958). Dozois et
al., (1943) showed that all four known components of
complement were required for immune bacteriolysis.
Inoue et al., (1968b) used highly purified preparations
of components to show that all nine, nowadays recognized
as constituting the classical pathway of complement, are
required for immune bacteriolysis.

Several years after the visual demonstration of
lesions on RBCs in immune haemolysis (Humphrey and
Dourmashkin, 1965), similar lesions were demonstrated
on whole bacterial cells (Glynn and Milne, 1967; Bladen
et al., 1967), on bacterial spheroplasts (Bladen et al.,
1966) and on bacterial LPS (Bladen et al., 1967), by the
action of specific antibody and complement. The cell
walls of bacteria are relatively complicated structures
compared to RBC membranes. For this reason, the nature

of the site and the event that results in the killing of
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bacteria, in the complement-mediated bactericidal
reaction, are not well understood. This is discussed

further in 1.1.2.

1.1.2 Sensitivity of bacteria and the mechanism

Gram-positive bacteria are not ordinarily sus-
ceptible to killing or lysis by specific antibody and
complement, whereas Gram-negative bacteria are.

Susceptible bacteria are termed "serum-sensitive" while
those that are not susceptible are termed "serum-resistant".

Serum substances, termed "B lysins", have been known
to kill various Gram-positive bacteria such as Bacillus
anthracis, Bacillus subtilis, Streptococcus pneumoniae
and Streptococcus pyogenes (Muschel, 1960). They are
thermostable and are not increased by vaccination. Little
is known about the nature of these substances, although
Hirsch (1960) showed that blood platelets release them
during the clotting process. This means that the bacteri-
cidal activity of these substances may well be absent
from circulating plasma. However, antibody and complement
are still important in the body defense against Gram-
positive bacteria by promoting their phagocytosis (Cohen
and Morse, 1959).

Buchner (1889) showed that strains of several Gram-
negative bacteria ie., Vibrio cholerae, Salmonella typhi
and Escherichia coli, are killed by fresh cell-free serum.
The list of serum-sensitive Gram-negative bacteria was
extended to include species of Vibrio, Salmonella, Proteus,
Shigella, Haemophilus, Brucella, Chromobacter and

Escherichia (Muschel, 1965). Pfeiffer and Friedberger
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(1903) first showed that not all Gram-negative bacteria
are serum-sensitive. Certain strains of Paracolobactrum
ballerup, Salmonella typhimurium and Salmonella

paratyphi C are resistant to both normal and immune

serum (Muschel, 1965). The more virulent strains of
Gram-negative bacteria, often associated with systemic
infections in humans (Roantree and Rantz, 1960) are
usually the smooth type. The corresponding rough strains
of the same species usually show greater susceptibility
to killing by antibody and complement (Dlabac, 1968;
Muschel, 1965; Rowley, 1968). There may even be differ-
ences between smooth strains of the same species. For
example, the C5 and M206 strains of Salmonella typhimurium
are serum-resistant and serum-sensitive, respectively
(Furness and Rowley, 1956; Krishnapillai and Karthigasu,
1969). These two strains were extensively used in the
thesis work.

Gram-negative bacteria have a common cell envelope
structure. Electron micrographs of stained cells show
three electron-dense layers, with electron-sparse areas
in between, surrounding the cells (Kellenberger and
Ryter, 1958; Bladen and Mergenhagen, 1964). The work
of De Petris (1967) provided a chemical status for each
of these complex layers. By coupling electron microscope
studies with studies of the susceptibility of layers to
particular solvents, he established that the cell envelope
contained considerable quantities of phospholipid,
glycopeptide, protein and polysaccharide. Fig. 1.3 is a
diagrammatic representation of the basic findings, which

u
hold true today (Glayért and Thornley, 1969; Costerton



FIGURE 1.3

The cell envelope of E.coli
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et al., 1974). The inner membrane is referred to as
the cell, plasma or cytoplasmic membrane (CM). It
consists of a phospholipid bilayer, containing mostly
phosphatidyl ethanoclamine, phosphatidyl glycerol and
cardiolipin in S. typhimurium and E. coli strains. The
inner electron-sparse area, termed the periplasm,
contains protein. The middle electron dense layer (Gl
and G2), termed the murien sacculus, consists of glyco-
peptide and may contribute between 5% to 20% of the
total cell mass. This layer is common to both Gram-
negative and Gram-positive bacteria, although it is
thicker in the latter (Salton, 1964). The outer cell
membrane (L1, L2 and L3), like the cytoplasmic
membrane, 1is 758 thick but the two are 100A apart. The
outer cell membrane is composed of a phospholipid
bilayer, protein and LPS. Comprehensive reviews have
been published on the membrane (Osborn et al., 1974;
Inoue, 1979) and the protein content (DiRienzo et al.,
1978). Fig. 1.4 depicting a proposed model for the
structure of the outer cell membrane of S. typhimurium,
is taken from an article by Smit et «al., (1975). The
LPS, and the polysaccharide component in particular, is
the outermost structure of the cell. This is not so for
some species, that have a distinctly separate poly-
saccharide capsule.

The LPS component occupies about 45% of the
surface of the outer cell membrane. It contains the
O-somatic antigens and endotoxins of Gram-negative
bacteria. The LPS consists of three chemically and bio-

logically distinct regions. The branching polysaccharide



FIGURE 14

Proposed model for the structure of
the outer membrane of S.typhimurium

! i R
R SRR RN RPATRIRRRERITR-2T 4

Peptidoglycan

} polysaccharide

7 glucosamine x ] polar head group %

1 hydrocarbon J hydrocarbon
chain chain

LPS Phospholipids Protein

——

(adopted from Smit et al,1975)



13.

(region 1), carrying the main serological specificity
in the form of the O-antigens, is linked to the core
polysaccharide (region 2), common to groups of gram-
negative bacteria. The core polysaccharide is linked
via the 2-keto-3-deoxyoctonate (KDO) trisaccharide
to the lipid component, lipid A (region 3) (Luderitz
et al., 1971). The lipid A portion of the LPS molecule
replaces part of the phospholipid in the outer layer of
the lipid bilayer. The chemical structure of lipid A
has been extensively analysed as well as its role as
endotoxin and the major biologically active component
of LPS (Luderitz et al., 1973). Intensive study of the
LPS structure of Gramfnegative bacteria, particularly
Salmonella species, in which the biosynthesis of specific
LPS precursors was blocked (Nikaido et al., 1964; Osborn
et al., 1964; Luderitz et al., 1966), followed the initial
report by Nikaido (1961) of an epimerase-less mutant
strain of S. typhimurium. The study of these so-called
"R mutants" led to a detailed understanding of the
structure, biosynthesis and underlying genetics of the
polysaccharide component of the LPS of various Salmonella
species. Fig. 2.1 shows the LPS structures of the various
Salmonella strains used in this thesis.

The change from a rough form to the smooth form of
a gram-negative bacterium is accompanied by a change in
the LPS structure, the polysaccharide component, in
particular (Luderitz et al., 1966). The change is also
accompanied by a decrease in sensitivity to the serum
bactericidal reaction (Dlabac, 1968). The partial removal

or structural disorganization of the LPS was therefore
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thought to be a way of increasing the sensitivity of
an otherwise resistant strain. The chelating agent,
ethylenediaminetetra acetic acid (EDTA), and the
univalent tris-(hydroxymethyl)-aminomethane (TRIS)
markedly increase the serum sensitivity of smooth
strains of Gram-negative bacteria (Reynolds and Pruul,
1971a) and Gram-positive bacteria (Reynolds and Rowley,
1969) , when present in reaction mixtures. This becomes
more apparent in the absence of magnesium ions. Reynolds
and Pruul (1971b) showed that EDTA and Tris disrupt the
structure of the LPS of Gram-negative bacteria and

+
&H) .

proposed separate actions on the divalent cations (Mg
that are structurally important components. The large
distance between the site of complement activation on

the O - antigens and the target cell membrane (Shands,
1965) was commonly believed to be the reason for the
serum-resistance of smooth strains (Muschel, 1965;
Feingold et al., 1968b; Archer and Rowley, 1969; Reynolds
and Rowley, 1969). However, Reynolds and Pruul (1971Db)
showed that the sensitization of smooth bacteria did not
involve the fixation of antibody and complement closer

to the target cell membrane but rather the promotion of

a later event. Reynolds et al., (1975) identified this
later event by showing that the LPS of the smooth

5. typhimurium C5 prevents the activated C5 complement
component from binding to its membrane receptor site.

The MAC appeared to be sterically hindered by the

extensive LPS structure on the outer cell membrane. More

recent work by Joiner et al., (1982a,b) also suggests

that the MAC is formed and does associate with the
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bacterial surface, but that it fails to insert into
hydrophobic regions of the outer membrane.

The locus of cell death in the complement-
mediated bactericidal reaction is uncertain, although
considerable work has been done to ascertain this.
The O-polysaccharide antigens of Gram-negative bacteria
have long been recognized as the principal antigens
operating in the reaction (Cundiff and Morgan, 1941;
Adler, 1953; Muschel, 1960). Overwhelming evidence has
shown that they are the antibody binding sites and
the activation sites for the classical complement pathway.
Bladen et al., (1967) demonstrated similar lesions_pg the
isolated LPS, as on whole cells of Veillonella aZc;iZens,
in the serum bactericidal reaction. Muschel and Jackson
(1966) suggested that complement action directly damages
the inner cell membrane. This suggestion raised many
questions based on the known structure of the Gram-
negative cell envelope. It meant that the late acting
complement components ie., the MAC, would have the two
cell membranes as targets. Cell death does occur in the
serum bactericidal reaction without the participation of
lysozyme (Glynn and Milne, 1967). The problem raised by this
was how the large MAC of complement can gain access to the
inner cell membrane through the dense glycopeptide layer.

Damage to Gram-negative cells in the serum
bactericidal reaction has been studied by monitoring the
release of intracellular and extracellular cell
components. These components have been active enzymes
or structural components, labelled by growing the bacteria

. . . . . 14
in medium containing a radioactive tracer eg., C-glucose
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or 32P—orthophosphate. Spitznagel (1966a) showed that

when a smooth strain of E. coli is grown in medium

containing 32P and then incubated with guinea pig serum,

32P—labelled compounds of both high and low molecular
weight (MW) are released from the cells. The low MW
compounds, having characteristics of phospholipids, are
in the majority and indicate membrane damage. The high
MW compounds have characteristics of nucleic acids and
so indicate some release from the cell cytoplasm. A
further report (Spitznagel, 1966b) showed that the heat-
labile complement and heat-stable antibody are required

32P release from labelled E. coli cells in the

for
serum bactericidal reaction.

The lethal effect of lysozyme-free serum on
E. coli cells can be inhibited by placing these cells
in a hypertonic sucrose solution (Feingold, 1968a). The
inner cell membrane is protected from the secondary
lethal changes that normally occur in bactericidal
reaction mixtures. The E. colZ cells, whose glyco-
peptide is labelled with 3H—diaminopimelic acid, release
the label in the serum bactericidal reaction when lysozyme
is present but not when it is absent. Lysozyme, therefore,
seems essential for the breakdown of the structure maintain-
ing the cell shape - glycopeptide layer. Feingold believed
that sequential damage to the two supporting structures of
the cell envelope ie., the outer membrane and the
glycopeptide layer, is lethal, whereas damage to one or
the other is tolerated under certain conditions.

Alkaline phosphatase and R-galactosidase are two

degradative enzymes that have been shown to be present in
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the periplasm and the cytoplasm, respectively, of Gram-
negative bacteria (Done et al., 1965; Heppel, 1967; Neu
and Chou, 1967). They are both released into the fluid-
phase when E. coli cells are incubated with whole serum,
whereas only alkaline phosphatase is released with
lysozyme-free serum (Inoue et al., 1968; Feingold, 1968b).
Moreover, B-galactosides were shown to be accessible

to the intracellular enzyme, where killing occurs with
lysozyme-free serum (Feingold, 1968b). The two studies
also showed that the target cells remain viable and
morphologically similar if exposed to lysozyme-free

serum in a hypertonic medium. In this situation, alkaline
phosphatase is released but B-galactosides are not
accessible to the intracellular B-galactosidase. Feingold
suggested that damage to the inner cell membrane is
essential for killing to occur and that a defective cell
wall upsets the normal osmotic forces operating at the
inner cell membrane.

Inoue et al., (1974a) examined the radiocactivity
released from 14C—glucose labelled E. coli cells, when
they were incubated with specific antibody and complement,
in the absence of lysozyme. Among the phospholipids
released, phosphatidylethanolamine (PE) appears first and
then increasing levels of the breakdown products, free
fatty acids (FFA) and lysophosphatidylethanolamine (LPE),
appear. No hydromyristic acid from the lipid A moiety of
the ILPS is detected. These workers suggested that a
phospholipase is present at the periphery of the bacterial
cells and that this enzyme is activated by complement-

associated damage to the outer membrane. They (Inocue et
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al., 1974) also discovered a mutant E. coli strain that
presumably lacks this enzyme, because cells liberate

PE but only trace amounts of FFA and LPE when they are
incubated with specific antibody and complement.
Phospholipase activity has also been demonstrated in

the outer membrane of S. typhimurium cells (Osborn et
al., 1972). Inoue and co-workers postulated that the
normal release of the degradation products in the parent
strain occurs after the bacterial enzyme gains access to
its substrate - the inner membrane phospholipid - via
channels in the cell wall. These channels are formed by
complement action (Inoue et al., 1968a).

The question of complement-associated damage to
both cell membranes of E. coli was taken up recently by
Wright and Levine (198la). Using similar bacterial
enzyme and radioactive label release techniques, they
showed that damage to the two membranes occurs simul-
taneously and with identical dose responses. They proposed
that complement acts at a single locus, contiguous with
both the outer and inner cell membranes. Bayer (1975)
previously described the loci of close inner and outer
membrane apposition. Wright and Levine (1981b) further
proposed that the lethal event occurs by a two hit-
mechanism, as two terminal complexes are required for
inner membrane damage, outer membrane damage and killing.
This is consistent with the concept of Biesecher et al.,
(1979) that the MAC of complement functions as a dimer of
C5b-9. These recent propositions indicate that damage
to the inner cell membrane is required for the killing and

lysis of Gram-negative bacteria by complement.
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1.1.3 Antibody involvement

It is generally accepted that specific antibody
is required for the killing of Gram-negative bacteria
by the classical pathway_of complement. Early experi-
ments showed that the serum of precolostral laboratory
animals and of animals raised in a germ-free environment
can kill certain bacteria (Turk, 1959; Sterzl et al.,
1962). Antigenic stimuli, beyond the control of these
investigators, probably resulted in a low serum level of
natural antibody that was only detected in the very
sensitive bactericidal reaction. In several well-
controlled experiments, such antibodies have been produced
in animals due to the introduction of dead or live bacteria
in their diet (Springer, 1959; Wagner, 1959). Natural
antibodies have been shown to display the same specificity
as those produced by vaccination or symptomatic injection,
and the natural antibodies act similarly in the bactericidal
reaction (Mackie and Finkelstein, 1932; Adler, 1953;
Muschel et al., 1962). There is no fundamental difference
between natural and immune antibodies.

Specific antibody of the different classes is
not equally efficient in the complement-mediated
bactericidal reaction. IgM antibody is considered to be
more efficient on a molar or weight basis than IgG anti-
body in the killing of a variety of Gram-negative bacteria:
Neisseria meningitidis (Griffiss, 1975; Griffiss and
Bertram, 1977); Brucella abortus (Hall et al., 1971),
Pseudomonas aeruginosa (Bjornson and Michael, 1970);
Haemophilus influenzae (Johnston et al., 1973); Vibrio

cholerae (Pike and Chandler, 1969), and; Salmonella



20.

species (Robbins et al., 1965; Daguillard and Edsall,
1968; Eddie et al., 1971; Schulkind et al., 1972). It
is believed that the reason is similar to that for the
immune haemolytic system. Here, a single IgM molecule,
specific for and bound to a RBC membrane, is sufficient
to trigger the classical pathway of complement, whereas
two such IgG molecules are required in close proximity
(Borsos and Rapp, 1965; Ishizaka et al., 1966; Borsos
et al., 1968). IgM molecules are decavalent and more
than two cell-binding sites can be filled by them.
However, non-complement-fixing IgM antibodies with
diverse specificities have been described in various
species (Cowan, 1973; Rosse, 1968), and rabbit anti-
bodies of the IgG class have been described as more
efficient in causing haemolysis once bound to RBCs (Frank
and Gaither, 1970).

Adinolfi et al., (1966) suggested that colostral
IgA antibody is bactericidal in the presence of complement
and lysozyme. Ishizaka et al., (1965) showed that IgA
antibody, specific for human group A RBCs, could not lyse
these cells in the presence of complement. IgA antibody
can, in fact, inhibit the haemolytic activity of IgG and
IgM antibody (Russell-Jones et al., 1980). Other workers
have shown that colostral IgA antibody cannot kill
bacteria in the presence of complement alone (Knop et al.,
1971; Heddle et al., 1975), or with lysozyme (Eddie et
al., 1971; Heddle et al., 1975). The latter workers
doubted the validity of the work by Adinolfi et al., due
to the fractionation and assay techniques used by this

group. The weight of evidence therefore indicates that
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IgA antibody is not bactericidal, nor per se can it
trigger the alternative pathway.

In recent years, IgG subclasses of various
mammalian species have been investigated for complement-

fixing and bactericidal activity. Human IgG IgG2 and

l’

IgG. antibodies fix complement in the immune haemolytic

3
system whereas IgG4 antibody does not (Ishizaka et al.,
1970; Spiegelberg, 1974). Their ability to fix complement
in the complement-mediated bactericidal reaction probably
follows this. Sirotdk et al., (1976) showed that IgG,
antibody from guinea pigs killed bacteria by the classical
pathway of complement, whereas IgGl antibody killed by

the alternative pathway. Mouse IgG and IgG anti-

2a 2b

bodies have been shown to fix complement (Miller and
Nussenzweig, 1974) whilst there is evidence for two
isotypes of IgG, antibody - one that fixes and another
incapable of fixing complement (Klaus et al., 1979; Ey et
al., 1979; Ey et al., 1980). This thesis deals with
rabbit immunoglobulins. No recognized subclasses of
rabbit IgG, or of IgA or IgM, have been described, although
Schlamowitz et al., (1975) showed the fractions of IgG,
derived from column chromatography techniques, to have
basic differences.

Following the immunization of laboratory animals
with Salmonellae, an increase in bactericidal activity
per unit mass of IgG and IgM antibodies has been noted
with time (Schulkind et al., 1972). This paralleled the
increase in avidity also noted with time. This increase
in avidity is also apparent with other immunogens viz.,

Vibrio cholerae (Holmgren and Svennerholm, 1972),
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E. coli LPS (Ahlstedt et al., 1973) and haptens (Eisen
and Siskind, 1964; Goidl et al., 1968; Werblin et al.,
1973a and b). In any particular serum, the avidity of
IgM antibody is lower than that of IgG antibody, specific
for the same Gram—-negative bacterium (Robbins et al.,
1965; Holmgren and Svennerholm, 1972).

Early work by Pillemer et al., (1954) showed that
properdin-depleted serum was deficient in bactericidal
activity towards certain bacteria and in other complement-
mediated biological activities. Properdin, a hydrazine-
sensitive component (factor A) and a heat-labile
component (factor B) could together activate C3 to
generate serum bactericidal activity (Wardlaw and
Pillemer, 1956). Through the use of factor B-depleted
serum (Gotze and Miller-Eberhard, 1971) and C4-deficient
guinea pig serum (Root et al., 1972), the alternative
pathway of complement was established to have an
important role in bactericidal reactions with certain
Gram-negative bacteria. Schreiber et al., (1979)
demonstrated bactericidal activity with only the 11
proteins of the alternative pathway and so conclusively
proved that this pathway can be bactericidal in the
complete absence of specific antibody.

Bacterial LPS is believed to directly activate
complement via the classical pathway (Loos et al., 1974)
and the alternative pathway (Gewurz et al., 1968; Marcus
et al., 1971; GOtze and Miller-Eberhard, 1971; Dierich
et al., 1973). Evidence suggests that the polysaccharide
moiety of LPS activates the alternative pathway while the

lipid A activates the classical pathway (Lachmann and
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Nicol, 1973; Loos et al., 1974; Morrison and Kline,
1977) . The direct activation of either pathway, in
the absence of specific antibody, does not seem to
result in killing in assays where a diluted component

source is used.

1.1.4 Bactericidal assays

The standard metﬁod for determining the number
of bacteria surviving serum action is the plate count
assay. It was used by Neisser and Wechsberg (1901) in
the first description of the NW phenomenon. It is still
used today although instruments, media, etc. have changed
since the turn of the century. The assay involves a
mixture of diluent, antibody source, complement source and
log-phase bacteria being incubated at 37° for a specific
period. At the beginning and end of this period, samples
of the mixture are plated out on nutrient agar plates,
and the numbers of colonies are counted after overnight
incubation of these plates. There are some disadvantages
inherent in this assay: (i) bacterial numbers initially
increase due to cell division, (ii) mixtures, containing
greater than 104 bacteria per ml, require to be diluted
before samples are taken and this increases the statistical
error, and (iii) bacteria may agglutinate in the presence
of specific antibody and so colony counts can be falsely
low, especially if the numbers added are high (>lO6 per
ml) .

The rapid photometric growth assay was developed
by Muschel and Treffers (1956) to counter some of these

objections. The assay, like the plate count assay,
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includes an initial period when bacteria, antibody

and complement are allowed to interact; the bacteria

can still divide in this period. The subsequent addition
of nutrient broth halts the bactericidal reaction and
allows the surviving cells to increase exponentially.

The mixture is incubated for several hours after which
the relative growth rates of the bacteria in test and
control situations are estimated by photometric means.
Muschel and Treffers found the assay to be accurate and
more time-saving than the plate count assay. The
principal disadvantage is the excessive use of reagents,
especially complement. Inoue et al., (1974) modified the
photometric growth assay to remedy this. Their microplate
count assay begins with the incubation of a small volume
(75 pl) of bactericidal reaction mixture in a micro-
titration plate. Concentrated nutrient broth (25 pl) is
then added and the plate is incubated at 37° overnight.
The viability of bacteria at the end of the bactericidal
reaction is gauged by the turbidity of the mixture or the
number of colonies on the bottom of the well. This assay
allows a larger number of reaction mixtures to be tested,
because of the small volumes used and the speed of
pipetting and diluting. However, it is just as time
consuming as the plate count assay as overnight incubation
of the plate is required.

Another assay that uses small volumes of reagents
is the radial diffusion agar plaque assay (Holmgren et
al., 1971). Microdrops of antibody source and complement
source are placed on the surface of a nutrient agar plate,

that incorporates live bacteria. Incubation of the plate
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at 37° for several hours results in plaques forming at
the killing sites. The radial diffusion of antibody
source, prior to the addition of the complement source,
results in plaques, whose area is proportional to the
bactericidal antibody concentration. Because IgM anti-
body diffuses poorly and avid antibody binds to bacteria
in the drop rather than diffusing out, this modification
has its limitations.

The multiplication of target bacteria is a problem
inherent in all the above bactericidal assays. Recently,
a mutant strain of F. coli has been described that does
not multiply at the normal bactericidal assay temperature
of 37°, but does so at 25° (Hooke et al., 1978). This
bacterium appears to be an ideal target organism for a
bactericidal assay as it cannot multiply during the assay
but does multiply to form colonies on agar plates, if the
latter are incubated at 25°,

A form of the original plate count assay is used
in this thesis. In the majority of experiments, the
initial bacterial cell concentration is 5XlO3 per ml.
Such a low number results in very close agreement between
the initial colony counts of different mixtures, in any
experiment. Agglutination of the target bacteria is also
prevented. The important advantage of this assay is that
target cells can be centrifuged down and studied further
after a bactericidal assay has been performed.

A number of assays have been developed that measure
that later action of specific antibody and complement on
Gram-negative kacteria - lysis. The release of nucleic

acid from the cytoplasm (Amano et al., 1958), the release
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of P (Spitznagel, 1966a) or C (Kasper and Wyle, 1962)
from labelled target cells and B-galactosidase activity
of these cells (Feingold, 1968b) are examples. The NW

phenomenon is an abrogation of the bactericidal reaction

and so a detailed discussion of these assays is not

included in this thesis.

1.1.5 A comparison with complement-mediated lysis of

animal cells

Complement has been shown to interact with and kill
protozoa (Anziano et al., 1972), nucleated mammalian
cells (Green et al., 1959; Green and Goldberg, 1960) and
viruses (Almeida et al., 1972). The fundamental mechanisms
of complement-mediated haemolytic, bactericidal and
cytolytic reactions appear to be similar.

The close historical and mechanistic ties that
exist between the serum bactericidal and immune haemolytic
reactions have already been described. Both require all
nine components of the classical pathway of complement
(Inoue and Nelson, 1966; Inoue et al., 1968b) and both
result in similar "doughnut" type lesions on the cell
surface (Humphrey and Dourmashkin, 1965; Glynn and Milne,
1967; Bladen et al., 1967). However, there are basic
differences also. These differences stem from the obvious
differences in cell structure and viability. Whereas
previous evidence has indicated that, like immune haemo-
lysis (Mayer, 1961), the bactericidal reaction is a
one-hit process (Inoue et al., 1976), recent evidence
(Wright and Levine, 1981b) suggests that it is a two-hit

process. Target RBCs are not viable; target bacteria are
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viable and their killing precedes spheroplast formation
and lysis (Davis et al., 1966). RBCs of all mammalian
species are susceptible to immune haemolysis, whereas
ordinarily, no Gram-positive bacteria and only some Gram-
negative bacteria appear to be susceptible to the serum
bactericidal reaction. The glycolipid cell membrane is
the site of complement activation and damage in immune
haemolysis. The polysaccharide O-somatic antigens of
the outer membrane of Gram-negative bacteria are the
important sites of complement activation in the serum
bactericidal reaction. The phospholipid bilayer of this
outer membrane is certainly a site of complement damage,
but the inner cell membrane apparently needs to be
damaged before cell death and lysis occurs.

Like bacteria, nucleated mammalian cells display
great variability in their susceptibility to killing by
complement (Ohanian et al., 1973; Ferrone et al., 1975;
Young-Roderichuk and Gyenes, 1975). However, this
variability cannot be solely ascribed to physico-chemical
properties of the cell membrane. The metabolic properties
of nucleated cells may also be important. These cells may
repair or re-seal damage caused by complement, they may
shed or degrade bound complement components, or they may
modify other physical properties of the cell membrane
(Ohanian and Borsos, 1977). The various properties and
behaviour of nucleated cells, that may influence the
result of complement action, have been listed (Ohanian
et al., 1978) but the relative importance of each is

relatively unknown.
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Bacteria are more susceptible to the serum
bactericidal reaction in the logarithmic phase of
growth. Nucleated cells, however, are most susceptible
to complement-mediated cytolysis during the Gl phase and
least susceptible during the logarithmic phase (Lerner
et al., 1971; Pellegrino et al., 1974; Cooper et al.,
1974) . Unlike bacteria, nucleated cells differ in their
susceptibility to complement from different species
(Ohanian et al., 1973; Pellegrino et al., 1974).
Inefficient killing, despite hundreds of thousands of
bound complement molecules, is also recognized (Lerner
et al., 1971; Ohanian and Borsos, 1975). Morphological
changes have been observed at the surface of nucleated
cells following exposure to antibody and complement. 1In
particular, multiple protrusions have been demonstrated
using scanning electron microscopy (Ohanian et al.,
1978) . The surfaces are "moth-eaten" in appearance and
point to complement acting at discrete sites on the cell
membrane. The protrusions are similar to those demon-
strated on bacterial cells in similar circumstances
(Schreiber et al., 1978).

The classical pathway of complement appears to be
more important than the alternative pathway in the
complement-mediated killing of nucleated cells. This is
so for the serum bactericidal reaction. However, there
are several reports (see Miller~Eberhard and Schreiber,
1980) of nucleated cells activating the alternative path-
way and being subsequently killed. Like bacteria
(Schreiber et al., 1979), at least one type of nucleated

cell has been shown to be killed and lysed only in the
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presence of the eleven proteins of the cytolytic alter-

native pathway (Schreiber et al., 1980).

CHAPTER 1.2 Aberrent phenomena associated with the

complement-mediated bactericidal reaction

1.2.1 The Neisser-Wechsberg phenomenon

The phenomenon was first described by two German
workers, Neisser and Wechsberg, in 1901. They reported
that low dilutions of some antisera are unable to kill
the corresponding serum-sensitive bacteria in a plate
count bactericidal assay, whereas higher dilutions can
kill until specific antibody is no longer present. The
lack of killing with the low antiserum dilutions, ie.,
with high levels of specific antibody, constituted the
NW phenomenon.

Neisser and Wechsberg demonstrated this prozoning
activity in antisera raised in rabbits, goats and dogs
against two species of Vibrio, and Salmonella typhi.
They further showed (i) that the bactericidal activity
of a normal serum could be diminished by the addition of
heat-treated antiserum with this prozoning activity, and
(ii) that the prozoning activity of an antiserum could be
reduced by the addition of normal serum. These last two
observations are very important to the understanding of
the mechanism of the NW phenomenon, although this was not
realized at the time. Their explanation was consistent
with the current theory of immune haemolysis, although
they could not demonstrate such a prozone phenomenon in

the haemolytic system. According to Neisser and Wechsberg,
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specific antibody (amboceptor) needs to combine with
complement, before attaching to all the antigenic

sites (receptors) of the target bacterial cells, if
cell death is to occur. When excess antibody ie., low
dilutions of antiserum, is present in a bactericidal
assay mixture, a fraction does not combine with complement.
If the avidity of the uncombined antibody is higher or
the same as that of the combined antibody, the former
preferentially binds to available antigenic sites. The
target cells are not killed as uncombined antibody is
bound to some or all of the antigenic sites.

Current theory on the mechanism of the serum
bactericidal reaction does not support this first
explanation for the NW phenomenon. Many other explanations
have been forwarded since 1901, and the purpose of this
thesis is to provide an explanation based on a study of
the various parameters of the bactericidal reaction.

Fifty years after the first description, a
reference was made tothe phenomenon in one of the standard
Microbiology textbooks of the day (Wilson and Miles, 1957).
The authors claimed that such a prozone phenomenon is
demonstrable in other simpler immune systems and vaguely
paralleled the NW phenomenon with the zone phenomena seen
in agglutination and precipitation systems.

Various hypotheses were later aired by several noted
immunologists in a workshop setting (Muschel, 1965) .
Muschel believed that the NW phenomenon is due to some
steric hindrance to complement components and that the
precise mechanism is more difficult to explain than for

the inhibition of agglutination by excess antibody. Coombs
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suggested that soluble bacterial antigen combines with
antibody in the fluid-phase and that this soluble

complex deviates complement away from the target bacteria.
Boyden suggested that only one Fab combining site per
antibody molecule combines to antigenic sites on the
bacteria, and so complement activation does not occur.
Very little experimental evidence was presented for these
hypotheses during this discussion.

The agglutinating and bactericidal properties of
IgM and IgG antibodies, specific for somatic antigens
9 and 12 of Salmonella typhi, were studied by Daguillard
and Edsall (1968). They pooled rabbit antisera and
first separated antibody, specific for the single antigens
and both antigens, by adsorption to and subsequent
elution from acetone-dried bacteria. They then separated
the specific IgM and IgG antibody by gel filtration on
Sephadex G-200 and by subsequent anion-exchange
chromatography of the crude IgG fraction on DEAE-cellulose.
Both specific antibody preparations showed the NW phenomenon
and so Daguillard and Edsall caiimed that specific IgG and
IgM antibody possess this prozoning activity.

Certain experimental aspects of this work seem
unsatisfactory. The vaccination schedule was short in
comparison with other studies, in which prozoning activity
was demonstrated (see 1.4.1). Specific IgA antibody could
have been present in the various fractions, as an otherwise
unidentified B-globulin appeared in sera collected late in
the vaccination schedule. The antisera used to test the
various fractions were not well characterized. Elution of

specific antibody from acetone-dried S. typhi cells by
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acetate buffer (pH 3.5) followed a previously published
method (Robbins et al., 1965). Incubation of the mixture
at 37° for 90 minutes, before centrifugation at 370,

must have destroyed some complement-fixing activity of
the specific IgM antibody (Stollar et al., 1976). This
may well explain why the IgM antibody displayed pro-
zoning activity.

In a detailed study of the NW phenomenon, displayed
by hyperimmune rabbit antiserum and S. typhi bacteria,
Muschel et al., (1969) dispelled some of the early beliefs
regarding the phenomenon. One of the importan£ findings
was that target bacteria, sensitized with a prozoning
dilution of antiserum, could be washed and still display
the prozone phenomenon on addition of complement. This
seemed to indicate that the phenomenon occurs on the
cells. These workers also showed that haemolytic
complement is consumed in the prozoning situation and
that the prozoning activity is dependent on the complement
concentration. Serum fraction studies indicated that both
IgM and IgG antibody exhibit prozoning at high con-
centrations, however, characterization of the fractions
obtained was poor and there was no regard taken of IgA
antibody. Muschel et al., concluded that excess antibody
plus non-specific anticomplementary factors found in
heat-treated antiserum are responsible for the NW phenomenon.

At about the same time, Edebo and Normann (1969)
published the first of a series of articles on the
phenomenon. The bactericidal activity of normal human
serum on rough Salmonella typhimurium mutants was shown

to be inhibited by specific rabbit antiserum. The prozoning
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activity of the antiserum appeared to be specific for
the immunizing mutant or for mutants belonging to the
same chemotype. This suggested that antibody specific
for the outer membrane LPS antagonizes the bactericidal
action of normal serum. In a second article, Edebo and
Normann (1970) reported that the killing of these
mutants by normal cattle serum can also be inhibited by
rabbit antiserum.

Normann (1972) provided evidence to suggest that
a lengthy immunization schedule is required to produce
prozoning activity in the serum of immunized rabbits.

Such a lengthy schedule resulted in serum with comparatively
high prozoning activity but with low bactericidal and
haemagglutinating activities. By fractionation of the
antiserum on DEAE-cellulose and identifying the fractions
using immunoelectrophoresis, Normann revealed that the
prozoning activity resides with only the IgG fraction

ie., with the specific IgG antibody, presumably. He
asserted that IgM and IgA antibodies are unimportant.

In the most important paper of this series, Normann
et al., (1972) analysed some basic parameters of the
prozone phenomenon, displayed by hyperimmune rabbit anti-
serum. They showed that S. typhimurium cells can be
sensitized and washed, but still remain in the prozoning
situation on incubation with complement. They also showed
that when the antiserum is absorbed with the isolated LPS,
the prozoning activity is lost. Other results suggested
that the prozoning activity remains stable over a large
bacterial concentration range and that it is abrogated by

the pepsin digestion of the antiserum. These workers
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postulated that in the prozoning situation, complement
activity is scattered or deviated so that it does not
effect a lethal lesion in the bacterial envelope.
Unfortunately, the above-mentioned parameters of the NW
phenomenon were not studied with the isolated IgG
fraction of hyperimmune rabbit antiserum. This could
have afforded very strong evidence for the involvement
of IgG antibody in this phenomenon.

So far, the series of articles dealt with the
effects of hyperimmune rabbit antiserum on the bactericidal
reaction involving a rough strain (395 MRO) of
S. typhimurium. Normann et al., (1973) also showed that
IgG antibody could also abrogate the killing of a smooth
strain of S. enteritidis. They postulated that IgG anti-
body can abrogate the killing of Gram-negative bacteria,
whether their LPS is "complete" or not.

One other study (Eddie et al., 1971) was important
because it focussed on the possible role of IgA antibody.
These workers first vaccinated rabbits with live
S. typhimurium bacteria. They then isolated specific
secretory IgA antibody from these animals, by adsorption
and chromatography techniques. As little as 10 ug of
secretory IgA antibody was found to inhibit the bacteri-
cidal activity of specific IgM or IgG antibody. These
results suggest that specific IgA antibody may have an

important role in the NW phenomenon.

1.2.2 Clinical Brucellosis

Brucella abortus 1is a Gram-negative bacterium that

commonly infects cattle, sheep, horses, and humans who by
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profession have contact with these domestic animals.
Bacteraemia, manifested by spiking body temperature,
can proceed to serious complications such as abortion
and the malfunction of several body organs.

Acute and chronic phases exist in this disease
and they can be differentiated serologically with tube
agglutination, complement fixation, bactericidal and
modified Coombs tests (Buchanan et al., 1974). A prozone
phenomenon is commonly observed in the agglutination
test with heat-killed Br. abortus organisms and low
dilutions of serum from chronically-ill humans. The
prozoning activity was found to be associated with the

serum BZA ) -globulin, viz, the IgA fraction (see

Y1a
1.3.1).

Mammalian sera also display a similar prozone
phenomenon in the complement-mediated bactericidal reaction
with this bacterium. Initially, Hall (1950) ndted that
low dilutions of serum from chronically-ill humans are
unable to kill. The phenomenon has been demonstrated in
whole blood (Joos and Hall, 1968) and serum (Hall et al.,
1971) from hyperimmunized rabbits.

The first kinetic study of the bactericidal activity
of fresh, whole blood closely resembled the imn vivo
situation (Joos and Hall, 1968). Normal rabbits and
rabbits, immunized with heat-killed Br. abortus organisms,
were assayed for blood bactericidal activity. Whole blood
and serum, from all normal and most immunized rabbits,
efficiently killed the target Br. abortus cells in a very
short time. However, some specimens from immunized rabbits

and all from hyperimmunized rabbits were unable to kill.
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Weekly immunizations over eight weeks constituted hyper-
immunization, and the appearance of this prozoning activity
in the blood coincided with the appearance of prozoning
acti%ity in the tube agglutination test. Joos and Hall
concluded that a complement deficiency and a blocking anti-
body are the causes of the activity shown by immune and
hyperimmune blood, respectively.

Hall et al., (1971) attempted to identify the serum
factor(s), responsible for this prozone phenomenon, by
fractionating hyperimmune rabbit antiserum. Surprisingly,
the whole serum showed only slight prozoning activity, in
bactericidal assays with target Br. abortus cells. The
B-globulin fraction, resulting from starch block electro-
phoresis, showed the most prozoning activity and bacteri-
cidal activity. The IgM and IgG fractions, isolated from
the B- and y-globulins, showed only bactericidal activity.
The IgA fraction, isolated from the B-globulins, showed both
activities. These workers postulated that this manifestation
of the NW phenomenon is due to some property of the specific
IgA antibody. However, they admitted that the IgA fraction
was significantly contaminated with IgG immunoglobulin and,
more recently, Griffiss (1975) has added transferrin,
albumin and IgG degeneration products as probable contamin-
ants. The anticomplementary activity of the latter may
explain the observed prozoning activity. The observed
bactericidal activity is not consistent with the established
properties of IgA antibody (Eddie et al., 1971; Knop et
al., 1971; Heddle et al., 1975) and was probably due to
the contaminating IgG antibody. For these reasons, this

study was inadequate to define what serum factor(s) are
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responsible for this prozoning phenomenon.

1.2.3 Clinical Meningococcal infection

‘ Neisseria meningitidis is a Gram-negative
bacterium that may cause septicaemia and meningitis
in humans. The immunological mechanisms, which enable
the infected host to kill meningococci, have evaded
elucidation since the earliest studies with this
bacterium. Matsunami and Kolmer (1918) first reported
that specific antiserum may not be bactericidal for
meningococci at low dilutions. They also demonstrated
an increase in the bactericidal activity of whole blood
from convalescing patients and immunized animals.
Citrated blood was used in the bactericidal assays. As
citrate ions are known to antagonize complement activities,
the bactericidal activity of citrated blood was probably
not complement-mediated.

As part of a general investigation of meningococcal
infection, Thomas et al., (1943), and Thomas and Dingle
(1943) established that bactericidal activity frequently
occurs in the serum of normal humans and that there exists
an extraordinary variation in the sensitivity of various
meningococcal strains. Sera from convalescing patients
and immunized rabbits often showed no killing in the
bactericidal assay, but on dilution and addition of comple-
ment, they did show killing. These sera also abrogated
the bactericidal activity of normal sera, with no
demonstrable consumption of haemolytic complement. A
clear explanation of these observations was not given.

Susceptibility of humans to systemic meningococcal
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disease is directly related to a deficiency of specific
antibody (Goldschneider et al., 1969a). These workers
found that sera from 51/54 prospective cases of
meningococcal infection were deficient in specific
antibgdy by bactericidal and fluorescent antibody assays.
A further study by these workers (Goldschneider et al.,
1969) reported sharp rises in serum bactericidal
activity and specific IgA, IgM and IgG antibody, follow-
ing carriage of a particular meningococcal serotype in
the nasopharyngeal area, or following infection by that
serotype.

The serum bactericidal antibody profile of four
patients convalescing from recent meningococcal infection
was further studied by Griffiss (1975). Sera were
fractionated in a series of chromatography steps. The
resulting IgG, IgM and IgA fractions were shown to be free
of contaminants by immunoelectrophoresis and quantitative
radial immunodiffusion. The whole sera were bactericidal
but, for three patients, exhibited prozoning activity also.
IgM and IgG fractions were bactericidal but IgA fractions
were not bactericidal. This is consistent with the
reported inability of IgA antibody to participate in
complement-mediated cytolytic reactions (Ishizaka et al.,
1965; Eddie et al., 1971; Knop et al., 1971; Colten and
Bienenstock, 1974; Heddle et al., 1975). Griffiss also
found that the IgA fractions could specifically inhibit
the bactericidal activity of both IgM and IgG fractions.
The extent of inhibition was directly proportional to the
ratio of the IgA immunoglobulin and the bactericidal

immunoglobulins. This study agrees with others on the
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ability of IgA antibody to inhibit both bactericidal
(Eddie et al., 1971; Hall et al., 1971) and haemolytic
(Russell-Jones et al., 1980) reactions, mediated by
IgG and IgM antibody.

Griffiss concluded that specific but non-complement-
fixing IgA antibody can compete with IgG and IgM antibody
for antigenic sites on the target bacterial cells. He
noted that significant inhibition could only be demon-
strated when quantities of IgA immunoglobulin, far in
excess of that in whole serum, were added to the
bactericidal assay mixtures. He concluded that if IgA
is to account for the prozoning activity of these con-
valescent sera then it does so by an as yet undefined
mechanism. Thus, another manifestation of the NW
phenomenon remains unexplained.

In a further study, Griffiss and Bertram (1977)
postulated that the sera of individuals, susceptible to
meningococcal infection, contain low levels of specific
IgA antibody, that inhibits the complement-mediated killing
of N. meningitidis. These sera are already known not to
have specific bactericidal activity (Goldschneider et al.,
1969a) . Acute phase sera contained little bactericidal
activity in the later study; however, when IgA had been
removed by affinity chromatography, this activity was

significantly raised.

1.2.4 Less defined examples

The previous three sections deal with the three
commonly demonstrated and most thoroughly investigated

examples of the prozoning (NW) phenomenon in the serum
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bactericidal reaction. In particular, they deal with
the lack of bactericidal activity in low dilutions of
hyperimmune antisera and of convalescent sera, with

S. typhimurium, S. typhi, Br. abortus and N. meningitidis
as the immunogens or pathogens. This section deals with
some less defined examples of this type of phenomenon

in clinical situations. It emphasizes the variety of
such situations that show similar features as those with
hyperimmunized laboratory animals.

Waisbren and Brown (1966) studied the serum
bactericidal activity of patients, chronically infected
with Gram-negative bacteria. Infected body organs
included the lungs, peritoneum, heart and kidneys. The
infecting organisms included Pseudomonas, Proteus,
Salmonella and E. coli strains. These two workers found
that the sera themselves failed to kill the infecting
bacterium in the serum bactericidal reaction, as well as
inhibiting the bactericidal activity of normal serum in
this reaction. The inhibitory activity was heat-stable
and specific for the infecting bacterium. Waisbren and
Brown stated that there was no correlation between the
serum inhibitory activity and haemagglutination or
agglutination titres, but the data presented was too
scanty for this conclusion to be scrutinized. The specific
antibody activities of only four sera were calculated; the
haemagglutination activity of three seemed to correlate
with the inhibitory activity. They concluded that
specific antibody is responsible for this inhibitory
activity. Although the study did not endeavour to establish

whether bactericidal activity appeared on diluting the
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patient sera, all the cases cited were possibly examples
of the NW phenomenon.

Bacteria that cause systemic infections in humans
are nearly always serum-resistant (Rocantree and Rantz,
1960). E. coli strains, causing upper urinary tract
infection, are mostly serum-resistant and smooth (Kimball
et al., 1964). Gower et al., (1972) discovered that, in
this clinical situation, the infecting E. colZ strain was
serum-resistant, or was serum-sensitive with no
bactericidal activity being present in the patient's serum.
They even cited one patient as developing an upper urinary
tract infection, although initially having normal serum
bactericidal activity. Specific haemagglutination titres
rose but the serum bactericidal activity disappeared. 1In
follow-up studies, the haemagglutination titres declined
and normal serum bactericidal activity returned. These
workers inferred that the lack of specific bactericidal
activity could be responsible for the c¢ontinuation rather
than the establishment of chronic infection.

The sera from two such patients, infected with
Proteus mirabilis, were investigated by Taylor (1972).
They both lacked specific bactericidal activity and
inhibited the bactericidal activity of normal serum on
this bacterium. They were fractionated by columnchroma-
tography methods and the resulting IgG fractions appeared
to contain the inhibitory activity. IgM and IgA immuno-
globulins were shown to be absent from these fractions by
immunoelectrophoresis with class-specific antisera. Taylor
thus stated that specific IgG antibody is responsible for

the lack of specific bactericidal activity and the inhibitory
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activity in the serum of such patients. He also inferred
that, in such aberrations of the complement-mediated
bactericidal reaction, high concentrations of specific
IgG antibody effectively compete with the bactericidal
IgM antibody for antigenic sites on the target bacteria.
Human IgG antibody is bactericidal, although the sub-
classes Qidely differ in complement-fixing activity
(Spiegelberg, 1974). It seems likely that the studies
of Gower et al., and Taylor both refer to examples of
the NW phenomenon in the clinical setting. The exact
mechanism of this phenomenon is again unknown.

More recently, the serum bactericidai activity of
patients suffering from chronic rhinoscleroma was
investigated (Krasilnikov et al., 1974). This disease
is invariably caused by a Klebsiella species, and a
capsular form of this bacterium was used as the target
organism. Serum bactericidal activity was found to be
low for sufferers but high for normal persons. The serum
of sufferers could also inhibit the bactericidal activity
of normal human serum and normal guinea pig serum. This
again appears to be an example of the NW phenomenon.

The serum bactericidal activity of typhoid carriers
may relate to the NW phenomenon. Specific activity against
S. typhi is significantly lower in these individuals than
in non-carriers with or without any typhoid history
(Karoldek et al., 1962; Karol&ek et al., 1975). CiZnér
et al., (1975) claimed that there are increased levels
of specific IgA antibody and reduced levels of specific
IgM antibody in the serum of carriers. The evidence was

the result of absorbing these sera with H, O and Vi
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antigens of S. typhi and then measuring the level of
absorbed antibody of each class. It was an indirect
and clumsy method to use. Karol&ek et al., (1975)
showed that serum from carriers assumed specific bac-
tericidal activity after absorption with Vi antigen.
They also postulated that specific but non-complement-
fixing IgA antibody in the sera of carriers compete
with IgM and IgG antibody, for antigenic sites on the
target cell wall; due to its higher avidity, the IgA
antibody effectively competes and so little complement
fixation occurs on the bacteria. Unfortunately, insufficient
experimental data were provided to support the proposed

mechanism.

CHAPTER 1.3 Blocking phenomena associated with other

immune reactions

1.3.1 Introduction

There are a number of other instances in which an
immune reaction may be blocked by particular sera and by
particular serum components, or may display prozoning at
low serum dilutions. The best known example of the latter
occurs in precipitation and agglutination reactions with
soluble and particulate antigens, respectively. Over forty
years ago, studies were undertaken with both protein
(Heidelberger and Kendall, 1935) and polysaccharide
(Heidelberger and Kendall, 1937) antigens. They estab-
lished that precipitates, from reaction mixtures of
constant antibody concentration but increasing antigen

concentrations, progressively appeared, peaked and lastly



44.

disappeared. The first of these three phases constitutes
a pro