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- : ABSTRACT

Treaiﬁent;of Cg7 black mice by the intraperitoneal route with large

quantities of iron renders these animals susceptible to infection with

Néi#éeﬂ&&-ﬁen&ﬁgiiidié. Within 16 h of intraperitoneal injection of low

doses of'meniﬁgococcal cells (102 cells per mouse), the number of viable

R

. bacterial cells in the blood increases meore than a million-fold. Death’

: ugﬁally follows within 48 h. This-experkmental mfdel'of infectibn provides a

system for the clas;ification of virulence off;hg meningococcal strains and
for the stu@y of aspects of igmunity to this m}gro—orgaﬁism. Mouse virulence
'of';a;iouQ strgins correlated wedl with respective human virulencé. The LDsg
for mice of caée strains (blood or C.§5.F isolatésj Qég reduced by 6 logs in
the presénce of iron (i.e. from 108 to 102 cells per mouse); whereas a

carrier strain maintained a high LD5g even in the presence of iron

(i.e. > 108 cells/mouse].,
: . ~ .
Large molecular weight iron compounds such as iron dextrin (Ferrigen) or
iron dextran (Imferon) were unable to enhance infection to the same extent as

the lower molecular weight compounds iren sorbitol citrate (Jectofer) or

ferric and ferrous salts. -
Pre—treatment of mice with iron at different times up to 24 h before

bacterial injgction'enhanéed-infection as well as did.concpmmittant iron
injection.

‘The requ@éement for injected iron could noﬁ be alleviared by growing the
bacferigm in or on media containing levels of iron'comparable to those used
in the treatment of the filce. hhen injegted with iron, the meniﬁgococcal
cells were letﬁa}. However, once ;emoved from the irén and injected on their

own similiar cells were not lethal. The cells did not alter their character



- ©owvili
nor store sufficient iron to lower the LDgn when grown in iron containing

media. . ‘

‘

Iron overload occurs following injection of the concentrations of iron

required to enhance infection_as was seen in livers and spleens of the mice.
“

*

Al:hough in excess of one-quarter of the normal mouse total body iron was

injected hematological parameters -were not signiflcantly altered and toxlcity

;,(5;3 ninimal. S . T : -
e

Analysis of mouse sera at various tlmes following irof treatment ‘for
iron content and % Fe saturation of the transferrin suggest that the amount
of iron in the bloodstream at the time of bacterial challenge is not a major
factop in determining the course of infeceion. The data argue against any
protective 4in vivol effect for mouse transferrin.

Active immunization of the mice with a meningococcal protein antigen
abolished the enhancenent of infection in the presence of iron, resulting in
protection of the mice. The data suggest tHat iron mighE‘prefereneially
interfere with host mechanisms. which onerate'in tne earl? phase of micrebial
invasion, before_ehe immune response of_;he-animaluhaS‘been actively‘

devéloped.. .

The in vivo studies{suggesf that the mainleffect of iron treatment is
upon defences of the local and reticulo-engothelialVsystemé-v Iron affects
mouse resistance in sneh-a manner that only bacteria.nossessing a seleetive
character have ehe eapacity to take advantage of this al;eration.

Examination of tne growth of virulent and-avirulent strains "innvitro"
both in liquid and agar revealed "that increased lron in the medla produced no
difference in growth.rate, yield cellular or colonial morphology.. Analysis

of growth culture filtrates aed sediments showed nc significant difference in

removal or uptake of iron by the various strains. Decreasing-the

~

hY

lin vive - in the living. . -
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avai}ability of iron by using iron-poor media did not produce, preferrential
gro;th of the virulené strain. Iron-limited growt? was obtained by addition
of synpthetic iron chelating agénts such as Desferal gg\ghé media. Both

yirufint and av;rulent strains grewvequally well under suc ‘iron—limiting

conditions. The ability to use
\/‘ y

6n in vitno? did not coéﬁglate with the’

ection in mice.

ot

ability to establish 'i
Based upan'examdRation of culture filtrates by 2 series of tests,
meningococcal stz

1d not appear to secrete detectable iren sequestering

agents (siderophores) into the media. Cencentrates from up to 4 1 of growth

B

media did not yield catechol or hydroxamate type siderophores. A& cellular
extraction process with ethyl acetate fajled to providé evidence of attached
siderophores. Hence, production of iron‘chelators-is not a characteristic
upon which the difference in reaction of meningococci in infectivity may be
based.

Mouse sera, like other mammalian sera (including human) stimulated the
growth on agar of both virulent and avirulent strains. Such data indicate
that exogenous iron in the mouse model of infection 1s not needed te overcome
a defense activity of mouse serum. .

A series of {m uvithro studies demonstrate that iren may affect the growth
of meningdcocci in opposite diréctions depending upon the presence of .
different proteins pf substances from variocus body fluids or tissues.

-~ )
o . es gt . .
Various strains grew in the presence of purified human transferrin containing

different levels of iron. With certéin lots of épo—transferrin, iron limited
growth occurred. The avirulent strain showed a peculiar pattern of -

inhibition with apo—transferrin; inhibition increased rather than decreased

when iron was Lnitially édded.

.

2 4in vitne- in glass.

.- . .



X

-~

Little difference existed in the capacity of either strain £ype to
remove radioactive iron from transferrin. However, the amount of iromn
removed from transfe::ia-agé\zii?ined by whole cultures was least for the [//’\k
avirulent strain. The data suggest that speﬁt medium or some growth
by-product interferes with binding of tran;Eerrin-iron by the cells,
especiall; avirulent‘cells- .

Certain 1ots-of human lactoferrin exerted selective inhibition. The
highly virulent serogroup A strain grew in the presence of a concentration of
lactoferrin 4 fold higher than the concentratien which inhibited the
avi ul;%t strain. Inhibition was not simply due to withholding iron since
inhibition was still maintained inethe presence of levels of ircen which well

.

exceeded the iron-binding capacity of the protein.

'Despite the lack of inhibition by certain lots of transferrin or
lactoferrin, all lots of conalbumin (egg-white protein) repressed growth.
Growth of the avirulent strain was }nhibited more than the virulent strain.

Commercial preparations of ferritin (horse-spleen) were found to contain
cadmium as a contaminant. It was necessary te remove cadmium since the
levels found in the preparations were growth inhibitory.- Cadﬁiﬁm inhibicion
was also iron reQersible and was greatest for the avirulent strain.

Reduction with ascorbate eliminated cadmium. Certain lots of reduced
ferritin showed the peculiar tjpg of Enhibition which increased.upon addition

St

of iron. ‘kﬂ/

-

Mouse liver saline extracts also expressed similar inhibifion. The
highly virulent serogroup A strain was resistant. The data suggest that
increased virulence for mice may be due in part to elimination by excgenous
iron of a bactericidal action of liver tissue.

Ascorbate in conjunction with inéréasing iron also caused increased

growth repression. The order of susceptibility of serogroups was C > Y >
e . .
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s
B > A. The formation of hydrogen peroxide due ro oxidation of ascorbate was
not an explanation for the mechanism of inhibition. Increasing iren
decreased and subsequently eliminated ?nhibition by hydrogen peroxide. The
virulent serogroup A strain which possésses a higher catalase content fhan
the other serogro%p strains possessed a three—fold higher resistance to
hydrogen peroxide.

In toral, the 4k vitac studies Qemonstrate that iron may affect growth
in opposite directions depending upon the presence of other factors. Iron
alone stimulates growth. However, when in combination with ascorgate, liver
extracts, transferrin or reduced ferritin, iron represses growth of certain
strains. On the other‘hand, iron may cogtribute to growth by reversing
inhibition due to hydrogen peroxide or lactoferrin. The {in viii0o experiments
show that caution must be applied when one evaluates the effects of iron

during {n vivo infections in mice or men. Iron may be playing conflicting

roles during infection with the overall effect being observed.

J

R

e



GENERAL INTRODUCTION

I. THE ENIGMA OF THE MENINGOCOCCUS

Epidemic eerebrospinal fever was first described in 1805 by Vieusseux in
Geneva, Switzerland (Vieusseux, 1805). 1In 1887, the meningococcus bacterium
was first identified by.Weichﬁélbaum in the sp&nal fluid of six patients with
ﬁeningitis (Weichselbaum, 1887). .The bacterium, Nelsserdia meningiti&ié,
belongs to the family Nelsseriaceae which derived its name from the German
bacteriologist Neilsser who in 1873 discovered another important species:

N. gononthoeae (Branham, 1956). The term meningitis, meaning inflammation of
the membranes {meninges) covering the brain and spipal cord, is drawn from
pathology. The meningococcus remains the major cause of epidemics of
meningitis.

Examination by light microscopy of stained smears from purulent spinél
fluld shows the bacteria to se small gram-negative cocci, each cell
characteristically flattened where it is in contact with its mate (hence
diplococcal}. In the laboratory, the microbe grows as an aerobe, reluctantly
facultative with optimum growth temperature at 35 - 37°C and a requirement
for increased CO,.

Although nearly a century has passed since the meningococcus was first
identified, it still remalins much of an enligma {(Little-John, 1976). Many
unanswered questions arise in the minds of those who make even a superficial
study‘of the habits of tpis bacteria;._

The Infection caused by this m;cro—organism may ;ppeér as meningitis, in
one pgtient or as 2 virulent septicemia with minor effect on the meninges in
another. 1In fact, aéute meninéococcal ?isease may occur in four clinical
forms based on patient condition upon admission and the c¢linical coursé

(Salmon, 1970)..



T@anéienz bacteremia. The pégient is admitfed to hoSpitai_wich an upper
respiratory tract infecpion. The condition is self-limited, wizﬁxihe patient
improving in a few days without specific treatment. Blood cultures show
presence of Neisseria meningLlidis .

Acute meningococcomid. The patient arrives at hospital with a sudden
onset of symptoms including fever, nause&mand a diffuse petechial rash.
There méy be a .short history of pharyngitis or upper resplratory tract’

symptoms. Diss®minated intravascular coagulation may lead to shock, adrenal,

.

hemorrhage and renal cortical necrosis. : : 4
| Meningitis. In the meningitic form of the disease, the patient‘ﬁas
fever, headache and stiff neck.  Usually there are no.petecﬁiae. The spinal
fluié is purulent and blood cultures may be ﬁositive.

Meningoencephalitis. The patient presents Iin a coma with deep “tendon

superficial abdominal and cremasteric reflexes absent. The spinal fluid is

purulent and clinical meningitis is present.

~
.

The matter is further complicated by the fact thay in many cases the
organism causes no disease at all, but simply harbours itself in the host’s
nasopharynx. Colonization of the mucosa of the upper respiratory tract is
not of iFself dangerous and is the expression of a successful commensal
relationship. The facgors thch prevent the carrier state from developing
into overt disease have not vet been charactefiéed. Non-carriers are
potentially at risk since thelr ability to establish the commensal
relationship remains unknown.

It was'Ehe classic beligf that the spreading of "disease in a p;pulation
was correlated with the amount of carriage} Meningococcal disease would
appear 1f the rate of na;opharyngeal_carriage exceeded 20% (Artenstein and
Winter, 1974). However, many studies in the late 1970°s demonstrated that no

clear relat;onstip existed between the extent of carriage in a community and
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the appearance of meniggococcal disease (Peltela, 1983); Variatioﬁ in the
incidence of the disease c;n no longer be ascribed to a correspondiﬁg\
variation in éarrier rate. " It 1s still not pessible to identify éhe
virulence of strains of meningococci cu%tured in carrier surveys.
- S
Understanding is further complicated by the fact' that serolﬁgicalri, the
micro-organism is not a éingle enptity. In 1915, Gordon and Mu{{;y proposed a

\

serological classification of the meningococcus into four serogfoups: I, I%,
III and IV {Gordon ahd Murray, 1915). Qﬁrrentlf; strains are divided into 10

main serogro;pé on the basis of the antigenic speéificity of thelr capsular
polysaccharides: A, B, C, D, X;'Y,jﬁ, and Bob, 29e‘and Wi3s. Most epidemic
outbreaks of menirnigococcal disease are caused by Group A stéains and small ’
outﬁreaks have occurred in association with'Gfbup B, C and Y strains; the

other serogroups occur less frequently. With periodic regularity, strains of

a sin;le serogroup emerge and cause an epidemic wave that §preads'along a
reésonably definable geographic front over several years with littie

ieap-frogging. Hence serogroups may differ from one country to another, even

from one district to the next._ In Canada, in the last &ecade, a signifécant
‘proportion of 1s®tates froﬁ cases were éerogroug A, whereas in the United

Statgs, serogroup A has only been rarely identified (Varughese and Acrnes,

1980). The A9th parallel appears to present a ﬁarrier to serogroup A

strains. The same serogroup'may cause overt disease in certain individuals

and may simply show ub as a carrier straiﬁ in others. Hence the relative
virulence of a serogroup rémains unknown. Overall, this epidemiological-r
evidence would indicate that environmental conditions or host factors would

be more Important parameters in determining the outcomé of the disease than

the actual serogroup of the bacterium..

/N
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Subcapsular antigens such as outer—membYane proteins or
lipo-polysaccharides have conferred upon the strains a serotype independent
of capsular se;ogroup. Interest in this area has increased in the last °
deche'(Ashton et al., 1980; Frasch and Peppler, 1982). Sefogroup A strains
are homogenous with respect to outer membrane and are not related to
serotypes of other groups. Other serogroups, however, have the same
se;otypes. Group B and C strains have been dividéd inte 15 to 18 different
serotypes based upon immunologically distinct outer-membrane proteins (Frasch
and Peppler, 1982). Of these only a few have been associated with
significant levels of meningoéoccal disease. Serotype 2 appearance is
p%evalené in group B and C disease isolates (Ashton et al., 1980). However
this association appears to have since declined (personal communication). It
has also been indicated that expression of outef-membrane proteins {the basis
for 'serotyping) depends upon media composition (McIntosh and Earhart, 1976).
Hence the exact relevance of serotype to virulence remains to be clarified.
From various sero-epidemiolegical studies Artenstein and Winter (1974) have
concluded that "the incidence of disease may be ascribed to factors in the

exposed rather than in the exposure".



II. PATHOGENICITY -

Y

The pathogenicity of a microbe is an expression of its capacity
to establish disease in"a host. Pathogenicity must always be defined
as an expression of a specific dynamic host-parasite relationship.”
Characteristics of both the microbe and the host concégbutq to the
outcome of the infectdon. The metabolic products of pathogenic organisms
often enable them to proddce disease in a susceptible host {Smith, 1960).
Although peculiarities of the bacterial p:oduéts are controlled by Ehe
_ baéterial genome, their preduction is phenotypically determined by the
'nutritional.and defense conditions. Many miéro—organisms infect only
one particular host species, such being the case with the meningococcus
which naturally infects ;nly man.

During thé infectious process, the initial requirement for a microbe
is to survive on and to penetrate mucous membranes or skin. Pathogens are
selective in the type of epithelia to which they attach (Savage, 1972).
Most gram—negative bacteria -multiply in che.epichelaﬁl surface at the
site of éntry, producing a spreading infection in the epithelium. Local
inflammation of the respiratory mucous membranes incfééses the permgability
‘of the blood vessels which under cértain circumstances zllows bacteria to
enter the circulation and subsequently cause sepsis.

A; one time, it was bélieved that meningitis resulted from difect
extension from the pésterior nasopharynx.‘ It has been generally accepted
that systemic disease usually follows &iséemination of the meningococcus

e

through the blood stream from the posterior hasopharynx (Feldman, 1972}.

Sanborn and Vedrods (1966) prowided suggestive evidence that

. meningococcal carriers actually experience epithelial cell invasion and

are not merely superficially colonized. -

. -
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_ The human host may contribute to maintenance of the commensal
relationship by restricting the meningococcus to its site of colonization on
the resplratory tract mucosa. 1t has been p% posed that immune lysis
proviQes the mechanism by which this procegs is achieved (Goldschneider

et al., 1969). A model for thevepidemic behavioursof the meningococcus was
developed based upon viFulence factors of the bacterium and susceptibility.of
Sf the host. An (i vitho test was used to determige the ability of whole
sera to kill the diseése causing strain. An inverse relationship was shown
between the titre of antibodies to 3 meningo&occal group C type II strain and
the level of susceptibility to disease.

However, like all proposed models, inherent discrepancies exist.
Carriage énd hence exposure to this strain of N. meningitidis was found to
vary not only among different training centres but also between training
companies'at the same centre. These variations could not be-directly
correlated with variations in disease rates over time or at any given time
among centres. Hence differences irn disease rates could not be explained
solely by the presence of é particularly virulent strain in one camp and not
anéther. In a subsequent paper, one of the co-authors of the former study,
adds that factors othef than initial Immume status, surface antigens of the
organi;m and rates of transmission must oﬁefate within the reéruit group
setting (Artenstein and Winter, 1974).

The c}clical occurrence of epidemic meningococcal disease suggests that
the diseasé depénds for its‘expression on the présence of an immunologically
deficientrpopulati;n. Since the disease is also malnly a disease of infancy
and early childﬂood it 1s suggested that indil&duals who.are susceptible to
" systemic disease lack humoral antibodies to the disease producing strain.
However, there is no concrete evidence that humoral antibedies are the sole

or even the major host defence mechanism. Recently, in a thorough review on

"9
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the mechanisms of pathogenicity of thé-meningococcus,'DeVoe {1982) concludes
that the patte;:-of epidemics does not correlate with the classic cycle for
attack of non—immune susceptible hosts in a population.

Once the epithelial surface has been breached the micro-organism is
confronted with a different' micro—environment, namely the extracellular fluid
of various tissues. The fate of the bacterium must be determined by the
presence or absenc; in this fluid of nutrients and physiochemical conditions
fa;ourébie for its growth as well as any antibacterial humoral factors. If
the invading bacterium finds the Eissue fluids a favourable mediupg for its
growth, host resistance depepds mainly on phagocytosis by macrophages and
polymorphonuclear leukocytes (Fdr excellent reviews see Miﬁs, 1976 and
Gadebusch, 1979). ‘

It is during the decisive primary lodgeﬁenc periods that the protectfve
reactions of the host are registered against a few invading organisms. Théf
reticulo-endothelial system (RES) serves as the first line of defence charged
with prompt removal of a potentially~vipulent organism (Miles et al., 1976).

Most successful micro-organisms must to scme extent succeed in )
interfering with the antimicrobial activities of the phagégyte. The
encounter between phagocyfe and the micro-organism is a central feature of

. P :
infection and pathagenicity. The ability to grow.in macrophages (resist
digestion) is often a2 key property of successful invasive micro—organismé
e.g. "Mycobacterium fuberculosis, Mycobacterium Leprse, Listeria \/
monocytogened and Brucella sp. (Mims, 1976). Extracellular repiiéghion puts
a microbe at a disadvantage because it becomes exposed to all the N
antimicrobial forces the body can sum up. Intracellular mlicrc-organlisms must
only overcome the cells’ own defence mechanisms.

The intracellular assoclation of N. meining{&idis would be advantageous

to this organism, providing the bacterium could resist degradation.




Laboratory examination of the blood or CSF 6f patients with meningitis
demonstrated meningococcl within pelymorphs to such an extent that in the
early years, the bacterium was actually named Nedlssernia inthaceffufares
(Roberts, 1967). Although earlier reports suggested thaé meningococéi
resisted intracellular digestion,‘and that this property might(determinezin
part their pathogenicity, recent findings demonstrate tﬁat under certain
conditions, meningococci neither survive nor multiply within gf;Aulocytes.
In 1967, Roberts éemonstraced that various Group B laboratéry stfai?s,

following ingestion by rabbit pdlymorphs, were fapidly killed. However,

ingestion of the bacteria occurred only in the presence of type specific

-

antibodies. A Group B laboratory strain was later shown by DeVoe

et al. to be rapidly phagocytized by human peripheral blood leukocytes in the
presence of 10% autologous plasma (DeVoe et al., 1973). Although most
intracellular bacteria were destroyed, some bacteria remained intact within
the polymorphs for the six ho;? duration of the experiment. The autho;
concluded that although the leukocyte did not appear.to ;ct in any way to
protect the meningococel, the intact meningoceil possibly represented a
portion of the.population that was resistant to enzymatic attack of the

. leukocyte. The extent of intracellular killing of men;ngococci by
m;nonuclear phaéogxtes remains to be defined.

A host may be Tesistant to a microbe if it does not provide the ﬁiﬁrobe
with a suitable growth medium. A pathogenic micro-orgamnism has the capacity
to use the host environment as a growth medium. The nutritional demands of a
microbe and the avallability of required compounds in the tissues or organs
- may determine the specificity of certain microbes for specific tissues. The
- speed and extent of infection may be determined by thé-effectiveness with

which microbes compete with their hosts for nutrients (Garber, 1956).

-




Most microbial cells need iron. Iron is one of the most versatile
biocatalytic elements due to its two stable valences (i.e. Fe™ and Fettt)

. -~
and to the wide range of oxidation reduction potential (+300 mV to -500 V)
Vi : .
between these two valences. Excellent reviews on the diversity of functions
‘of iron in microbial cells have been compiled,(Lankfofd, 1973; Byers and

~ . -
Arceneaux, 1977). Many enzymes contain iron. In nearly all bacteria, iron

is a component of ribonucleotide reductase, an essential enzyme for DNA

synthesis (Ehrenberg and Reichard, 1972; Neilands, 1977). Another major role

of iron is in oxygen and glectfon/hydrogen movement. A deficiency of iron

-may greatly reduce respiratory activity.

In animals, iron iIs found bound tg‘Eiqiogical carriers or depcsited

within various cells. The effectiveness with which a microbe can remove iron
from these carriers may determine its virulence. The ability of_ a host to
deny or a’bacterium to acquire such an element 1s "a battle of chelating

L

agents™ (Glynngm:1972).
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III. IRON'REGULAIiON IN HOST AND MICROBE

0f overriding importahce in the sudy of iron in biological situations is

the solubility of the metal itself. 1In acildic aqueous solution, ferric and

ferrous ions exist as Fe(H20)53+ and Fe(H20)62+. The water molecules in the
co—ordination sphere can‘be replaced by a wide range of ligands. As the pH
of the solution is raised, these lons split offtProtons, ﬁo:@ing hydroxy—iron
species and.polymers with a unique Spherical geometry;and a very high

molecular weight of approximately 180,000 (Saltman et al., 1976).- Fett ibn

 forms ferrous hydroxide Fe (OH), which has a solubility productof 107154 at

259C, zero ionilc strength. Thus, at physiological pH Li.e. 7.0, the amount of”

v -
-

free ferrous iod In solution is about 10-IM. The solubility product for
férric hydroxid; FeﬁOH)3 15 10738M at 259C in the 3M NaClO4, with a resultiné
free ferric ion‘concentratioé of 10~18% ar pH 7.0 (Spiro and éaltﬁan: 19]4).
In various growth media bacteria seem to have evolved nultiple systems
-for the acquisition gnd subsequent transport of ferric iron (for excellent
rgviews see Lankford, 1973:and Byers and A?céneaux, 1977). A variety of
microbes pro@uce and release_low moiecular weight chelates, termed
side;ophorgs, whicﬂ can solubilize ferric iron for purposes of transport.
Neilands (1973) has proﬁosed that siderochromes (siderophores) include both
major ;lasses of iron transp;rt co;factors, i.e. the éecondary hydroxamic

acids and the aromatic hydroxy acids (phenolic acids). These compounds which

all form oxygen ligands are among the most powerful known chelating agents of

. ferric ion with stability constants between 1029 and 1032, Most naturally

-

occurring hydroxamic acids at neutral pH bind w#th Fe™F forming stable
neutral chelates via three hydroxamate ligands per molecule, e.g. ferrichrome

and deferrioxamine B (Neilands, 1952 and 1977).

s
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Other Hydroxamate compounds consist of only t&o hydroxamate groups per
‘molecule with ghe Ehird binding centre béing provided by other 0z containing
groups e.g. Schizokinen. The two oxygen atoms of citrate provide the
‘remaining two ligands (Mullis et al., 1971) rowth faEIU%
for Mgcochtemium paratubercilosis termed mycobactin aiso belongs in this
categorf; with‘the chirdviron—binding centre belng contributed by phenolic
hydroxyls {Snow, 1970). |

The second major, class of all-oxygen ligand compounds, are tﬁe aromatic
hydroxy atids consisting of amino acid cqnjugates of 2,3- dihydroxybenzoic
acid. Iron deficient cultures of Escherichia cofi contain
2,3-dihydroxybenzoic aéid, \E. coli as well as Aerobacter agrogenes produces
2,3-dihydroxylbenzoyl serine (Béot ef.gl., 1966). Enterocheiig was Isolated
from E. coli and from Salmonelfa Lyphimuriwn (where it was called
enterobactin).(O’Brgen and Gibson, 1970 and Pollack and Neilands, 1970).
This iron=binding co-factor is a cyeclie triester of 2,3-dihydroxvbenzoyl
serine. V - i

? Many bacteria use not oply their own endogenously produced siderophore,
but also siderophores of other bacteria-(Byersrand A;Feneaﬁx, 1977). Some
bacteria .produce more than one siderochrome (Gibson and McGrath, 1969,
0"Brien and Gibéon,‘1970 and Byers and Lankford, 1968). It is suggested that
bacteria transport iron by excreting these co-factors: inte the medium in the
deferrated state where they complex with tﬁe polymerized iron and form
soluble ¥e+++ chelates (Byers and Arceneaux, 1977). These complexes are then
taken into the cell by specific transport systems involviné special receptors

on or within the cell (Rosenberg and Gefter, 1974).
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In body fluids bact;;ia are also confronted with the problem of
- acquiring iron. They have to compete with the host iren binding proteins for
the limited amount of .iron available. More than 2/3rds of the host iron is
found in hemoglobin and m&oglobin. Almost all of the remainder is found in
Athelstoéage forms ferritin and hemosiderin, located mainly within
reticulo-endothelial cells of the liver and spleen. Ferritin, found in
almost 2ll tyﬁés.of mammalian cells, is the second most abundant iron—protein
in the body (reviewed by Munro and Linden, 1978).‘ Ferritin is composed of 24
protein sub-units each of approximately 18, 500 daltons arranged in the form
of a cube (Harrison et al., 1967). A variable amount of iron is present in
the centre of each mélecule as a core of hyd;ous ferric oxide phosphate.
When isolated from a tissue the protein consists of a mixture of molecules
containiné no iron upto fully saturated molecules containing about 4000 iron
atoms, hav;ng a total iron content of ‘over 20% by weight. The protein has
ferroxidase_activity,.catélyzing_che formation of the ferric oxide core frem
ferrcus iron. -
fhe daily turn-over of iron in-man is approximately 30 mgs. Trans—
ferrin is the specific carrier which maintains iron in a soluble form and
accommedates this traffic (reviewed by Morgan,'l974}. Without transferrin,
the delivery of iron to hemoglobin synthesizing sites, and its mobilization
from storés would not be successfully controlled. Each transferrin molecule
has two metal binding sites, consisting of a single ﬁolypeptide éhain of
Nnolecular weight m the range 76,000 to 80,000. Felll is the?' most tightly
gound meéal. For each Felll bound,, 2 suitable anion, p&eferably bicarbonate,
must also be bound (Bates and Schlabach, 1975). The affinity constant for
* FeIIl is approximately 1036, Such an extraordinarily large binaing'constanc
prévents transferrin from loging its iron to the competing reaction of ferric

kS

hydroxide formation. . \

\
a

- !



A major iron-binding protein found mainly in excsecretions is
lactoferrin (Masson et al., 1966). This protein shares with transferrin the
ability to bind reversibly 2 atoms of iron per molecule but differs from the
serum protein by its antigenic properties and by its affinity for iron.
Lactoférrin has a similar molecular weight and affinity constant. However,
the affinity for iron i1s maintained by this protein at pH 4.0, at which pH
rransferrin releases all its iron. Polymorphonuclear leuvkocytes also contain
this protein in their secondary granuleg (Masson et al., 1966c).

Whether or not an ingecﬁion might develop could depend in part upon the
ability of the bacterium to utilize iron bound to such proteins. Thus,
S%thogenic bacteria must possess a means for acquiring this iron. The
bacteria can not overcome the iron deficlency in the animal body unless
they Ereate changes or produce substances which could make the iron of these
comblexes available to them. Direct proteolysis of the iren complex would’
disrupt the iron binding site. Direct interaction of the bacterial celi
envelope and the iron-protein molecule could result in iron exchange. The
bacteria might produce siderophonés to compete and remove the iron from the
iron-proteins. It is also possible that iron-starvation of thé-bacterium
could be alleviated by a localized area of inflammation, a cendition In which
pH,;s lowered and the iron-binding protein transferrin, ;f present, releases

its iron (Bullen, 1981).

. 7



IV. TIRON.AND PATHOGENICITY /

(v

A growing body of evidence suggests that hypoferremia genefits or helps.
2 host by méking»it less susceptible to microbial attack (Weinberg, 1978).
This conclusion-is based largely on animal experiments whereby ar;ificial
inductio; of hyperferremia (by injection of iron compounds) increases the
.éase of establishing a microbial infection. Support is alse provided by
in vitho experiments ig which a variety of micro-organisms grow pore
efficiently in the preseniiﬁof fluids containing iron-binding agents when
additional iron is included (Bullen et al., 1974b). Despite Such'evidenée
however, the crucial role that iron exerté in the establishment of microbial
infection in a host remains controversial (Weinberg, 1977 and Stockman,

~ o=

1981).

A. HOST IRON RESPONSE DURING INFECTION

Acute and chronic infectious diseases cause changes in iron metabolism
in the mammalian host (Weinberg, 1978). A reduéﬁion in the quantity of iron
;in serum has been observed in humans and other mammals that have a variety of
infectious diseases. Tuberculous patients become hypecferremic (Locke et al.,
1932). In man, following exposure to an aerosol of virulent Francisefla
tularensis, a decrease in serum iron concentration occurs (Pekarek et al.,

1969).

During acute infections, changes in the storage of ifon have also been

observed (Weinberg, 1978). Bypoferremia is achieved by an unknown mechanism

that suppresses return of the metal from the R.E. system and accelerates

movement of the plasma iron Iinto hepatic storage sites. This hypoferremia in

4
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tend to deny the parasite the iron required for its survival.

15

-

infected persons 1s not reversed by the parenter administration of exogenous
iron (Hellmeyer and Wohler, 1961 and Beisel, 1976). The netal accunulates in
the liver and spleen rather than restoring the plasma iron level to its
norﬁa{ state. Hypoferremia appears to be a relatively rapid host response
and thus Qay serve a yet undetefmined role in host resistance to infection.
Wéiﬁberg (1978) has stated that perhaps all vertebrates make
considerable adjustments during infection that have the effect of depriving.
invading microorganisms of iren. The little that is known about metabolic

ny

responses to infection suggests that at least some of these responses may
. N '

.

Increased synthesls of iron—-binding proteins occurs in episodes of
microbial attacks. The transferrin level in the‘blood of mice undérgoing
experime%taL_Enfec:ion with Lisfenia moﬁchtoggneé increased (Sword; 19663)2
Inflammatéry synovial fluid of arthritic patients contained increased levels

of lactoferrin (Bennett et al., 1973). 1In nine patients with bacterial

meningitis or pneumonia, plasma lactoferrin increased substantially within

. two days of onset (Hansen et al., 1976). The concentration of secreted

1accqferrin was increased thirty fold ébove normal in' the bovine mammary
gland within ninety hours of the onset of experimental or nacuralvmastitis
induced by E. cof{ (Harmon et ;1., 1976).

Weinberg (1974) has listed a series of hyperferremic conditions in
humans during which susceptibilicy to bacterigl and fdngal pathogens is
increased. It is suggested tﬁat increased availability of iron enhances

infection. However, other defects of the immune or inflammatory system also

_occur in these conditions. Such may predispose the host to bacterial

invasion. It is also suggested that iron overload (by parenteral injection)
.

. é = .
enhances infection iIn humans (Barry and Reeve, 1977; Becroft et al., 1977).

Other observations, however, indicate the opposite; iron
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supplementation decreases morbidity in bacterial infections (Weinberg,
1877). 1Iron administration in normal neonates does not increase the risk of
“infection (Stdckman, 1981). Polymorphs have a reduced bactericidal capacity
in iron deficiency (Chandra, 1573).
Hence, as Susspan (1974) indicates, a paradox exiscs in the part iron
plays En'infection. While hyperferremie appears to favour infection, so &oes

hypoferremia., Under conditions of normal heost iron metabolish, infection can

also take place. Hence, the part that iron plays in the host-iron parasite

relationship requires clarification.

B. ENHANCEMENT OF EXPERIMENTAL INFECTION BY IRON

Further support for the involvement of irom in bacterial infections is
provided b; enhancemént of infection in animais stressed with exogenous
iroé.k Parenteral administration of iron compounds to experimental animals,
reduces the size of the inoculum required to‘produce‘disea;e or death and
permits a greater amount of multiplication of microorganisms iﬁ invaded
tissues. Avirulent strains of Pastewrella peéiiéikilled mice only when their
in vivo growth was supported by adequate iron (Jackson and Burrows, 1956).
-E. c08l {infection in mice, rats or guinea pigs has been enhanced by
hemoglobin, iron sorbitol citrate or iron salt (Bornside et al., 1968, Bullen
et al., 1968b and Fletcher, 1971). Iron inc;eased the virulence of
Keebsiella and Salmonella iyphimurium,but neither Salmonella Lyphi nor
Pseudomonas aeruginosad for guinea pigs and mice (Martin et al., 1963 and
Chandlee and FuKui, 1965). The LDsg of a virulent strain of Listeria
monocyiogenes for ﬁice was reduced.a hundred-fold by pretreatment of mice

with {iron salt. Iren salt also markedly enhanced the mouse virulence of

Vibrio choferae strains (Joo and Csizer, 1973).
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In certain experimental infections, iron treatment abolishéd passive
immunity. If iron was given within six hours of the séart of infecéion
with Clostridium wefchi, the passive protection afforded to Zuinea pigs byv
specific antiserum was overcome (Bullen et -.al., 1967). Injection of iron
compounds up to “four hours following challenge with Pastewrella septica
abolished the protection that ;pecific antiserum offered to mice (Bullen
et al., 1968a). These studies suggested that iron was somehow interfering
with the defense mechanisms of the host. However, iron did not always )
abolish immunity. With experimental Listeria monccyfogenes infection iron
had no adverse effect upon actively immunized animals tSword, 1966b).

For Uibrio choferae,iron did mot abolish active or passive immunity (Joo and
Csizer, 1973).

These gtudies have indicated that the effect of iron varies greatly with
different bacteria and different hosts. Some authors propose that the.added
iron promotes development of microbial infection by becoming available for
mifrobial urilization. The virulence—enhancing phencmenon could be explained
simply as a gfowth stimulating effect of iron upon bacteria which are unable
to neutralize tissue bound iron. It has‘been proposed that iron assists
establishment.of infectign in the host fy eliminating the baccer19§tatic
effects of iron-binding proteins such as transferrin and lactoferrin which
are present ;n serum and.various secretions (Bullenm, et al., 1974b).

However, such experiments should be interpreted with caution. The
Toutes of injection are not comparable with those in natural infections. The
injection of Fe2t or sufficient Fed" to saturate serum transferrin is a
grossly unbiclogical p;ocedure and it is not poésible comﬁletely to exclude
toxic effects. :3 site of toxicity could be the Feticulo—endothelial system

-
which would tend to enhance infection in a non-specific manner.
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C. EFFECT OF IRON ON THE GROWTH OF MICROBES IN BODY FLUIDS AND TISSUES

In vithe studies with mammalian sera and body fluids support the concept’
that iron is somehow involved in the Infectious process. The bacteriostatic
and bactericidal effect of sera and body Fflulds can be removed by the

-~

addition of iron compounds. It‘ﬁs proposed that-iron negates- the
micreobicidal effects\df the iron=-binding proteins contained within the sera
or fluids. Schade ané?Caro;ine (1944} first demonstrated that the inrhibition
of the growth of various bacteria by raw eggiéould be reversed by iron.:
These authors subsequently showea that the'?ron—binding protein transferrin
contained in serum also Inhibited bacteria. The inhibition by serum could be
neutralized by adding enough iron to saturate the transferrin contained
within. Different mammalian sera Increased in capacity to support growth

of Mycobacteriuwn tuberculosis as the -levels of iron saturation of the
transferrins increased (Kochan, 1969a). It was proposed that the
anci—bacterial action of serum was simply due té interferénce with microbial
iron supply by transferrin alone or In conjunction with other serum
components (Bullen and ngers, 1969; Rogers 1§67 and 1970).

Other studies, however, indicate that the explanation of the

1
]

antibacterial action of serum or anti-serum based upon interference with iron
supply was not sufficient. The abolition of the anti~bacterial effect of
horse serum on Pgsteuwrcllfa species with iron compounds was a complex process

(Griffiths,.1971).. Fletcher (1971) suggested that iron interferr%g with the -

o
r

process of bacterial killing normally mediated by natural antibody and Cﬂ
E- - c.!

complement. Iron might bind serum proteins te the surface of the bacter;yﬁ

(Tandl, 1957). ;

e
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It is imgértant to evéiuate with caution'suggestions concerning iron and
microbial infection which are deriyed from experiments involving the growth
of mi;robrganisms i; serun. These types of expérimeﬁts.compare'in a
quasi-physiological maaner the cénditions of established septicemia. Growth
in serum is an inadequate model of infections initiated in tissues and not
the bleood stream. It may be a §ignificant model of events in bacteremia and
septicenmia.

The inhibition of various bacteria by milk has been attributed to
lactoferrin (Cheesman and Williams, 1964, Masson et al.,.1966a and Qram and
Reiter, 1968). Since addition of iron to the growth media reversed
inhibition, it was suggested that the effects of lactoferrin were due to the
compleéing of required iron. On a comparative basis lactoferrin was a more
effective inhibitor than transferrin (Masson et al., 1966a). Specific
antibody augmented lactoferrin inhibition (Bullen et al., 1972, Reiter
et al., 1975 and Griffiths and Humphreys, 1977).

Certain evidence indicated that the effeét5~of lact;ferrin were probably
not due to the binding of available iron in the media, but rather to a direct
bactericidal effect due to binding of the protein at the cell surfagg (Bishop
et al., 1976 and Arnold et al., 1977). Saturation of the protéin with iron
would élter its configuration and hence.alter its $inding te the bacterial )
cell surface. As a result, a reduction in inhibition would follow.

Iron compounds also abolished the bactericidal actiom of rabbit
polymorﬁhonucleérlleukocytes for Staphylfococcus aureus in a seni-synthetic
medium (Gladstone and Walton, 1971). ‘The growth of staphylococel inside the
polymprphs was stimulated. The presenée of iren or mycobactin in tiésue

culture media is known also to stimulate the luxuriant intra=-cellular growth
€

of tubercle bacilli in peritoneal macrophages (Xochan, 1977b). The



20

restricted raée of growth of P. aegtuginoda by peritoneal fluid is restored to

normal if iron iIs added (Bullen et al., 1974a).

D. SIDEROPHOQRES AND VIRULENCE

- \

- Stimulaflon of the groﬁth of bacteria in éera by the addition of iron
N\ '

L

chelating compounds which had been produéed by the respective bacteria in
\iron deficient media suggested that secretion of tﬁié type of ﬁompound by a
pathogen'in a host might enhance infection. Two-three dihydroxybenzofl
‘serine isoclated from low iroﬁ cultures of S,'zgphimuﬁggm eliminatg& the
bacteriostatic property of human sera for this bacterium and stimulated the
growth of small inocula (Wilkins and Lankford, 1570). Enterophelin reversed
the bacﬁeriostatic action of horse serum for E.-qoﬂi (Rogers, 1973).
Catechois from Kfebsiclla réversed the bacteriostasis of horse serum for

E. coki and Klebsiella species (Khimji and Miles, 1978).

Miles and Khimji's (19753 experiments cast doubt on the theog; ch;t the

ratg of siderophore production by a bacterium could be used as a measure of
lits ability to invade animal tissue a;d cause infectious disease. Chelator
production was similiaé for randomly selected avirulent img virulent stgains
of Klebsiella and E. colfi and for the smooth LPS forms and their avirulent
rougﬁ L?S mufants in strains of %l coli, Safmonella and Shigella.

The microbiostasis exerted by proteins in serum milk and egg white was
more effective in agar plates fog/av;rulent than virulent E.cofi strains
(Kochan et al., 1977a). This microbiostasis could be neutralized bﬁ the
addition of enterochelin or iron compounds. These, authors thought that the
ability cé small inocula of virulent cells to grow in serum indicated that

'

disease producing bacteria differ from avirulent cells in the possessicn of a

more effilcient mechanism for acquiring iren. Their demonstration that
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1
avirulent bacteria did not survive in spent mammalian sera irv<zaich virulent

bacteria had grown suggested that the ability of virulent bacteria to grow in

serum could not be attributed to the production of extracellular

siderophores. Supportive evidence for this was provided by Kvach et al.

*(1977). :
Exogenous microbial iron chelators have also promoted experimental

infection in U{Jo (Rogers, 1973 and Jones et al., 1977). Such studies -

- -~

suggest that the adequate production of iron chelators 4in vi{vo may be
necessary for the virulenge®dof certain micro—organisms.

However, evidence concerning the role of siderophores in determiﬁing the

.

‘virulence of pathogenic micro-organisms remains controversial. Catechols
from the strains of both high and_ low virulence for guinea pigs enhanced the

skin infectivity of most of the‘gﬂebé{eﬂﬂa strains tested (Khimji and Miles,

v

1978). Catechols were not virulence factors in‘the proper sense of being

= .

peculiar to the virulent forms of a species since the avirulent ferms also

synthesized catechol.
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V. IRON AND NEISSERIA

Prior to 1975, the only connection between ifon and'pathogenic
Neisseria was provided by the studies of Kellogg et al., (1963). Th%é
work demonstrated that virulence was genetically linked to clonal variation.
Most of the clones in primary isolates from acute gonorrhea of males were of
a type 1l designation; l0%Z were deéignated types 2-and 3. Type-l produced

Ed

infections in human volunteers whereas type 4 did not. Types 1l and 2 were

. classified eventually as virulent and types 3 and 4 as avirulent. Increasing

the percentage of ferric nitrate in the agar medium caused all four clone
types to become éranular in appearance and stimulated their growth rates.
This was most pronounced with the virulent type;-l and 2 which became three
times the size obtained without ferric nitrate.

In order to obtain adequate information on the factors involved in the
virulence of aam;croorganism, it is better to study it {n u{vc (Smith,
1960). However, man 1is the_sole natural host of the meningococcus and the
disease may be extremely severe and rapidly resulti?g in death. Hence it is
virtually impossible to accumulate data upon the infectious process in the
natural host. The remaining alternative was to establish an An viV0 system
from which extrapolations might be mgde to thé nétural ipfective éyscem in

man. Various experimental models of infection have been attempted; however,

the system which appeared to offer potential to better understanding the
- .

host-pathogen relationship was the mouse model of the mucin-enhanced

meningococcal infection originally established by Miller (1933).
A faral infection could be produced in mice by the‘intraperitoneal
injection of relatively few organisms when mucin was included; without mucin

a progressive infection was not obtained. In this system the bacterla
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grew from small inocula, to overwhelming numbers of bacteria in the blodd
resulting in ‘deathr within 72-hours, due mainly to septicemia. ’
Since mucin is a mixture of components whicﬁ have not been chemically
characterized, contrelled administration of a standardized system did not '
_occur. Altho;gh the infection-promoting action of mucin is of special
biological'interest and importanee'since nucin is phys;ological constituent
(\\ji the secretions of surface tissues which so often coﬁstitute avenues of

mTcrobial infection, the factors responsible for enhancing virulence have not

vet been adéﬁuately defined.

. The present author undértook ko study the presence of iron in the mucin
suspensicns employed 1 ourllaborai?:y and to investigate the application of
iron in the mouse model of meningococcal infection. It was hoped that the
resuits of such a ;earch couid result'in the developmenf of a standardized
cha}lenge system involving irod\compounds.

Evidence that :the injection of iron compounds could lead to the
2 -

progressive and fatal growth of an otherwise non—let?al dose of meningococci

in mice was first reported by Calver et al., (1975 and 1976). The results

suggested that host iron metabolism may play a part in\ the onset of

meningococcal infectiona
—_
Since that time, the body of knowledge coacerning iron an&\yeiééekiﬁ has

/

increased significantly. The majority of these reports will bé presenégdl@nd
discussed where applicabl®. ‘ b,
- It is the aim of this thesis to report and evaluate .in vithe studies
involving iron andﬁNeLééenia méningizidib in conjunﬁtion with a further |
exanination of the' mouse meningococcal infection model in order to e}ucidate

mechanisms by which iron might assist in the establishment of meningococcal

infection Iin man its natural host.

R
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Some of the results of this thesis have already been published.

Méterial from Chapters 1, 2 and 3 appear 1n Calver et-al., 1978, and 1979a.
Other observations in Chapter 3 éppear in Calver et al., 1979b. Since this.

work has been described by others, it wiil be refggred to in the text in its

published form. h
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CHAPTER 1 ENHANCEMENT OF THE PATHOGENICITY FOR MICE OF NEISSERIA
MENINGITIDIS BY IRON

Y
V

INTRODUCTEION

- g

\
'
-

Pre;iou§ research in our 1;fqratory had demonstrated t@at iron compounds
N

could act as}a replacement for_ﬁucin in the establishment of meningococcal
infection in mice (Calver et al:\{&%ﬁ). This animal model may provide a
system in which the virulence of stnains\giameningococci may be
differ:;tiated. This infection system may \also sérve-for bfudying immunity
to this micro-organism. A study of the effect of Immunization with a
meningococcal protein antigen upon the mouse ikon model of infection was
undertaken. . j

" A closer examination of this mouse ﬁodel ma& increase our understanding
of the role iron might play in the pathogenicity of this microbe. Is the
effect of iron upon the bacterium or upon host resistance, or a combination
of both? 1s the trequirement for iron absolute or can it be.éircumvented by
growth of the bacterium in or on iren media? If exogenous iron is
interacting with host defense, where and how does this occur? Is the iron
interactien at the level of the iron binding protein transferrin in such a

’

nanner that in vivo bacterial growth is due to supply of iron or does iron
affect the host so that the bacterium takes advantage of such alteration and

establishes infection? Insight into such questions may provide us with some

clue as to ho& infection in humans might proceed.

~%



MATERIALS AND METHODS :

o)

Iron Compounds. Iron salts used were FeS0; (British Drug Houses, Poole,

England), FeCly (Fisher Scientific Co., Pittsburgh, Pa.); Fe(N0O)39H20- (J.T.
Backer Chemical Cs., Phillipsburgh, J.J.). Chelated iron consisted gf iron

sorbitel citrate (Jectofer — 5000 molecular weight, 90% Fed* and 10% Fel*,

“Astra, Mississauga, Ontario, Canada), iron dextran (Imposil 200" - -180,000

molecular weight, Fe3+, Fisoné, Don Mills, Ontario, Tanada) and iron dextrin

(Ferrigen - 230,000 molecular weight, Fe3*; Astra).

Hog Gastric Mucin. Granular type, 1701-W was supplied by Wilson

Laborateries, Chicago, Illinois.

NCDM. Commercial Neisseria chemically defined medium (NCDM) was
provided by Grand Island Biological Co., Ne@ York, USA and prepared according
to‘the manufacturer’s specifications. The irom conéain;é in this medium was
in the form of ferric salts (i.e. ferric chloride and ferric nitrat;) at a
concentration of 600 ug Fe/l00 ml (Kenny et al. 1967).

Transferrin. Purified human protein (Fe content maximum 20 ug/g) wag

obtained from Behringwerke, West Germany. 7

Animals. Male Health Protection Branch (H.P.B.) black mice {(a strain
derived from two Cgy scurces) weighing 14 = 17 g were used in the
experiments. All mice were fed the same diet of Purina mouse chow throughout

the study.



27

Bacteria. Cells of the different sérogroups of N, meningitfidis used in
this study were from the cultures regularly maintained at thd‘ipboratory
Centre for Disease Control.. The strains used and thelr corrésponding
serogroups were 604-A, 608-B, 2241-C, and Slaterus Y. The st?ains were
isclated from the following sources: blood (A and G), urethra (B) and
nasopharynx (Y). —

NCDM uas-added to the contents of freeze—dried culture ampoules. The
resulting suspeﬁgionslwere spread on{;he surface of Columbia Blood Agar (CBA)
plates supplemented with 5Z% sheep’s bloed, incubated and grown as previously
described (Kenny et al. 1@67). A second CBA plate was streaked from the
growth thained after 24h incubation. The layer of growth obtained after 24h
incubation of this plate (37°C) was removed with NCDM. Subsequent dilutions
were prepared in NCDM. Bacteria in all injection suspensions were caunted by
plating appropriate dilutioné on CBA and determining viable count.

. .

Iron Agalzsis. All glassware was washed‘in'BN HCl and rinsed thoroughly

with deionized water. The iron content of injection preparations and mouse

-sera was determined according to the method of Caraway (1963), employing

sulfonated bathophena oline with spectrophotometric examiration at 333 nm,

Bausch and Lomb Spectr c 505. For %pmparative purposes, iron content was

also analyzed by atomic absorption spéctroscopy (Perkin Elmer model 306) at
wavelength 248.3 mm (0.2 mm slit) using the flame mode. The values obtained
were c;lcul;ced from a standard c;rve cf FeCly in dilute HCI (Iron reference

solution — Fisher Sc;gncific).

-
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. Iron Treatment and Injection of Bacteria. S9lutions of FeSQ, in
physiological saline were prepared at Fe2+ concentrations ranging from 200 to
900 ug/ml. iige weré injected intra=-peritoneally (i.p.) with different
volumes of, iron salt solutions (0.2 ml te 1.0 ml). A second i.p: injection

of the bacteria In NCDM wias given 1, 2 or 24 h later. The injection volume

- »

of the bacterial sus&ension was eithger 0.5 ml or 1.0 ml., ‘iice were also
injecfed.i.p. with 0.2 ml volumes of FeSO, in saline for 3 consecutive days
prior to bacterial injection. FeCl,, FeClq and Fe(§03)3.were tested in a
similar manner.

The chelated iron compounds were procurred as sterile solutions ad justed
to physiological pll. One milliliter of a suspension consistiag of 0.5 ml of
bacterial dilution ang 0.5 ml of these iron compounds diluted in saline to an
iron cation injecﬁion concentration of 125 ug/ml to 500 ug/ml was
administered i.p.

Challenge with hog-gastric mucin and NEDM was pgrformed as previously
described (Jennings et al. 1972). Groups of mice were injected i.p. as
controls with hog—gastric mucin, NCDM or the various iron solutions. ALl

» . .

mortalities were recorded within 72 h of injecticon of the bacteria. LDsq”s

were estimated By probits.

Crowth of N. men,{ng»(',t{d,{,b in U&:UO. Nedlsseria m(’.m'_ngbt{d,i.é serogroup A,

‘strain 604, suspended in JectSfer (final concentration §OO ug/ml) and in
mucin, was injected into the mice intraperitoneally at 2.4 x 102 cells/m%.
In vive growth of N, meningitidis was followed for 48 h. Mouse blood (0.1
ml) was appropriately'dlluted in NCDH.and plated on CBA. These plates were
inCubaEgS\ac 3766 éna xamined 24 h later lor the presence of menlngococci.

Hean valuée/were recorded for groups of five mice. Appropriate control mice

injected with mucin or Jectofer were also studied.

Pt
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Iron Absorption in Mice. Mice in groups of five were injected i.p. with

ferrous sulfate and two different concentrations of Jectofer (i.e. one which
enhanced meningococcal infection in mice, #hd one which did not). Blood was
removed by cardiac puncture at various times over a two day perlod, pooled
and analyzed for iron content (Carawhky, 1963). A similar procedure was
applied to mice which had been injected with mﬁcin.

Mice were examined for residual iron in the peritoneal cavity by a
saline-wash techaique in which 3 ml of saline was injected into the cavity,

the area gently massaged and' as much fluid as possible withdrawn.

Iron Toxicity in Mice. Groups of 25 mice were injected i.p. with 0.5 ml
of ferrous sulfate or Jectofer in saline at concentratidhs which resulted in
450, 225 or 110 ug Fe per mouse. Group weight determinations were recorded
just prior to injection and the 3rd and 7th day following injection. All
deaths were recorded.

In a further experiment, mice which had received 1.0 ml of iron as
Jectofer at 500 ug/ml were individually examined for changes in hematologie
parameters during a 20 hour;period following injection.

.

Growth of Bacteria in Iron—containing Media. Iron as Jectofer was added

to NCDM at the following concentrationms: 500, 250, 125, 62.5 and 31.3

ug/mi. Serogroup A and C strains were grown in these media for a period of 9
hours with shaking at 37°C. The seed culture for these growth suspensions
was a 10 h;uf culture previously géown in NCDM which had been inoculated from
the ovérnight growth of the bacteria on CBA plates. Dilutions of the

Eespective growth suspensions wére made in growth media containing the

correéponding Jevel of iron as Jectofer. Certain of the cell preparations
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were filtered through 0.45 um Millipore filters, washed with 10 times their
voluﬁE*{% saline by refiltering and aseptically resuspended in
iron—conta{ning or iron poor medium as required. All cell suspensions were
injected i.p. into mice in a volume of 1.0 ml. Deaths were recorded and

viable counts of all injection suspensions were determined as previously

-
.

described.

An alternative technique in which the growth suspensions were not
filtered or centrifuged but were simply diluted in media with or without
Jectofer (500 ug/ml) prior t; challenge was also used. Cells growd in
Jectofer 500 ug/ml media for 11 h were diluted in-both media and injected
into the mice. 'For comparison, cells grown in NCDM for'll h were diluted

i

also in both media and injected. {

J
In separate experiments, aliquots of the growth cultures were removed at

intervals following addition of the inoculum and bacteria killed as required
by the addition of formaldehyde (l1%). Samples were centrifuged at 3006 rpm
(I.E.C. refrigera;ed centrifuge), washed in H30, and respun and Tesuspended
in NCDM. Optical densities were recorded 'at 500 nm with a Bausch and Lomb

Spectronic ‘photometer. .

Cell sediments were washed twice with saline and protein determined by

4

the méthod of Lowry et al. (1951). Standard curves were prepared with bovine
serum albumin in O.1N NaOH.

Other cell sediments were washed'in saline and resuspended in and
analyzed for iron content according to the method of Caraway (1963) employing

sulfonated bathophenanthroline.
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Immunization of Mice. A protein vaccine extracted from the serogroup Y,
Slaterus strain, according to a procedure of Jennings et al. 1972, was
dissolved in citrate buffer and injected i.p. into mice in a volume of 1.0 ml
at a concentrasion of 20 to 40 ug/ml protein. Seven days following
vaccination, the mice were injected with serogroup A suspended in mucin or <

injected 2 h after iron salt.

.
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. RESULTS . -
CLASSIFICATION OF VIRULENT AND AVIRULENT SEROGROUP STRAINS BY MOUSE

CHALLENGE 7 ’
. ~J

-

Tagle 1 compares the LDsgq val%éséfgi the four major serogroups of
Neié#@nia ﬁen{ngLZLdié. The LD5p values of these strains for Cg7 HPB black
mice, when injected in growth medium (NCDM) are fairly high. However, a
progressive and fatal infection (mortality witﬁin 72 h) caused by otherwise.
non-lethal doses of serogroups A; B and C strains was produced in these mice
fgllowing injection af ferrous sulphate or during concomittant injection with
iron sorbitol citrate. (Table 2) Reduction of LDsgq by\FeSOA to levels at
least comparable to those obtained in the mucin challenge system was
achieveé. With serogroup A, B and C strains, the LDSQ was decreased by .
approximately a million fold. -On the other hand, the serogroup Y strain
remained félatively unresponsive,.szill having a high LDgg even in the
presence of iron or ;ucin. Based upoﬁ this capacity for establishment of
menlngococcal infection in mice, the serogroup A, B and C strains were
classified "virulent™ and the‘serogroup Y strain was classified "avirulent".

For a more accurate comparison with mucin, an injection system with
cheiated iron as Jectofer was devised (Jectofe; has a pH of 7.2 - 7.9). With
titis compo;nd, as with mucin (Table 1) the bacteria could be simultaneously
4njected. ,

With serogroups A and B, an increasing % mortality was- found to be
préportional.to the increasing concentration of iron provided by the Jectofer
(Table 2). ‘As shown, the serogrbup C straln gave a response similar to the A

and B serogroups when Injected with the higher iron dose. Once again the

serogroup Y strain showed a reduced response to growth enhancement in mice in



Table 1
i

N. meningifidis mouse challenge

.“

~ Scrogroup
LD {cells/ml)
Injection Medium 50

A B C Y

NCDM 108 108 108 100
Gastric mucin® 102 102 103 108
Iron? 102 102 102 108

a
b

Hog gastric mucin 5%
FeS0,.at Fe concn of 450 ug/mouse.
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Table 2

Effect of Jectofer upon Challenge
with N. ‘meningLiidisd

<]

o

Z Hortalityb

Serogroup Injected Fe concn., ug/ml

Hucin
cells/ml 500 250 125 5%
2.2 x 102 80 20 0 T
A 2.2 x 103 90 30 0
2.2 x 10% 100 80 20
1.3 x 102 g0 - 30 0 100
B 1.3 x 105 100 50 10
1.3 x 10% 30 90 T 80
1.6 x 102 80 90
c 1.6 x 102 ‘ 100
1.6 x 10% 100 N
2.2 x 108 ' 10
Y 2.2 x 107 40 60
s 2.2x 108 80

fpased upon groups of 10 mice
Mortality recorded 72 hr. after challenge

34
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the presence of 1ron. An inoculum qentaining a fairly large né;%er og\zEIrﬁa
of the serogroup Y strain was requlred to give greater than 50% nartality
when injected with iron or mucin, i.e. 107 — 108 cells/ml. In this\system,
the mice suffered no significant ill effects injected with the highest level
of iron, i.e. 500 ug/ml. Without iron, injection of these S%TEEEb of

‘ LY
bacteria did not kill mice.

—

EFFECT OF GROWTH OF THE BACTERIA IN OR ON IRON~CONTAINING MEDIA UPON
CHALLENGE

~ -

Cells grown for 8 h in liquid culture containing iren as Jectofer and
injected as such or as dilutions in their respective iron media were also
lethal at low dose levels. Mortality due to the cell suspensions was
proportional to the iron content of the suspension.

The cells of serogroup A if removed from their growth suspensions,
washed and filtered were not letgal at the same low dose levels when
resuspended and injected in normal or low iron media gTable 3). Filtering
and washing did not affect viability on CBA,plates;V’

In separate experiments, serogroup -4 cells were grown for 11 h in medi%'
containing 500 ugFe/ml as Jectofer or in media without iron. Eac; growth
susﬁénsion was diluted for challenge in both media with or without 500
ugFe/ml as Jectofer. The injection suspénsions from either growth culture
were lethal only when iron was included. Hence growth of the bacteria in
high iron media did not alter the'capacity of the bacteria to be mofe
infective than usual in lower iron media.

Stpdies of the n vi{{ne growth of the serogroup A strain were also
carpied out with commerciél NCDM contalning a series of iron levels similar

to those used in the {n vivo enhancement studies. Growth in liquid media
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7 Table 3

Effect of Removal of Cells from. Growth #edia
Upon Challenge

Z Mortaliry

~

Treatment /
-

Serogrou;\\y Irnéladdcd

Filteredbin Filteredbin
cell/ml to media jg/ml Nil 62.5uz/ml NCDM
9.6x10% - S00 g0 0 0
A 1.0x10% 250 80 0 0
6.8x10% 125 30 0 0

INeoM media containing added iron in which cells were grown for 8 hr

Growth suspensions were filtered (0.45 u Millipore) and diluted in
media containing a lower level of iron and injected

Ve

o



was not altered in any significant manner by additional iron in the media

(Fig. 1). Increase in optical dengity (500 .nm) of washed cell suspensio
was alsé_similiér for the different growth media. ,Noxsignificant difference
in viable counts was evident thfoughout the growth period. Analyses of the
same washed cell suspensions as‘those upon which protein gés detérmined
showed no consistent increase in iron in the cell sediments grown in the
various iren containing media.
Following growth on Columbia égar plates containing 400 ug Fe/ml (as £
Jectofgr), the A strain was virulent only when injected in the presence of
iron. 'Thus g;owth of‘this bacterium on higher iron media does not increase

its capacity for growth in mice. Without adequate iron, the bacterium

remains non-lethal for mice.

GROWTH OF N. meninaitidis IN MICE

Growth of N, mendingitidis, serogroup A, in H.P.B. black mice is
demonstrated in Table 4. After the i.p. inﬁection of 2.4 x 102_cells in
Jectofer, increasing numbers of cells of N. meningizxdgé were isolated from

the blood of the mice at intervals over the next 32 h. A comparison with the

mucin challenge is shown. A rapid increase in viable count to a level of 109

“cells/ml occurred with 16 k. Death usually resulted in 48 h at a bacterial
concentration of 109 - 1010 cells/ml. Under the influence of irom sorbitol
citrate a progressive and fatal infection was produced in mice by the

injection of relatively few organisms.
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Fig; 1

Growth of the serogroup A strain in commercial N.C.D.M. containing iron
as Jectofer (ug/ml). Growth sample§ were removed at intervals, washed twice
wikh saline, resuspended in 0.1N NaOH and assayed for protein by the method
of-Lowry et al. (1951). Cells were grown in one liter shéke flasks
containing 500 ml of media. Inoculum was 5 ml of 109 cfu/ml culture removed
from overnight growth on a C.B.A.B. plate. The followipg concentrations of
iron as Jectofer were added to commercial NCDM: ﬁEO (on o ve ),

100 ( =—==— ), 15 ( -~=- ) and 0 ug/ml- ( == ). Viable count after
7 h of growth was 1.2, 1;1, 1.0 or 1.1 x 108 cfu/ml fqr med{a containing 506;

100, 15 or 0 ug Fe/ml respectively.

-t

<
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Table 4 J/NF\t

i
4

o
Growth of N. %en&ngizidié serogroup A irt blood

of Cg7 mice? , .
" N. meningliidis
Suspension Time (h) viable cgunt/ml
. : ,’-"\,. ) blood
Jectofer 500 up/ml 0 : 0
. 6 . o 3.2x107
16 ) 1.2x10°
32 © 3.0x10°
Mucin 0 0
6 4.6%10°
- - 16 2.7x10°

32 7.7x10%

¢ an amount of 2.4 x'102 cells/ml injected i.p. at time Oh.

" A mean of blood samples-from five animals; serum sSamples
taken at 16 and 27 h following injection of bacteria in
N.C.D.M. media alonme were negative for vizble count.

<
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EFFECT OF OXIDATION STATE AND MOLECULAR SIZE OF IRON COMPOUND UPON CHALLENGE

- The oxidation state of the iron being administered did not sigﬂlficantly
affect the outcome of the experiment (Table 54). Wigh injection of lower
cell inocula ferric salts were less efficient than ferrous salts at enhancing
mortali%Z: At higher celllconcentrations, mortalities were comparable.

The siz;‘;f the iron compound drascicdiiy affected challenge (Tablé
5B}. When injecting different iromn compoﬁnds ;ith the same preparation of
the vi;:Eené A s%rain no enhancement of mortality occurred with Imferon
(180,000 daltons) or Ferrigen (230,000 daitons). The lower molecular welght

compounds Jectofer and ferrous sulphate demonstrated a greater capaclity for

enhancing lethality of the bacteria.

INFLUE&CE OF IRON UPON MOUSE WEIGHT GAIN AND HEMATOQLOGY

Ot

In the prevlous experiments, injection of iron compounds alone produced
an occassional death. A more egtenéive examination of toxicity due to ironm
alo;e was conducted. A single death occurred in the studx shown in Table 6.
This occurred in the group receiving th% highést concentratioﬂ of iron (450
ug) ag ferrous sulfate. Mice in every group were seen to increase In weight
within the one week study.period. ﬁowevef: toxicity was evident at the
higher iron concentrations for both iron sa t.agd chelated iron (Jectofer);
the weight gain of mice treated with these ::§§g§ of iron was approximately
one-half of that for‘untreated mice during the same time period: None of the
mice suffered any visible 111 effects. Weight gain in mice treated with the
lowest level of iron as Jectofer was greater than that of the control mice.
Weight gain was examined over 7 days according to the standard time interval
establisheﬁ by the World Health Organization ;nd other affiliate groups

™

J]
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Comparative effect of varlous iron compounds upen
challenge with N. meningitidis serogroup A

A. % Mortality a- .
Fe'i_i_"
Inoculum T 5
cells/ml FeS0; " FeCly Fe(NO3)3 FeCl3
!
3 % 102 60 90 40 30
3 x\103 70 100 70 60
3 %04 80 70 80 70
B.- o
FeS04™" Jectofer . Ferrigen Imferon
1.0 x 102 70 60 10 0
1.0 x 103 80 70 10 0
1.0 x 104 100 80 0 0
A

4-  Based upon groups of 10 mice; without 1roen nd'mortalities occurred

following injection of these doses of - bacteria.
b. Iron concentrations were 490 ug/mouse; mortality for iron compounds'

alone was nil.
c.

Iron concentration, was 500 ug/mouse.

By



Table 6

Influence pf iron upon mouse weight gain
&

-

Fe injected Group weight® (gm) - Group

Individual
pg/mouse ' Day Increment
0 3 7 (gmz
450 433 4140 460D 45¢ 1.9
FeSOy, 225 425 437 465 40 1.6
: 110 423 543 477 54 2.3
f, . s — \{
| 450 | 398d 424 - whO___— 42 7
Jectofer 225 397 4235 460 63 2.6
110 370 426 492 122 5.1

Saline - 398 452 499 101

AGroups of 25 except where indicated

One mouse died on day 2

Cfinal weight minus initial weight of 24 mice
doroup of 24 mice

s

\1'

~



44

(Code of Federal Regulations, USA 620.6), for evaluating the toxicity in mice
of biological products. In the short term i.e. within 72 h iron was not
toxic by the welight gain test since the average weight per mouse at this time

was no less tﬁgp—ﬁ&e average weight per mouse immediately preceeding
|5 -

e

parameters of mice varied little from normal at either 4 or 20 hours after
.

injection.

Table 7 demonstrates that in a further study, the hematologlcal
L4 -

injection with 500 ug of iron (as Jectofer). ' (;

_In general, these studies demonstrate that injection of 1ron as
iron—sorbitol—citrate or ferrous sulfate into ng\SPB black mice at 27 mg/kém
causes n; significant toxicit?. Jectofer caused no-deaths. One mouse out of
24 (i.e. 4%) died following ferrous ;ulface. These data support the

multitude of centrol studies conducted‘lhroughout this project which showed

only the occassional death in ﬁice treated with the above level of iron.

SERUM IRON ANALYSES FOLLOWING I.P. INJECTION OF IRON COMPOUNDS

This experiment was carried out to help understand the movement of iron
in normal, uninfected mice.

A detailed and comparative examination of the analysis of iron in serum
during the first 24 h following i.p. inje;tion of ferrous sulfate and two
different concentrations of Jectofer is presented in Table 8. For a 24 h
period fg;lowing injection an elevated serum iron level was provided by all
doses. More iron entered the circulation frem the peritoneal cavity during
the first 6 1/2 h when iron sulfate was Injected than when an equivalent
amount of Fe as Jectofer was injected. ‘

. -~
Total iron-binding capacity of normal sera was found to be approximately

250-300 ug/l100 ml (results not shown). Hence during the first 6 1/2 h,



Table 7

Influence of iron® upon mouse hematology

s

Time Post Mouse Hematocrit Hemoglobin RBC Leukocyte

Iron (h) # y3 gm % 105 /mme ~103/mme
1 35 12.8 6.0 ~ 8.9
4 2 38 13.1 6.2 6.3
3 435 15.1 6.8 3.8
5 37.5 13.1 5.9 7.0
. 20 6 38 13.5 6.0 5.4
7 2.5 . 14.5 6.6 12.8
Comtrolsb 41.6 13.2 6.6 10.9

Q1ron as Jectofer at 500 pg/mouse
Normal mouse mean value of three mice

45



Table 8

Serum iron after 1.p. injectiom of
iron compounds

Serum Iron% Hgf100 m1
Time (h) P
Post. Injection Jectofer SOOb Jectofer SOb FeSOAc Normal
2 1690 454 2074 72
&% © 1360 450 1800
A . i .
6% : 680 332 755

24 400 223 288 80

v -

A@pathophenanthroline assay-blood from 5 mice combined
bconcentration Fe injected pg/mousc

€500 ug/mouse injected



a7
adequgte iron to saturate the existing mouse transferrin was found in the
circulatioQ when any oflthe,;hree doses of iron were injected. Even the
Jectofer (50 ug Fe) dose provided enough iron to exceed saturatiocn Qf the
mouse serum transferrin. However, this lower level of Jéctofer did not have
the capacity to enhance meningococcal infection in mice and subseguently
-reduce the LDsy of the bacterium.

- . . . . -n

EFFECT OF TIME OF IRON ADMINISTRATION UPON CHALLENGE

Prior injection of iron salts resulted in enhancement of meningococeal
infection in ‘mice (Table 9). Consecué&ve i.p. administration of iron salt
for Ehree days prior to bacterial challenge resulted in an increased
mortality proportional to the increasing amount of iron injected. A single
dose of iron.salt injected 24 h before the bacteria also significantly
increased the lethality of the bacteria. The simplest and most efficient
system for enhancement consisted of Injection of bacterial cells in NCDM
medium 2 h aftér injection of FeSO,; in saline. Concomittant.administrag}on
of iron in chélé%ed form is also very effective in the enﬂancement of

—_
infection (Table 2). Iron given up to 4 h post bacteria also was capable of
enhancing challenge (results not shown). Thus the time of administration -is
not a deciding éeterminanf factor in meningococcal challengg. Since the mice
are killed during challenge in which concdmittantliron is given or in which
iron is not intreduced until & 1/2 h foilowing the bacteria, it appears that

the prior disturbance of host iron metabolism by pre—treatment is not an

absolute requirement for increasing the lethality of this bacterium.
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Table 9 .

Effect of Time of Iron Administration Upon Challenge

L, A

% Mortality

" Serogroup A Time of Iron - Fet* injected per mouse”
cells/ml Before Challenge ‘
0 80 120 160
5 b P

4.4 x 104 3 consecutive 7
4.4 x 103 days 0 13
4.4 x 104 0 7 13
4.4 x 105 . 0 13 27 . 53
0 200 400 600

2.0 x 102 c ' 0 60 70
2.0 x 103 24 h 0 60 80
2.0 x 104 0 10 60 90
450

2.0 x 102 ' d ‘ 78
2.0 x 103 2 h 78
2.0 x 104 0 100

1
a. FeS0; in saline.
5. Each mouse received this concentration of iron in 0.2 ml volume
for 3 consecutive days prior to 1.0 ml of the bacterial suspensien.
¢. Iron injected in 1.0 ml volumes prior to 1.0 ml bacterial suspension.
d. 1Iron injected in .5 ml volume prior to .5 ml bacterial suspension.

. (T‘ - |
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EFFECT OF VACCINATION UPON CHALLENGE

Vaccination with a protein antigen reduced the effect of ironm upon
challenge. A comparison of bactericidal fgents (Table 19) indicated that .
formaldehyde treated cells provide a moré Effective vaccine. Both types of
vaccines howe&er proved to efficiently protect mice during challenge in the
" presence of iron. Heat killing of the cells to be extracted, may have

destroyed an active component of the vaccine.



cVaccination i.p. 7 days prior to challenge

€

h'\
Table 10
Effect of protein vaccine
uper meningococcal challenge
4 Mortalitya
" Bactericidal Serogroup A Vaccine® {(ugs/ml)
agent # cells injectedb o - 20
5.0 x 102 100 20
Formaldehyde’ 5.0 x 103 90 14
5.0 x 106 80 26
3.8 x 102 80 27
Heat 3.8 x 103 74 60
3.8 x 104 87 : 60
' {
. SN
@3ased upon groups of 15 mice
bChall'enge with iron salt as FeSQg; at 450 pgs per mouse

50
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DISCUSSION

The lack of a satisfacfory animal “wodel for the experimental study of

meningococcal meningitis has impeded evalualion of the host—pathogen

relationship and complicated the understandin T nity to the systemic *
disease. The éhick embryo has beén_used in a variety of in vivo studies with
Nedlssernia, Twelve day old chick embrycs are susceptible to intravencus
injection of Nedisseria mening{zzaié . The neutralization potential of
hyper—immune meningococcal antisera was explored with this animal model (Ueda
et al. 1969 and 1971). Differences in virulence of gonococcal coleny, types
were repr duced_in 11 day=-old chick embryos inoculated intravenously
(Bumgarner and Finkelstein, 1973). The use of the chick embryq model wasA
extended to examine the potential role of iren in the virulence of gonococci
(P;yne and Finkelstein, 1972). However, iron proved to be rather toxie to
the embryos. The strains of N. meningitidis used proved‘to be equallj lethal
in the presence or absencerdf exogenous iron.

| The chick embryo model of infecticn possessed other serious
limitations. The age of the embrye has a profound effect upon the
susceptibilit§ to bacteria. Embryos less than 10 days old are easily killed
by low inoculé regardless of 1noculation route, whereas eﬁbryos 14 days. or
older are resistant to challenge. Hence, sch a model could not be used for
the study~of potential immunogenicity. of meningococcal vaccines.

In addition, the presence in chick embryos (of suscep;ible age) of an
active phagocytic Eﬁnction especially involviag polymorphonuclear leukocytes
remains..questionable. Hence earlf defense ‘methanisms against meninébcocci

.~
due ro phagocytosls and any interaction with ;fop could not be studied with

this model. . . e
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Iﬁtra—occuiar injéction in rabbits may be an effective tool for studying
cellular events which occur{ i defense against N. meningitidis . Vitreous
tissue (rabbit) supported survival and limited multipliéation of this
bacterium although seﬁ}icemia was noﬁ detected (Pribnow et al. 1971)

.

Despite these previous studies, mucin enhanced meningococcal infection

.

(originally established in 1933 by Miller) remained the model of choice for

/__-"/\7-"
studies of virulence and immunity. The mouse possesses all defense
—~ .

" components including active phagocytic and immune systems. The mouse alsd

has an adequate'life span with which the protective effect of various
potential vaccine preparations as well as the efficacy of antibiotics éaﬁ be
tested. In the presence of mucin, low Ihocula when injected L.p. §;pw
progressively to large numbers in both the blood and the cerébrOSpinal £luid™
eventually causing death due to septicemia. However, the factors in mucin
responsible for enhancing infection were not adequately defined anq,;HE”—_-
éf%ects of mucin uporn the immune. response were unkaown.

‘Enhancement of meningococcél infaél?on in mice under the influence of
exogenous iron, support; previous findings with other bacteria thar

parenteral administration of iron compounds to experimental animalg reduces

the size of the incculu required to produce disease or death, and permits a

greater amount of multiplication of microorganisms in.the blood and/or

. invaded tissugs.

Research in different laboratories has since supported our criginal

findings (Calver et al. 1976) that iron could be used as a replacement for

mucin in the establishment of meningococcal infection in mice. Bannatyne et

" al. (1977) examined the protective effect of polymyxin B sulfate in

4

.

experimental menigococcal infection in mice using oyr challenge procedure
: ! 8. QT .enge p

.

< 4
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.the presence of Tron. The serogroup

with Jectofer. The anti-endotoxic activity of polymyxin B upon mice .
challenged with Serratia marscescens and Protews retfgend was also studied
(Bannatyne and Cheung, 1979 and 1981)L. .

Addition of iron to substandard lots of 5% gastric mucin resulted in an
enhancement of the virulence of typheid strain TY—Z,.suspended in the muéin
preparations. Ford and Hayhoe (1976) demonstrated thgt ferric ammonium
cltrate was an effective ;lcernatiﬁe to hog gastric mucin as a virulence
enhancing agent in the cholera vaccine potency assay.

Our.studies here demonstrate that the mo;se infection model (wifh iromn)
provides a systeaWith the potential for studying immunity to the
meningococcus and for cléssifyiné the.virufznce of the different strains.

In the presence of iron, a fatal infection is produced in mice by
relatively few cells of certain serogroups of meningococci. strains of \\‘

serogroups .such as A, B and C which reacted in this manner were designated

i o
Yvirulent". Howeyer, not all serogroups demonstrated equal enhancement in

. Slaterus strain remained relatively

~ -

" unresponsive, still having a high LDy éven in the presence of iron (Calver

: 4

et al. 1979). Hence, based upon is Yack of capacity for establishment of

meningoccocal infection'in mi®e, the serogroup Y strain is classified

f’d/’\\ﬁavirulentT. This designation of virulence in mice compares favourably with
. :

G

—_— . 2

thk virulence of these strains in humans: serogroup A, B and C strains were

"case" strains whereas the serogroup Y stzain was a "carrier” strain. Iron-
r

-

enhanced infection in mice has also been used by Holbein et al. (1979) to

plaséify meningococcal- strains according to their virulence. All of nine
\

of isolates from carriers were virulent. Stra of P. aerugdposa and

.

N. gcno&ohaaé héxe not demonstrated the ability to establish infection in our
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mouse~challenge system (personal coﬁmunication, br. B. Dienng, L.C.D.C., ~Z
Ottawa). B ‘ A

. Bacterial cells when grown and injected in Eﬁon meéﬁa were lethal only
when injected with 1ront Excess iron in the media did not produée bacterial
gr6wth enhancement ner lead to an increase in the amount of iron bound to the
growing cells. Hence it does not appear that the viruleant strain when grown

s

in the presence of excess iron alters its character or stores sufficient iron

to lower its LDjgp- (\j

Is the difference in virulence of meningococcal strains due to a

“\Efﬁﬁgyégzzxza\?bility to acquire some of this iron 4h ViV0 or is iron

treatment somehow altering resistance of mice to certain strains? Reflection

upon the amount of iron that must be injected in order to establish- infection

may provide some insight into this problem. Sorbie (19?4) has examined the
total iron content of similiar mice by an ashing technique.  Mice weighing a
few grams more than ours, fed a norﬁai diet, had a total iron of 800 + 50

ug. Hence, 230 to 300 ug of Fe, the concentration required to reduce the

LD5g is rather large in comparison to the mouses” iron level. Under normal

conditions injection of such an excess of iron would be considered grossly

unbiclogical, akin to hitting the mouse with a sledge-hammer. This fact on
its own tends to favour interaction of iren with host defense mechanisms as

its main role.
o

< .
Previous examination of mouse livers and spleens has shown that iron

) overload /does occur when 500 ug Fe is injected (Calver et al. 1976).

N
However, the hematological investigation qoqducted in the current study
suggests that the blood parameters were not significantly altered for the
first 20 h following iroﬁ injection. No deaths éccﬁrfed in our mice with 30
mg Fe/kgm mouse body weight (correspggding to ASO#ug of Fe per mouse).
supplied as sorbitol citrate. The results of this study are in accordance

*

o
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with many previous reiﬁrts on-;hé toxicity of i?on in m!ce or other animals.

In a series of investi

’

gations conducted by Bannatyne et al. {1977, 1979 and

-

1980) according to ourmouse model with Jectofer, the authors report that no
obvious 111 effects oc;:;?36~in any of the hundreds of Sﬁiss mice injécted
solely with iron. A study of the acute toxicity of Jectofer in male albino
§

mice by Svard (1961) demonstratéd an LDsy by the i.p. Troute pf 50.3 + 2 mg
Fe/kgm. However, Holbeir et al., (1979) have reported an LDgg of 25 mg Fe/kgm
in similiar-C57 black mice following i.p. injection. The reasons for these
differences are unknowm. '

Mouse serum iron analysis following 1.p. ireon injection shows that
absorption of iron as the chelate (Jectofer} or the salt (FeS0;) from the
peritoneal cavity into the blcod stream is rapid. .Iwo hours’ fo;lowing
injection of 500 ug/mouse (Jectofer or FeSO04} the level of iron was five-fold
in excess of the serum transferrin iron-binding capacity; ﬁnd excess was
maintained 24 h. Lower iron dos¢§/fi.e. 50 ug) also produced an elevated
iron level equal to or greater than the iron-binding capacity of the serum
during this period. However, the lower iroh dose did not decrease the lethal’
dose of baéﬁeria as did the high doses. These data support the idea that

" serum 1ron and levels of transferrin saturation are not the only factors’ in

L.
determining host resistance.

PR

" The total blood volume of these mice is 2 -3 ml; thus the maximum amount
of iron in the blecod at any one time is 40 - 60 ug. Little iron would be
loét.throdgh excretién (after 24 h approximately 207 of the dose - Lindvall
and Andersson, 1961). Since each mouse initially received 500 ug of iron, it
would- appear that by 6 1/2 h after injection, most of the iron is in storage,
ei;iéx in the cells of the/;;gisyloendothelial system (p;lxmgfpho ﬁu;IE;:‘t;D,

leukocytes and local macrophages) or other body tissues or fluids.
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Since previous studies with iron=-dextran havg’shown that :hré type o
iron 1s absorbed into the bloodétr@ga\by way of the lygphatics, it appears
that most of the "migsing iron" may be. in the lymphatic system and/or
deposited at the injection site, or in other Eissues (Svardﬁﬁﬁa Ligdvall,
1961). It Is possible in both our study and Holbein’s that t issing’
iron" is taken ué by local ox circuiating polymorphs or macrophages and that
iron may exert %ts influence upon the az?ensive action of these cells,
subsequently enhancing infection.

Holbein (1981) has also sh;wn that injection: of human transferrin -
containing iron increaSQS/ﬁeniﬁgococca% lethality for mice. The author

{ .

suggests once again that serum iron is most important. However, the study

does not prove that the bacteria actually use such iron to gro%, but proposes
1 L.
such since iron—-free transferrin did not enhance lethality.‘ However, the
. o
data show that iron—free transferrin did not inhibit infection but rather

stimulated infection above normal. ézhe possibility that iron—free or

iron—containing human transferrin is taken up by the macrophages or

'polfmorphs and inhibits their defensive activity is not ruled out.

The minimal in vitro iromw requirement for growth of gﬁftain

* meningococcl has been found to berapproximately 50 ng Fe per ml medium

‘(Archibald and DeVoe, 1978). At equivalent iron concentraticns supplied by

iron salts, iron soEbftok;gitrate (Jectofer), iron dextrin (Ferrigen)'or iron |,

dextran (Imnferon) meningococcal growth on agar is stimulated to the same

-extent (Calver et al. 1979). Imferon agar has been proposed as an improved

o
medium for the isolation of pathogenic Nelsseria (Payne and Finkelstein,

%977). Archibald and DeVoe (1980) have demonstrated that Inferon .iron
\ A . ‘ ot -
beco@ies readily available for growth when in the presence of pyrophosphate or

sub-physiological concentrations of citrate. If one presumes that An vidio

findings may be extrapolated to {n vivo then injection of 450 ug of iren as
b
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any of the previous compounds ought to provideégnough iron in excess of the

mouse transferrin binding capacity {i.e. 6 = 10 ug Fe) to stimulate growth.
o

4,  However, in vivo the large molecular weight compounds, Imferon and 2

N\

Ferrigen were unable to enhance infection to the same extent as the lower
molecular weight compounds. d

Imferon was absorbed as rapidly into the bloodstream s iron salt or
Jectofer (Holbein, 1980). Hence difference in abéorpcion from the peritoneal
cavity into the bloodstream does not appear- to provide a basis for the
difference in ability of the irem compound§ to enhance infection. A&
difference in cellular uptake and processing by polymorphs or macrophages is
an alternative explanatian for such observations.

Pl
The natural resistance of mice to Nedlsseria meningitidis-is similar to

the natural resistance of guinea pigs to E.cofi as described by Bullen

(%ﬁllen et al. 1968). Upon injection of iron, the norm# ability of the host
to suppress growth is lest. Active immunization of our mice witH a protein
antigen extracted from the avirulent strain abolished the enhancement of

. - ~
challenge with iron. It weuld thus appear from these studies that ireon might

“interfere preferentially with host mechanisms which operate in the early

phase of microbial invasion, before an imrmune response of the animal has

developed. 1In the pre—antibedy or pre-recognition state, the first line of
. N N
defense lies in the normal components of serum and/oT tissues which would be

‘detrimental to bacterial growth, in conjunction with polymorphonuclear

/N

leukocytes and_macrophages which are required to initially process foreign

particulate wmatter to the éntigen-for presentation to the lymphoid tissue.

-

In summary, the data of our study indicate that iron treatment of mice

is needed to establish lethal.infection. Iron appears Ep/ge interacting with

a defense mechanism of the Post. Treatment of thegmice with iren is

4 v

[
/
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).

affecting host gesiscagga in such a manner that only bacteria possegsiqg

a selective character have the capacity to take advantage of this alteration.
It is possible that this resistance may be due to irom-binding proteins

or factors which starve the bacrerium for iron. To investigate this

further, in vitro comparisons are to be made of the iron requirements and

~

binding ability of virulent and avirulent cells (Chapter 2). The ability

of virulent and avirulent cells to compete with transferrin and other

iron-binding proteins of the mouse and human will alse be studied in a

controllable ingvitro environment (Chapter 3).
. [

.
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CHAPTER 2 IRON LIMITED IN VITRO GROWTH AND SEARCH FOR MENINGOCOCCAL
SIDEROPHCRE

.

INTRODUCTION
It has Seen suggested that exogenous iron enhances bacterial infection
and mortality in_amimals by stimulating bacterial growth (Bullen et al.
19%4). If this also ocggfi‘in mice Infected with meningococeci, then
vizzlence differences might be due to differences in ability of strains to
use iron€for growth, or to store iron. ~Can iron-limited growth be produced
. An vit®? 1} so, does the avirulent strain require more iron?

Sinqe_;arious iron compounds had different .in uive effects on

meningococcal infection it seemed important to carry out Lin vitro studies of
" the influence of cgese iron compounds upon meningococcal growth.

Many different mic?o;oééanisms can synthesize and sécrete iron-binding
compounds ?hen grown in chemically defined irom~deficjent medium.
Iron—bi&ding agents have Been isolated from both whoie bacterial cultures and
culture filtrates (Table 11). .

| Phenolate siderophore production influénces E. cofi infection (Rogers,
1973). Two serclogically different st;ains varying in.ability to preduce
siderophores J??gered:fp their virulence for mice. Rogers concluded that
siderophores were a.vlrulence factor for E. cofi, since the virulent étrain
pro@uced/more siderophore. . o
r;he following studies were undertaken to inve;tigate the relation

/
betﬁgen virulence for mice and siderophore production, in vithio, by different

serologj?al strains of N. meningitidis . L

&

VRN
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MATERTALS AND METHODS

Catechol. Resublimed pyrocatechin was cbtained from Fisher Scientific
Co., Ne&ﬂﬁersey, U.S.A. Solutiqnslwere,preparéd in saline and the pH
adjusted to 7.0 with IN NaOH.

Desferal. The iron chelating agent deferoxamine mesylate was supplied
by CIBA Laboratortes, Horsham, England.

E.D.D.A. Practical érade ethylenediamine~di-orthohydroxy phenflacetic

acid.(EDDA) was supplied by Sigma. Solutions were prepared by dissolving the

EDDA in SN NaOH and adjusting the pH to 7.0 with concentrated HCI.

Ferric nitrilotriacetate. A l.Q mM-ferric nitrilotriacetate solution
was prepared by mixiné 48.2 mg ferric ammonium sulphate (Fisher Scientific
Co.) with 50 ml distilled Hp0 containing-21.02 mg nitrilotriacetic acid
(Eastman Kedak Co:, NY, USA); the volume was made up to 100 ml with water
after the pH was adjuéted to 7.4 with 1IN NaOH. .

All other irgn compounds were prepared aﬁd used as described earlier
{Chapter 1). ) - ‘

Media: Nedisseria chemically defined médium (NCDM) without iron was
'prepared using analytical grade reagents according to the manufacturer’s
formulations‘énd specificationg.. Such medium was labelled "iron—-poor NCOHM."
This medium was .sterilized according to ;he ranufacturer’s specifications and

adjusted.to pH 7.2 with 5% NaHéO3. %s requi:gsi sterile solutions of iron

salts or Jectofer were added to the sterile media prior to pH adjustment.

Tetramethylammonium hydroxide: (TMAH) The base was obtained from

Eastman Kodak Co., as a 25% solution of tetramethylammoniumhydroxide in H30.
-

Agar medip. The iron dorating activity of various ‘agents was tested in

an iron-poor agar medium consisting ?f 15 g of .agar per 1.0 litre of

. Nedsseria chemically defined medium (NCDM), iron-poor formula (ingredient

7
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contaminant level only). Iron was added to this agar after autoclaving and

adjustment of the temperature to 500C, as required. e

Diffusion plate technique. Pour plates 10 cm in diameter were made“with

20 ml of iro:sfoor NCDM agar. The fgar depth was approximately 3.5 mm.

4jells (9 mmm in diameter) were made in agar medium with a suction apparatus.
. ry ‘
~ Each well was filled with 0.15 ml of a test substance which was sterilized,
{f required, by Millipore filtratiord.

The test materials were allowed to diffuse at' room temperature for a

‘period of 24 hr. before 0.1 ml of a seed inoculum was distributed evenly over

- -

the surface of the agar. Plates were incubated at 3(35_5553\5Z5992\\\

atmogpliere and exami;ed periodically over the next 48 hr.

Inocula for ;preading on the agar—%if?hsion plates or liquid cultures
;ere ;:épared by. suspending overnight gr?wth at 37°C from a plate of Coluﬁbia'
blood agar, supplemented with 5% sheep’s blood in NCDM without iron, .to a
level at which a 1:2 dilution gave a 5% transmission at 530 ﬁm (Spectronic
photometer; Bausch and Lomb Inc., Rochester, NY). All inecpla were counted

by plating on Columbia b%obd agar with blood an& determining viable counts.

In some experiments inocula wére used to prepare 8 — 10 hr cultures in
non-iron NCDM medium, which were'subsequently used to inoculate large shake

-

flasks. Inocula of the different serogroups were adjusted to equal opacity

using a Bausch and Lomb Spectronic photometer.

Growth in liquid media. Bacterial cells were grown in 2 litre shake
flasks containing 1 litré of ﬁé&ium (commercial NCDM or iron-poor NCDM with
or‘withoug added iron) for 32‘h at 37°C, shaken at 100 rpm iﬁ-an incubator
shaker (New Brunswick Sﬁientific).

Aliquots of the growth culture were removed at intervals and were killed
as required by the addition ef formaldehyde (1%Z). Samﬁles_were centrifuged

at 3000 rpm (I.E.C. refrigerated centrifuge) and the cell supernatants were
»
. ~ -
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removed. Cell sediments and supernatants were further processed and analyzed

for iron and/or protein. The pH of killed culture suspensions and/or

filtrates was recorded with a Corning Digital 110 pH meter.
. SN
Smears were prepared and Gram stains examined periodically throughout

the ‘course of the grewth experiment. At various time intervals Columbia

.

Bleood Aéar plates were streaked and examined for colonial morphology.

Growth in agar and liquid media containing iron chelating agents. Pour

plates and agar—-diffusion plates were prepared and spread with bacteriz as

1)

pFeviously described. Desferal and ggtechbl solutions were prepared in
saline, their pH adjusted to neutrality and filter’'sterilized. EDDA was
dissolved in 5N NAOH and adjusted to pH 7.0 with concentrated HCl prior to
filtration: Desferal, EDDA and catechol at various concentrations were

deposited in wells of agar plates containtng different iron concentrations ‘as
s . .

Jectofer and tested following diffusion.

Serogroup .A and Y growth filtrates from iron-poor NCDM cultures were

concentrated 5 times by lyophilization. These filtrates were deposited im

centre wells of-iron-poor agar and iron—agar containing Desferal and examined

for growth enhancement.

-

Growth of A, B, C, and Y strains was tested in iren—poor NCDM containing

various levels of Desferal. The extent‘gf growth in these solutions was

recorded by turbidity and viable count. Iron as Jectofer ranging from 0.31

to 10 mg/ml wds added to iron—poor NCDM containing an inhibitory
concentration of Desferal and tested for effect upon growth of the Serogroup
A and Y strains. In these experiments 0.25 ml of inoculum, prepared ag
described above (10% cfu/ml), was added to 5.0 ml of liquid medium.

Protein analysis. Cell sediments were washed twice with saline and

resuspended in 0.1 N NaOH (volume equal to original suspension).
After approximately 2 hr the protein content was determined according to

the procedure of Lowry et al. (1951), using bovine serum albumin as standard.

>
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——

Iron analxsis. Cell sediments were washed twice in 0.1 M phosphate
buffer (pH 7.2) rather than Hp0 to minimize dissolution and removal by the
washing process of any iron that may have been sedimented. In some

experiments cells were washed twice in 0.1 m citrate buffer, pH 5.0. The
-

wasﬁéd sediments were resu ‘ nded in distilled water to this original
volume. One ml of tﬁgiwasizngzif suspension was mixed with 1.0 mi of

TMAH (257 in distilled H30) iﬁ\é/é)ml glass stoppered foiu;éﬁric flask.

Aféer 2 hrat 709C the samples were filled to volume with 13 drops of
concentrated HC!l added ffgm a Pasteur pipette. (Gross and Parkinsom, 1974).
One ml of each ac?dified sample was examined for iron conteﬁt according to
the method of Caraway.(l?63) employing sulfonated bathophenanthroline with
spectrophotometric examination at 533 nm (Bausch and Lomb Spectronic 505),
using FeCl3.in dilute HCl as a standard (Iron Reference éolutioq - Fisher
Scientific)zféimilarily digested in TMAH. fhe digests were alsc analyzed for

- ~

" iron content by atomic absorption spectroscopy (Perkin Elmer model 306) at.
- . . . . v
wavelength 248.3 mm (0.2 mm slit) using the flame mode. .

- =
Growgh supernatants after centrifugation were filtered through Millipore

0.45 v meﬁbranes in or&er to remove any cellular debris. The iron content of
aliquots of the supernatants was~determined_by the sulfonated .
bathophenanth;oline assay and/or atomic'absorptioﬁ. The pﬁ'of the
supernatants was adjusted to ﬁH 6.8 to'7.0 with 0.1 NaOH or 0.1 M.phosphate
(pH 7.2). Following filtration of thé pH adjusted sgpernaténts (M@ilipore

.45 u filter), the iron contents were determined and the values compared with

thosg;bf the unadjusted supernatants.

——

Ton—exchange chromatography. Diethylamincethyl-cellulose Type 20
(Schleicher and Schuell Co., NH, USA) was the ion—exchange resin used for the
‘isolation of iron—binding agents. The resin was washed with 0.3 X NaOH, then

with distilled H90. A Pharmacié (Uﬁsala, Sweden) glass column (E.S-x 100)
~



65

was packed-ﬁith washed resin, to a height of 90 cm. _Prior to applying cultire
filtrate to the column, the ﬁacked resin waé washed with 0.0l sodium
phosphate buffer ph 7.0. The elution buffer was 2 M NH4Cl. Column effluent
was collected with a L.K.B. fraction collector and the fractions monitored
sepa;ately at 0D31g and ODpgp on a Bausch and Lomb Spectronic‘SOS.

Ultrafiltration. Amicon ultrafiltration pressure cells (Amicon[Eorp.,

USA) were used for cdncentracion of culture filtrates and extracts. Standard
stirred cells, model #‘s 12, 52 and 401-S (respective processing volumes of
10, 50 and 400 él) we?e fitted as required with Diaflo membranes (Amicon
Corp.) of the UM or PM tyﬁe. pp to 4 litre volumes of culture filltrate were
passed through a 401-S cell containing a PM - 30 membrane and the
ultrafiltrate was subsequently processed and examined for iron~binding

agent:. Model 12 and Model 52 cells  with UM = 05 or FM klO) megbranes were
used to determing the ability of culture filtrates or extracts to remove iren

from Fetrigen, transferrin or plasma.

Extraction of batch culture filtrates. Serogroup A or C strains were

grown in iron-poor NCDM for 8 hr. litre in Z'Iitre‘flasks). Inocula for
these cultures consisted of 10 hr. cultures grown inﬁiron-poor NCDM. -
Merthiolate was added to 1% and the culture centrifuged 4 hr. later

©+ 3000 rpm, 20 min.). The qells>§hre discarded and th; super;;tant filtered
through a 0.45 u ﬁillipore membrane. As required, the supernatant was
filrered thfough a PM-10 membrane (Amiccn); Iron as FeCls was.;ubsequently
added to the gro@th filtrate to a concentration of 10 mg/L and after &4 hr. at
room tgmperanuge‘the‘pH was adjusted to 7.0. fhe resulting solution was
filtered through a Seitz ST-3 filter pad contained in a Sartorius positive

pressure filter unit. -

Up'to 4 litres of filtrate at a time was put on a DEAE-celiulose

column. : The column.was washed with 0.0} M sodium phospate buffer pH 7.0.
g % =~

.

I~

w
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.Elution buffer was M NH4Cl, pH 7.0 ; ,absorption of all fractions (from wash

and elufion buffer)'we;e meagured at O0D31Q. Frnctions-which_gave peak
absorption were pooled, adjusted to pH 1.0 witn HoSQ4 and extracted 3 times
each with 0.5 volumes of ethyl acetate. The ethyl acetate gxtracts were
combined and concentrated by flnsk evaporation. Berzene was added to assist
.precipitation-of a residue which was taken to dryness. The procedure was
repeated for cultures grown lo‘nr.'in iron=poor NCDM and in commercial NCDM -

(600 ug Fe/100 ml).

Extraction of cells and filtrates at intervals during growth of single

shake culture. Serogroup A, B, C ‘and Y cells were grown separately in ,\fxa—

<

iron—-poor NCDM. A 2 ml volume of seed inoculum containing 109 cfu/ml was
added to 1 litre of medium in 2 litre flasks. Five samples each of 10 ml

werngfemoved at 0, 2, 4, 6,-8.and 10 hr.-'during culture growth. Formaldehyde "

was added te each tQ\a concentration of 1%. The remainder of the.cnltnre was
growm for a total 24 hr. before addition of formaldehyde. Within 4 hr. of
killing, the cultures were <entrifuged (15,000 rpam, 10 min, on~¢/%eckman
J-6B), the superhatanE?;emoved and treated separate%y.

The cell seiiment'from 40 ml of cUiture was resuspended in 10 ml H20 and g
. d .
nixed with 10 ml 'of ethyl  acetate. Following vortexing and—/’/,f—s\\

ultrasonication, the ethyl acetate layer was separated from the aqugbus.
B 7 -

. N . "
layer. The aqueous layer was re—extracted with a further 10 ml of ethyl

acetate. The ethyl acetate layers were .combined and taken to dryness (gentle

heat_andrnit:ogen).' When required for use, the dried residues _were

. . - :
reconstituted in 4 ml of 50%7 EtOH/H70. 1In total;/;he residues were

concentrated 10 fold from the original medium leyel.

. . ' '
Following filtration (Millipore filter 0.45 u), the culturé/supernatants
. I ‘

were freeze—dried and resuspended to one-tehgh the original vglume sth HpO.

~ >
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Analysis for catechol. Analysls for the catechol content of cell

extracts and culture filtrates was done by the method of Arnow (1937).

Analysis for hydroxamate. Analysis of the hydroxamate content of cell

extracts and culture filtrates was done b? a modification of the procedure of

Hestrin (1949). Distilled Hs0 replaced .2M hydroxylamine in both blank and
sample tests. Acetyl hydroxémate {Calbiochem, LaJolla, California) was used

for the standard curve. Solutions of Desferal were also analyzed. -
“ .

‘;ron Bind\ﬁg Tests: Culture filtrates and cell extracts were exaﬁined
for the capacity to maintain iroq in 'solution at neutral pH. A 0.5 ml
aliquot of test sample was mixed with 0.5 ml of FeCls (10 mg/L) in dilute
HCl, and let react at EEOC overnite. The pH was recordea dnd adjusted to 7.0
with 0.1 M phosphate buffér (sodium, pH 7.2). The solution was filtered
through a Millipore membr;ne (-45 or .25 u), and the iren content was assayed
by bathbphenanthroline and/or atomic absorption.

Whole growth cultures were tested for the presence of iron binding
agents by the method of Rogers et.al., (1977). Twenﬁ§J$£’£f culture was

S~
mixed with 20 ml of ethyl acetate and vigorously vortexed. The ethyl acetate

layer was removed and shaken wigh 5 ml of aqueous ferric nitrilotriacetic
acid (100 mg/L). The ferric nitrilotriacetic phase was rémoyed and 0Dg4gp
recorded. . ; ¢ : 4

The dried residues processed from va;igus bateh grbwthlfiltra;égwwere
dissolved in eth}l acetate at .concentrations up Efé% mg/ml (dry weigﬂt) aﬁdg'
shaken with férric nitrilotriacetic acid (100 mg/L) according to the megiod .
of Rogers et.al., (197}) and examined for an increase in absorﬁanceﬂét
0D480- Aliqugtg {0.5 ml) of residues in lOZﬂE:OH?HzO (1 mg/ﬁl) wefe mixed
wii? 0.5 ml of FeC13 (2 mg/L) in dilute acid a;S absorbance aéTOD480

——
recorded. =@ . -~

@

va
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The capacity of the dried residues to int%Fferg with the, assay of

éblution_iron by bathophenanthreoline was also examined. Aliquots (0.5 ml) of .

the residues in saline (1 mg/ml) were mixed with 0.5 ml of FeClj in ﬁ:lute

-

HCl (2 mg/L). Desferal in saline (360 ug/ml) was likewise added to the iron

standard. The iron centents of the solutions were assayed by

]

-

bathophenanthrbline.
[

Dried residue (1.5 mg)-was added to 10 ml human plasma and let react
with shaking.- The plasma was subsequently ultrafiltered through a PM-10

v B

membrane; the ultrafiltrate was collected and the retentate which had been
concentrated 5 fold was resuspended back to its original volume by the )
addition of 8 ml of iron frep salinme or distilled Hy0. Retentates,

ult?éfiltraﬁes and normal piasmas were analyzed for iron content by the

/
bathophenanthroline assay.

\

ke



RESULTS T . : .

EFFECT OF IRON UPON GROWTH IN LIQUID DEFINED MEDIA

-~

- . -- Batches of commercial NCEM varied 10 - 15% in iron content from flask to

: s ¢
flask. Filtration of mediz a \3? 7.2 through 0.45uMillipore filters removed

all, recordable iron. Commerciay;NCDM contains 600 ug Fe/100 m} as ferric

N “salts. It thus appeared that at neutral pH this iron ‘exists in a polymeric

insoluble_form (possibly iren hydroxide-or iron phosphate) removable by

filtration. Hence, NCDM as supplied. and prepared according to the
:‘ -
N manufacturer was not adequate for studies of the solubilization and/or

) co~sedimentation of iron by growing cells.

NCDM containing no added iron-salts was prepared according to t[e

. S~
manufacturer’s formulationm. Repeated analyses of this iron-poor. NCDM done at’
different rimes during the entire study indicated that iron %pﬁéémination by

. i '
other medium components was always below the level of detectifoa by the
. 1

bathophenanthroline test (i.e. < 5 ug/100 ml). Atomic absorpfion_also

less than 5 ug/l100 ml. The contaminant level- of irom could have
. {
been™% ségned by absorption of thié-fffigg’yith iron binding ageats such as
hydroxyih{noline. However, tﬁis procedu;e was not carried out since it has
also been éhown that"it is a difficult task to ensure that all of the
iron-binding agené’has been effectively removed from the medium (Lankfords—
1973). | - , o .

If. ferric chloride or ferrous sulphate was added to this medium to a
level of GQQ.ug Fe/100 ml -it was once again found Fhat.fol%?wing
nehtrglization and-filtration through Millipore 0.45 um filters ali

' !

measurable iron was removed. However, very little iron was lost from

iroﬁ-poor NCDM contéining 500 ug Fe/100 ml as Jectofer, following Millipore

- ) -~ . ) ‘

——
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filtr;tion of the'neutrali;ed medium. This medium was best to stuydy irog ;
binding and/or solubilization\by‘growing meningococcal cell§;

Growth of viruient and avirulent segagroup strains in iron—poor NCDM
w;th 500 ug Fe/l00 ml as Jectoferkwas similar in rate an& ;aeld, except{ﬁga\a
larger vield of the wirulent C strain (Fig. 2). No variation in cell or
colonial m?rphology.between strains was evident due to growth in this medium.

The concenfration of iron in the culture filtrates decreased with
increased growth of the cells in the medium. The decrease at 8 of growth
was approximately equivalent for all‘f;ur sefogréG;; i.e. 110 jfgszug/IOO ml
(Fig. 3). After 8 hr, a grea decrease occurred in serogroups B and C than
in éerogroups A and Y.

Y
Analysis of the phosphate washed cellular sediments showkd that iron was

- : -
being co-sedimented with the cellular material in the later stag;s of growth

_(Fig. 4. ‘Citrate (pH 5.0, buffer) removed 50 -'70% of the sedimented iron

(uhpublished observations). This suggests that the iron was probablx

attached to the external cell surface.
o N N -

b
A fur@ﬁgr comparison of the growth of the A and Y strains was made in

: )
media containing half the previous level of Jectofer (i.e. 250 ug/l00 ml) and ! .

»

in iron-poor media. Growth rate, yleld and viability for each strain was -

/ . s e '
found to be the' same in both iron—poor and iron—-contalning media. In
» - )
addirion, noNgignificant differences In growth parameters were evident

»
Jbetween strains.

similfar reduction in the iron level Qﬁ cgi;ure filtrates
of both strains occurred during their growth (Fig. 5). -
Samples of Jecgéfer 500 ug/ml in irom-poor NCDM which had been adjusted

to various pH’s corresponding to the different pH's of the growth cultures at

hd e . Iy
sampling .times were filtered and analyzed for iren. The’ values were'found,to (_’;,///

SN N\ S

G
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N\

Fig.'2.

-

Growth of varioWls meningococcal strains in iren poor NCDM (laboratory
preparation), to which iron'sorbitol cltrate was added at 500 ug Fe/l100 ml.
Samples were removed at intervals, washed and analyzed for protein by the
method of Lowry et.al., (1951). Cells were grown in oné liter flésks

containing 500 ml of medium. Seed inoculum was 5.0 ml of a 10 h. culture

(10% c.f.u./ml) in iron-poor NCDM. i

tn

LN
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Fig. 3.

Analysis of‘ﬁeningococcal cylture filtrates for total ironm. Culfures N
grown in iron-poor NCDM to which%l;aﬁ/ggrbitol citrate was added were
.centrifuged (3000 r.p.m., L.E.C. centrifuge), suPeracant removed and filtered
through 0.45 u Miilipore and analyzed for total irom content £y the method of
A Caraway (1963). The cultu;es were the same as t@ose previously a?alyzed f;r

protein.
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Fig. 4.

Analyses of culture sediments for total iron content. Cultures were

centrifuged, cell sediments were washed twice in phosphate buffer (0.1 M pH
7.2) and resuspended in H90. Aliquots were digested with 257 T.M.A.H. in H»0

(Gross and Parkinson, 1974), pH adjusted to 7.0 with HC1 and the total iron

. P . B .
determired with sulfonated bathophenanthroline (Caraway, 1963). The cultures

e .

were the same as those previously analyzed for protein;

By

T
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Fig. 5. .
Analyéeé of the serogroup A and Y culture filtrates grown in iron-poor
NCDM with added Jectofer: A - 500 ug Fe/100 ml (a---®, Y - 500 ug Fe/100
ol (e--—9; A - 250 ug Fe/100 nl (@——&), ¥ - 250 ug Fe/l00 ul (@—@). -

Y RS

The filtrate§ wereé assayed for total irgn-(Fe*** and Fett) by the method of

Caraway. i
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.

all lie within expefimenté% error of each other. 'Hence the pH of the culture

filrrate as altered by growth of the bacterium did not exert any significant

- [

effect upon reduction in total ironm. . * ) -
" No signific;nt difference was seen in‘:he:femoval or uptake of iron by-
.the wirulent orfavirulént strain. Decreasing: the’ avai%ability of iron to the
extent of using iron-poor media did not produce preferfential growfh of the
virulent sgrain, In fact, groytﬁ of the avirulent strain was slightly
favoured. Further, using this media as'such,:iron—limited growth was'dot_ .
achieved. . L -
However,'addition-of the iron—chelatiné agent Desferal to iron—poor NCDY.
provided a medium in which iron limited growth of the wvarious strains could
be achieved (Table 12). Growth reduction was pr;portional to the
concentration of Desferal added to the medium. Growth of all the strains wés
completely eliminated at concentrations of Desferal in excess of 175 ng ber . .
ml of media. No Correlation existed bgtween virulence and susceptibility tol‘
Desferal.” I:'is shown in Tabie 13 that the, decreased bacteriél growth was

due to iron-limitation. In'the presence of 10 mg/ml Desferal, increased

growth of the virulent and avirulent strains occurred at iron levels which

exceeded .63-mg/ml. Since both strains .grow equally well under iron-limiting . (

conditions, ttz>ability to use iron. 4t VAL{X0 does not appear to .correlate

with the ability to establish infection in mice.

Vo . . .-

EFFECT? OFERON UPON GROWTHE ON AGAR PLATES

L QL_Agar plates _provided better opportunity ‘to ex;ming the effect of iron’
upon lower seed inocula than did liquid cultures. ¥

Iron supported gfow;h of both virulent and“avirulent strains. Limited

growth occurred én irgp-poor NCDM agar ﬁhen 0.1 ml of bacterial,su%gensiqn at

-

g .. - -

- — e

L2
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. Table 12

Effect of Desferal upon the Growth of
N. meningitidis in NCDM* ~ .

-
-

. Optical Density 530 nm
- Desferal mg/ml Growth

Time Serogroups
Hr. A B c ¥
0.’ 0 175 . .130 .185 185
o 20 .380 .395 ©.595 .430
=25 20 . .315 265 .210 7 .460
. _ ;
.50 20 .310 .200 .200 .350 .
“> . )
1.0 20 .155 130 175 .230
1.5 20 ©.210 .135 .185 .205

*NCDM iron—poor

Qconcentration was 107 cfu/ml of inoéulgm

~
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Table 13

Effect of Iron on the Inhibition
of Growth of N. meningitids in

NCDM* with Desferal? . //r
‘ Protein pg/ml
Iron mg/ml Growth Serogroup A Serogroup Y
Time hr. :
0 ' 0 154 126
© 0 24 93 95 .
.32 24~ 118 112
63 24 261 185
1.25 24 ‘ 297 282
2.50 \ea-—__\7 298 252
*Iron-poor NCDM - . - -

AConcentration of Desferal 10 mg/ml
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103 colony forming units per ml (measured on CBA) was used as .inoculum (Fig.

".-6a1).” The same inoculum grew to a much greater extent on the same agar when

-~

it was supplemented with 500 ug/100 ml FeSO4.
Significant growth occurred mainly around the wells in the areas’ where
the various ironAéolutions had diffugéd (Fig. Sb and ¢}. As the

~ . .
concentration of iron deposited.in the wells was increased, the meningococcal

growth zone which resulted was further enlarged (Fig. GBi, 6b3 and 6b3).

Generally, iron caused én extensive stimulation of growth for both virulent

and avirulénp.strains (Table 14).

; ' )
The extent of growth promotion in the presence of a high=iron level

(i.e. l mg/ml) for the virulent and avirulent strain was approximately the
. >
same (Fig. 6c1 and c3). Growth enhancement appeared to be similar whether

iron was supplied as FeSQ; and FeCls or chelated iron agents such as

Jectofer, Imferon and Ferrigen. A variation in colony size as found by Payne
s :

and Finkelstein (1977) dhgn using alternate media was not apparent in these -

studies. )

Meningococcal growth enhancement in the presence of iron compounds is
much more apparent in agar plates than in liquild media. Agar plate media
containing 50 mg Fe/lOO.ml iron sorbitol citrate provides the same level of
iron as the highest concentration examined previously in;;iquid medla. In
this:égar-plate system, at this irom level, greater than a 1000 fold increase
in yield (total amount’of growth) over that fram iron—poor agar is seen to
occur for both strains with seed inocula of 105 and 106 cfu/ml. However, in
liquid media this level of iron had no éignificant é}fect onn increase in
total growth over iron—poor media. | “

Iron-limited growth in the prnsence of iron—chelating agents was very

.

apparent again”upon plates. Strong growth inhibition occurred with Desferal,

. EDDA and catechol. Zones of complete inhibition were evident around the

, . -



Fig. 6.

\,\/"\

Effect sf iron compounds upon the growth of N, mqningiZLdéé. Growth of
the A strain at 105 CFU/ml upon NCDM iron-poor agar witﬁout added iron (al)_
and containing 500 ug of iron as Fe%04 per 100 ﬁl (ag). Comparison of the

. | .
growth gf the A strain at 10° CFU/mleE?n NCDM iron-poor agar after_difquion,
of iron as Jectofer from the center well at 0.5 mg/ml (blf; 1 mg/ml (bz},_aﬁd
5 mg7ﬁt~4b3). C;mpafiscn_a}.thq growéh of the A‘sﬁrain (c1) and the Y strain
(cp) at 165 CFU/ml upon NCDM-ircon-poor agar after diffusion éf iron as

Imfeyon from the center well (l.mg/ml).’

N
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Table 14

)

Growth of N. meningitidis on Agar containing
Iron Sorbitol Citrate

Iron Added ' Growth c.f.u./plate
) Serogroup A . Serogroup Y
. Inoculum®

a. ug/l00 ml 8.0 x 10° g.o x 100 8.5 x 105 8.3 x 106
0 ~ 36 SEMI SNt 20

25 ' , 1000 " CON. NIL 1000

50 ‘ SEMI ‘CON. 20 SEMI

) 100 CON. CON. . 30 CON.
200 CON. CON. 400 cox.
500 CON ¥ CON. .. 600 CON.

b. mg/100 mi : 6.0 x=104 105 106 6.5 x 104 105 10°
0 - 10 35 480 -10 10 10
25 500 - SEMI  CON. 410 SEMI  SEMI
50 ' 1000 CON.  CON. 600 SEMI  CON.
100 SEMI CON. -~ CON. 600  SEMI  CON.
200 "° CON.  CON. . CON. 420 CON. CON.
500 : CON. CON. CON. 408 CON.  CON.

(%]
i1
&4
H
]

SEMICONFLUENT, colonies are toc numerous to count — yet plate
not totalily covered with a layer of growth

CON. = CONFLUENT; pIate totally covered with layer of -growth

* Inoculum represents the cfu/ml with 0.1 ml spread om each plate.
—f- . \ ‘.
®*

S



Table 15

Effect of EDDA and Catechol.

upon the Growth o&

© N. mendng{tidis

EDDA (mg/ml)

Zone of Inhibition (mm)

Serogroup Ab

Serogroup Yb

0.6

V)

SIS

Ju o ow
wm

v
[en}

¥.1.¢

.28
42
52

60

N.

I.

c

Catechol mg/ml

Zcﬁe of Inhibition (mm)

Serogroup ab

. Serogroup Yb

.13

.25

<50
1.0

2.0

N.I.¢
33
40
50

58

N.

30

38

50

55

I.

c

Qagar contained 500 ug of irom ;as’ Jectofer per 100 ml

86 .

bConcentration was 2.5 x 108 celis per ml of inoculum (0.1 ml applied)

CN.I. represents no inhibition, growth up to the

well

—

s
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t .
diffusion wells even when fairly high inoculum levels were spread on the

E%urface of the-agér‘(Fig. 7).

As the concentration of chelating agent increased, the ;onés of

o - :

inhibition were in;;gased {Pig. 7 and Table 15). The extent of inhibition in

the presence of these cbmpounds appeared to be in the order catechel > EDDA >

Desferal. Both the virulent and .the avirulent strain wereAafgécted to the

same degree’ by .each compound.
Growth inhibition by these ageﬁﬁs was reversible by iron (Fig. 8).
Increasing the concentration of iron in the agar decreased the zone of

inhibition.: Eventually by adding adequate iﬁbn to the iron-poor NCDM, these

zones could be totally eliminated. /7

-

The ability to use iron for growth in the presence of iron—chelating

- \

agents proved once again to be similiar for the virulent and the avirulent
strains. Hence these additional (y v.ifno studles strengthen the suggestion

that the capacity to acquire iron may not be a virulence factor.

SEARCH FOR A MENINGOCOCCAL SIDERQPHORE

-
Large volumes (i.e. up to 4 litres each) of 8 and 1l hr. culture

filerates of serogroup A and C strains respectively grown in irom-poor NCDM
° 1
were extracted 'and concentrated by a2 method similar to that of Young (1976).

The yields of dried material obtailned from different batches varied from 4 to

.
-

20 mg per litre.
S

The residues were dissolved in{éthyl acetate (1l mg/20 ml). Ferric
nitrilotriacetic acild as prepa:ed §9 Rogers et.al., (1977), in a volume of 5
ml (lmM), was mixed with these ethyl acetate suspensions and OD4gp examined.

If iron-binding agents were present an increase in absorbance ocught to
occur. None of the ethyl acetate solutions containing the rFsidues gave an

- ) /
/
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Fig. 7.
P
Inhibition of the growth of the serogroup A strain at 108 ¢e.fou./ml upon
. iron~poor NCDM agar containing 500 ug/l100 ml iron as Jectofer, following
/} diffusion of iron chelating agents from the center well: desferal at 10

ng/ml’ (2} and 1 mg/ml (b); EDDA at 5 mg/ml (c) and 2.5 mg/ml (d).
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Reversal ‘of the growth inhibition of desferal and ED@A by ir;n.
Increasing levels of iron as Jectofer were added to the iron-poor NCDM agar
prior to pouring the plates. Seed "fnocula of serogroup A and Y strains were
applied, 0.1 él of 108 c.f.u./ml following diffusion of the chelating aéent,

' —

desferal 5 mg/ml or EDDA 5 mg/ml. " - ..

-

-
]
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absorbance value larger than the ethyl acetate solution containing

-

ferric-nitr{iggpiacetic acid alone. Residues (1 g drf wt./ml)ISuspended in
o - . ‘ . . - .

107 EtOH/H30 did not give an increase In abscrbance at 0D4gp upon’addition

200 ug/100 ml ferric chloride. Increases in absorbance at this &aveléngth‘

are known to occur with transferrin and siderophores which complex with 1rén
. " - .

and emit a pink colour (Rogers, 1973).

-

Catechol or. hydroxamate-type cempounds were not found in 2 mg/ml .

. solutions of the various residues in 10% EtOH/HZO or Hy0 (as measured by the

. : .
methods of Arnow, 1937 and Hestrin;T19a9).

The presence of the extracted residue had no ‘effect on the amount of

~ iron measured by bathophenanthroline. Under similar conrditions, the

4

hydroxamaté Desferal was found to interfere with the measurement of iron Wy

bathophenanthroline. The>éxtrapted'residues could also'not remove iron from
g . . - .

., » .
the transferrin contained in human plasma. When they were suspended in

plasma at concentration of 500 ug to 2.5 mg/ml they dfﬁ’;ot subsequently

remove iron from the plasma transferrin and cause it ,to pass through a

v

membrane of’30,000 molecular weight_fﬁt;offﬁ However, addition of Desferal

- -

to the plasma resulted in a loss of.the amount of iron remaining aﬁggz///

filcration.
- .

-

Since attempts to isclate Iiron-binding agents from large volumes of
culture filtrate did not prove successful,—an alterpative process was
undertaken. To eliminate the possibility that iron~-binding agents may have °

" been lost at scme stage during processing, .such as filtration, concentration

" or chromatography, culture filtrates were concentrated by lyophilization and.

- -

. F) : ’
directly examined for the presence of iron-chelating .agents and iron-binding

acfivity. At the same time, cell concentrates were dfrectly extracted with

-

" éhtyl acetate and likewise examiﬁed. By these techn{%ues, an in-depth

- *
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analysis of variocus stages during the growth cycle of representative strains
of all four serogroups (A,,B C, and Y} was conducted. ’ . -
Both normal and concen:rated culture filtrates of strains 4, B, C and Y .
sampled ep 0, 2, 4, 6, 8, 18_and 24 hrs proved ‘to be below the level of
hydroxamate detection i.e. 10 ug 1 of hydroxamate. In addition to the use
_of acetyl hydroxamate as standa n the test, Desferal at Gerioue
concentrations was also examined 7 e lowest level of Desferal recordable by
this test (Hesrrin, 1949) was 10 gyml. Ethyl acetate cell extracts were
also negative for hydroxamate. .

The lower level of catechol detection by the Arnow (1939) method was

~ -
.

"0.5 ug/ml. Analyses of concentrated culture filtrates and ethyl acetate cell
indicated that the content of iron-bindfng agents was below this level of
detection.

Ethyl acetate extracts were not capable of retainiﬁg iron in soluiggd T

when the pH was adjusted to neutrality and theé—solution was filtered. The
only cdncéntrated culture fiitrate to consistently retaid an increased |
quantity of iron im solutien (over control media) were the statiodary phese
samples’ taken at 24 h. However, no significant difference in iron
solupilization by the culture filprates of-ady of the four serogroup strains
was seep to exist. . :

Hence, by'the tests performed, none of the strains used in ehis study

) appeared to produce detectable iron-binding agents (siderophores) at any of
the times examined during their growth cycles. LIt did not appeaiithat these
strains’ secreted iron sequestering agents into the media.‘ Use of an ethyl
acetate- procedure devised to ehtract low wolecular welght chelating agents

which might ‘be artached to the surface of the cells, did not reveal ‘ﬁzfg/

siderophore in cells of Neisseria meningdtidis.
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DISCUSSION ' .
Daobbosin .

1f the dlfference in virulence to mice between different strains was due

to iron supply i.e. the'ability of bacteria to use iron for increased growth,

.- i
3 ~

5 .
then one would expect that such differences might also be seen 1in a morek ﬁ:/
B .

.

controllable Lh_vizxo system. However, in liquid media, growth rate and
yield were~tndependent of iron concentration for all strafins tested.

L]

L4 ) -
Decre the availability of iron to the extent of using iron—poor media

did nat produce preferrential growth of the virulent strain. In addition,
iron lixited growth of the strain could not be obtained using iron-poor
NCDM. : ‘ . " .
| Addition of the iron-chelating agent Desferal to iron—péér NCDM provided

a medium in which iron-limited growth of the strains couid be achieved. No
gorrelation éxisted between virulence and,suscepcibilitf to Desferal.

A growth promoting effect for iron became much more evident when an
agar—-plate system was used instead of liquid media. The defined agar plate
technique, involving wse of whole place§ with added iron supplements or

diffusion plates with deposited iron test materials, demonstrated that irom

! -

supported growth of both virulent and avirulent meningococcal types. It was
also possible with the agar—plate system to show iron limitation in terms of -
total cell yield (Calver, et al.; 1976). Low seed ILmocula i.e. 104 cfu/plate

rew to a much greater extent on agar supplemented with iron. The number of .
g g
g .

colony forming units increased in propertion to the amount of iron included
: ~ . ,

in the medium (up to a certain limit). Perhaps one of the main reascns that

the agar-plate system can demonstrate growth promotion by iTon is that tﬂe . A
growth of this bacterium on agar can be obtained with lower seed inccula-than
that required for liquid media. It is also possible that the agar could bind

any contaminant iron and that iron must be added in order to obtain growth.
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In the agar-plate system iron-reversible growtg inhibitioﬁ with the
synthetic chelating agents,_catechol, EDDA and Desferal occurred to the same
extent with both virulent a;d avirulent serogroups. We showed previously
that Desferal lowéred virulence of N. meningitidis when injected into mice-
together with mucin which served as a source of iron (Calver, et al., 1976).
The increased LDSO for mice in the presence of Desferal may have been related
" to the direct inhibitory effect of this chelating agent as shown in our
An viZro studies. >

Iron limited growth upon agar cont&ining low mole?ular weight chelating
agents such as EDDA has also been examiééd by othef laboratories (Milgs and
.Khimji, 1975 and Archibald and DeVoe, 1880). Archibal. and DeVoe examined
the capabilit§ of vaFious‘cHélates and iron cocmpounds to reverse the
inhibitory effect-of EDDA upon gréwth of meningococci. Desferal containiné

iron (1:3 molar ratio Fet™ ¥ /Desferal) did not support w’growth of
meningococcl oﬁ EDDA—Q;qn-poor agar. ‘ ‘ //

Tﬁg ability to use iron'for growth i; the presence of iroh—chelating
3éents‘in our study proved once again to be comparable for the virulent and
gvirulent strains. If iron limitation occcurs in the.host as a defense
mechanism which indirectly determines the virulence of meningococcal strains
these studies further suggest that selectlve Iinteraction of tpe host‘
iron—binding agents would be required; i.e., tﬁe actiQity of the ageﬂts would
have to be such that iron is withheld from only the avirulent strain.

v

Attempts to understand iron status during growth of the meningococei in
terms of iron solubilization and deposition were difficult to conduct with
our media contalning ferric or ferrous sglts since the tendency to form

insoluble precipitates cccurred in an erratic fashlion. Analyses for the iron

content of commercial NCDM and/or media prepared in our Laboratory containing
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~added amounts of iron salts, gave values for samples from single flasks in a
range of 500 to 600 ug/100 ml. Hence, the deviation between samples. from the

same flask could be-15 to 20%Z. This inconsistency appeared to be due to the

formation upon neutralization of insoluble iron precipitates by the iron

'salts in the media. Analyses of the same solutions for iron conﬁentf
following f£iltration through Millipore 0.45 u filters proved that the iron

existed in an insoluble form. Filtration removed all analyzable iron.

In the biological pH range ferric salts are known to rapidly undergo “_

hypolytic polymerization to complexes of high molecular weight, some of which
may remé///SOIuble or may precipitace (Spiro, et al., 1966), as occurred in

B

our media with the iron salts.
Medium with iroa-sorbitol citrate (Jectofer) was better for studying
“ ,

. oS : - '
“iron movement during meningococcal growth. In such medium soluble,

non—filtrabié iron consisteﬁtly remained in solution. With ferric or ferrous

—
)

salts pH a/fects iron solubility. During growth of meningococci pH drops to
/5/’“Such low pH 1ncreases the solubility of ferric hydrate precipitates
and decreases hydrolyt;;,polymerization. The solub%lity.oﬁ_iron as Jec;ofer
was not affected by the range‘of pH fouﬁd during-meningococcai grow;ﬁ.
“When meningo;occi were grown in tﬁe presence éf iron-sorbitol citr;te, a
progressive decrease in total amount of soluble iron occurred to the same

extent with virulent and avirulent strains. Both strains demonstrated a

potential for iron binding during growth. \\_\(//p-
Sphaenotili are often classed as “iron precipitating baffreria" because

the sheaths which surround these filamentous organisms can become encrusted
~.
~
with insoluble oxides or hydroxides of iron from their environment. A

pattern of iron dep2§ition similar to that which occurred during the growth

~

of meningococci in ocur studies was also seen to occur with this
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micro-organism. Sphaerotifus exhibited a characteristic temporal pattern of
iron deposition which was delayed until the later portion of the exponential

-

phase or the onsef of the stationary growth phase (Rogers, 1976). The growth

_rate was also shown to be independent of the medium iron concentration over a

(::T;aqge 0.02 to 4.0 mM. There was no e¥ldence which indicated a relationship

between the iron concentration and the final cell protein yleld. Rogérs
speculated that the iron deposition system might ihc'ﬁ;;-a portion -of the
protein polysaccharide comglex comprising the shpathL::?éria}:of this
organism.

Concentration of poféntial iron;binding agents from large volumes of
1ron—poor culture filtrates of virulent meningococcal strains was attempted
by a method similar to that used by Young (1976), for the isolation of
enterochelin from E.. coli. Such a procedure is des;gned so that the addition
of ;;cess iron (Fe™™) to tﬁe filtrate would allow.ény free‘siderophore wﬁich
had Been'secreted into the medium to accumulate as thé-more stable ferriﬁ

enterochelin complex. Such negatively charged complexes behave as anions and

may be isolated‘by ion—-exchange chromatography. Once the iron has been

‘removed from such complexes by acidification, it becomes possible to isolate

‘the chelate in an iron—-free form by extraction into ethyl acetate.

-

Although a variety of other laboratories, using 2 similar type of
procedure have isolated iron—binding agents from differeanr bacteria, here
this prbcedure failed to produce a residue which contained detectable

catechol or hydroxaﬁate, even when up to & litres of filtrate were combined

and chromatographed. Suspension of meningococcal residue at concentrations

. . . L. o
up to 2 mg/ml contained no catechol or hydroxamate. The absence of |
o . T
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‘iron—binding activity of these residues provided-additicnal suéport for a
lack of catechol and hydrbxamate and further contra—indigated the presence of
other Eypes of low molecular weight iron;chelates.

Since it seemed possible that failure to f£ind iron-binding agent; by the
bgtch-cui;urg technique may have been due to loss of such agents during
processing (i.e. at filtration, chromatography or extraction) an.altérnate
procedure of direct assay of éoncentrated filtratés (10 fold by
lyophilization) was undertaken. Varilous laberatoriés using such a direct
é%chnique had breviously been successful in the isolation of siderophores
from different bacteria {Pollack and Neilands, 1976 and 0’Brien and Gibson,
‘1970). However, once again no evidence was found for the presence of
iron—binding agents in the growth filtrates of meningococeli,

It is -known ﬁhat_certain iron-binding agents such as enterochelin are

-

transported into the- cell as the ferrie complex and that due to the high
stability of the complex, the enterochelin molecule must be'hydrolyzed before
the iron can be released for general cell metabolism (Bryce et al., 1971 and.
0"Brien, et.al., 1971). Hence, during a search for potential iron-binding
Ia ents, one must be aware that a certain percentage of the'binding agent even
Fhe_hydroxamate, will be found elther attached to cell'surface receptors or
) .
'/within the cell itself. 1Indeed, in the case of enterochelin a certain amount
will be decomposed intracellularly for purposes of iron release.

To ensure tha£ our original attempt to isolate iron-binding compounds
had not failed due to the time atahich the éamples were taﬁgq\ii;e. 8 hr)
further investigations were conducted on samples taken throughout thelwhole-

- growth cycle. Bulk growth samples processed in ;ur studies (1.e. 8 hrj
represented early to mid-log phase gFowth} Examination of the literature

demonstrates that the time during the gro&th cycle at which growth 1s sampled
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and processed iﬁ attempts to isclate iron-binding material varies not only

with different grganisms but also within the same species (Brott, et.al.,

1966, 0O"Brien and Gibson, 197d, Rogers, 1973, Wilkins and Lankford, 1970 and

Pollack and Neilands, i970). However, even with meningecoccal filtrates
prepared in this manner, catechol and ﬁydroxamate could not be detected.
Since it 1s possible that low molecular weight chelating agents might
exist attached to the meningococcal cell surface, the cells were excéacted
direéﬁiy with ethyl acetate. However, since this failed to indicate the
presence of catechols, hydroxamates and iron—binding agent in general in
ceils of the four different serogroups, it would appear that such' small

molecular weight chelating aggnts are not produced or that they are so

strongly attached te thé cell surface that the extraction procedure was

b

unable to remove them. -

<

Although the exact relation of iron concentration in the medium to d

growth and to siderophore production has been reported fo%ﬁhnl& a few

-

organisms, it is generally accepted that siderophores are best produced in

-—

low iron media. The level of iron found in these media was within the range
of iron content of medla employed by other laboratories for purposes of
isolaticn of iron-binding agents from a variety of micro—organisms (Brott,

et.al., 1966, Young, 1969, Mochan and Ratledge, 1975 and Rogers, 1973 and

-
.

1975). o
Archibald and DeVoe (1980) employing both liquid media and an agar plate
system, Qere unable to demonstrate the secretion of scluble iron chelators by

/ -
* a serogroup B strain. They examined culture supernatant fluid both

- . B
unconcentrated and concentrated by freeze-drying and ethyl acetate extracts
of the supernmatant fluid of the serogroup B strain In a variety of tests-

designed to indicate siderophores.
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A disseminating strain of N. gonorthoeae has.been grown on a liquid

. ' 100

defined medium made deficient in iron by the addition of EDDA. fLe filtrates
cbtained from different levels of iron deficilent growth gave no iﬁdicacion by
colorimetric or biological tests of siderophore production_by N. gonorrhoeae
(Norrod and Will;ams, 19782 and 1978b). Although the isolation and -chemical
identification of gonécocal siderophores has not been established, evidence )
from cne group indicates that culture‘filtfates of gonococcl display
bilological activ;ty attributed to siderophoreé (Payne and Finkelstein, 1975,
1978a and 1978b). In the case of Nedlsseria %enihgiiidié, our evidence is in .
agreement with.the evidence p;ovided by Archibald and DeVoe (1980) and
suggests also the lack of a soluble‘secféted sider&phore in.this pathogenic
Neisserndia species-

To the contrary, Yancey (198l) recently reported isolation of an
h;droxamate typeféiderophore from meningococcal cultures. The amount of
siderophore found was 100 to 1000-fold lower than the concentra®™on of
hydroxamate reported for B, megatefium or A, daﬂogenea (Byers, 1967 and
Gibson, 1969). The isolation procedure, however, remalns open to question.
The bacteriaz were grown in and on a2 non—defined medium containing peptone.
Very old cultures i.e. 48 hr which are well in death phase and subject to
extensive lysis were used. Large quantities of spent culture‘media (i.e.

10 L) were required to produce detectaﬁle ug quantities of thi; siderophore.
Although the compound appears to be hydroxamic in nature, the chemical

structure is not yet known.

‘

Since large quantities of meningococcél culture were required to produce
even 1 ug of siderophore, the relative ilmportance of this compound during

infection is debatable. With other bacteria, injection of large amounts of
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giderophore i.e. 50 to 300 ug per mouse ié requiisd to promoté infection
(Kochan, 1978 and Yancey, 1979}. Also, thése siderophores were not as
effective as iron in‘prOEOting infection.
In general, evidence indicating the iﬁportance of siderophores as an

) inféctipn determinant is minimal. Two strains ﬁf E. coli, one virulent and
"the other ;virulent for mice have been examined-f;fuphenolate siderophores
(Rogers, 1973). 1In the presence of some iroﬁ in’ a chemically defined medium,
the vig&ient str;in produced substantial amounts of iron chelators, whereas;
the av}h\lent strain produced little. Both strains, however, produced
chelators well in media containing EDDA. Milgs ana.é£1m31 (1975), however,
_when empléying their agar plate system ‘found that chelator production was

equal with randomly s%}ected avirulent and virulent strains of K£eb¢&e£2a and
E. coli. v" .

As an alternative to using 2 different sermiypes whic; might differ
qualitatively or quantitatively in cther virujzjsh factors unrelated to
siderophores, Yancey et a%, (1979) compared the virulence of a Safmonella <
Hngiwnwz,f,um mutant incapable of enterochelin production with that of the
" wild-type strain. Injection of desferri-enterochelin’with the mutant’ (at 300
ug/mouse) reduced the LDgp of the mutant strain for mice to a level
comparable to that of the wild-type strain. Without enterochelin, the LDgg -
of the mutant wés 2 to 3 log units higher than the wild-type stfain. The
concentration of enterochelin was rather high iq-that aSBonimatelf 2500
times that required for growth of the strain in serum ﬂ20 nM) was used in the
injection.

Winkelman (1979) proposed that surface iron polymers in conjunction with-
hydroxy ac£§§~provide'iron supply in sideramine;free fﬁngi. When a ‘

sideramine-free mutant of Newrospora crassa was grown in the presence of iron

added as FeClz te the medium, the amount of iron accumulated by the cells was
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extraordinarily high and exceeded that observed with the sideramine—producing
wild-type strain. The iron accummulation by the mutant was not saturable,
indicaring an uncontrolled uptake process. In the presence of media
containing 500 ug/100 ml FeC13; approximately 20 ug Fe]mg dry weilght was
accumulated. Wéshing with an iron-chelating agent removed iron, indicating
it had béen iron bound to the surface. As with our results a decrease of pH
did not prevent iron hydroxide polymer absorption to tﬂg\cell surface.

During growth of the fungus, despite a rapid acidificationlduring the first
day, iron polymer adsorption to the mycelia of the sideramine-free mutant was
observed. -

Iron hydrdxide polymer formation on the cell surface is completely
prevented in sideramine producing strains of Newrospora crassa. It was
suggested that sideramine—free fungi first adsorb iron as-a hydroxide polymer
on the cell surface and that ‘it is gradually solubilized by excreting hydroxy

acids. Thus a high local concentration of iron chelated by hydroxy acids
s -
provides sideramine-free fungi with a continucus’ iron supply (Winkelman,

1979).

Hence, the capacity of Nelssernia meningdiidis like other organisms to
store iron in excess of immediate needs, may afford it an advantage in the
event of sudden decrease in environmental iron supply. Cells grown with an
excess of iron could store sufficient reserves of iron to permtt several cell
di?isions at a noréal rate in an iron-deficient medium before dilution of =
%ron'reserves‘in progeny cells fall growth limiting concentrations. For
purposes of satisfyling specific fequirements of iron enzymes and/or
structural components, Ne&QZémia meningitidis, as an alternative to actively
sequestering iron by organic chelating agents such as exochelins, may
concentrate the iron from the environment onto its surface. Wﬂatever the

physicocheﬁical mechanism involved, this iron-binding mechanism might serve
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as an additional means whereby an iron reservoir could be pfovided for cells,
for its subsequent active use énder conditions of iron deficiency.

in conclusion, our in vitro studies.suggest that production of iron
chelators is not a characteristic upon which the difference in reaction of
meningococcal strains in infectivity may be based. Archibald and DeVo
(1980) were also unable to demonstrate secretion of soluble iron chelatprs by
various strains of meningococéi. However, the possib;lity remains that
siderophores could be producéd in vivo under conditio éxtreme stress due

to iron-limitation by the iron-binding proteins of the host.

S
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CHAPTER 3 EFFECTS OF IRON—BINDIhG AGENTS FROM VARIOUS TISSUE AND BODY FLUIDS
UPOR GROWTH OF N. MENINGITIDIS

INTRODUCTION

' Améle evidence has been accumulating that the iron-binding proteiﬁs of
the host, either by themselves or in conjunction with specific antibodies,
are important in resistance to bacteria. The virulence of a micro-organism
may be linked to'its capacity to acquire iron from such protein. The
response of virulent and avirulent strains to growth upon agar containiag
various iron-binding agents from animal body fluids and tissues may reflect
upon the mechanism of reaction of the bacteria with such agents ddr;ng

infection in wice and man.

- i N—



MATERTALS AND METHODS

b
The chemicals used for these experiments and their suppliers were:

K

L-Ascorbic Acid. Analytical reagent grade, B.D.H. Chemlcals, Toronto, o

Ontario.

Sodium Ascorbate. Hoffmanﬁ-LaRocbe Ltd., Montreal, Quebec.

N

Dehvdro—ascorbic Acid. ICN Nutritional Biochemicals, Cleveland, Ohio.

Folic Acid. Nutritional Biochemicals Corp., Cleveland, Ohio.

Free Radical Scavengers:

Mannitel — Difco Laboratories, Detroit, Michigan.
Sodium Benzoate — Fisher Scientific Co., New Jersey.

Sédiun Thiosulfate — J.T. Baker Co., Phillipsburg, N.J.

Hydrogen Peroxide. A 3% solution in Hs0, Fisher Scientific Co., N.J.

Cadmium Sulphate. Certified grade, Fisher Scientific Co., Pittsburgh, s

Pa.

. B

" Reducing Agents . L-cysteine HCl and glutathione (reduced) Nutritional

Biochemicals Corporation, Cleveland, Ohio.

Antisera. Rabbit antisera to human transferrin, lactoferrin and
ferritin were supplied by ﬁehringwerke A.G., Germany. Antisera to horse
spleen ferritin were prepared in New Zealand white‘fabbits by injections of
solutions of ferritin in Freund’s incomplete adjuvant (50 mg ferritin/ml)
into the hind 1limb. Fellowing weekly injections of 1.0, 2.0 and 2.0 ml, the.
rabbits were exsanguiﬁated if test bleeds were positive. |

Conalbumin. Type I chicken egg white ( 0.0153% Fe) was obtained from
Sigma Chemical Co., St. Louis, Mo. Coralbumin iron complex from chicken egg

white type‘il was also used. Solutions of these protelns were prepared in
. . +

0.15 M NaCl.
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Ferritin. Horse sbleen_ferfitins supplied by €Galbiochem, La Jq}la,

Calif. (type 341475), and Sigma (type 1) were purchased as sterile solutions

-

in 0.15M NaCl. To remove ?egidual cadmium, the ferritins were reduced by

dialysis against 0.2M L-ascorbic acid (BDH Chemicals, Canada) for 24 to 48 .
hr, then the ascorbic acld was removed by dialysis against distilled water.
. . L2

Before stefilization by membrane filtration (Millipore Corp., Bedford,

Hasé.), the pH éf‘the samples was adjusted to 7.2 with NaOH. Only samples
which gave.a cadmium levél of < 0.003% by weight as redorded by atomic

ébsorption were employed in the growth studies. Dialysis against ascorbic
- .

acid or distilled water or both was rebeated if required to reduce the
. . P .

_cadmium level below QLOOBZ;' The reduced ferritins had an iron centent of

0.01% and a residual ascorgiz\hﬁigicdntent of < 0.01%. The unreduced

. . % . . e .
“ferritins' had an iron content of aﬁstpxima;ely 16 to 20% and a cadmium level

\

" of approximately ;0.15 to 0.20%. / ' -

_Iron binding~of the various lots of ferritin was determined accerding to
Stefani et 31], (1?76):7 Ferritin (1 mg/ml) and ferrous ammonium sulphate
(18 mg/mlJ.in 200 m imidazole buffer pH 7.8 containing 0.05 M KI03 and

“o.2 M Nap5203 Ho0:were mixed in a 9:1 ratio. Samples were periodically "
d L i : : N

removed and the reaction stdbbed by dilution in.O:OIM sodium citrate (1:10).

0D420 nm was subsehuenf}y measured with a Bausch and Lozb Spectronic 505

spectrophotometer. .

"

' Lactoferrin. Humdn colosffum‘lactéferrins'gere supplied ﬁy‘Calbiochem
La Jolla Calif. (type 427259) and Sigma (type L4881). Solutioms of these

iproteins were prepared in saline,-and the pH adjusted.to 7.0 with NaOH prigr

to sterilization by membrane filtrariom (millipore 0.45 u‘pores).'

Transferrin. Purified human protein (Fe. content maximqﬁi 20 ug/g) was

produced from Behringwerke, West Germany. Solutions were prepared in 0.15 M

- -~

’
~
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sodium chloride or 0.15 M NaCl - 0.024 M NaHCO3. Dialysis as tequired was

i/ p
carried out against the latter solutien fq;_a;Z& hr period.

e

To prepare transferrin fully Egguhéif saturated with iron, transfertfin

-
v -

waé reacted with different levelﬁgof ferric nitrilotriacetic acid. (Bates and
Schlabach, i973). Unboﬁnd irodA;;s removed frém the iron—complexed |
transferrin by chromatography'oﬁ Sephadex 6-20. The transferrin—ifon
fractions were pooled and Subséquencly concentrated back to-ghe original
volume, (Amicon pressure filter with 30,000 molecﬁlar we?ght cué—off. )
memeane). |

~—

Sera-and plasma. Sera from humans, goats, rabbits and C5;7 male and

-

female HPB black mice were collected, clarified- and sterilized by membrane.
& -

filtration. Human plasya was donated by the Red Cross, Ottawa.

" Media. The iron binding activity of various agemts was tested in
iron-poor a;d_iron containing agar medium prepared as previously déscribed.
Alternativé agar media were prepared by the addition_of ferritin,

transferrin, goat whey of serum (mammalian, rabbit or human).

Diffusion plate technique. Conalbumin, transferrin, ferritin, cadmium
Q -
sulfate, '‘plasma, various sera and tissue extracts were examined for

antibacterial effect by the technique previously described in which the tést

‘materials diffused from filled agar wells (9 mm diamater). Lactofeqyin and,

in certain cases, transferrin was tested by a disc diffusion technique.

" Twenty ul of each protein (at various concentrations) was deposited onto a 6.

mm BBL differentiation disc placed upon the agar surfaces _?ollowing
diffusion, prior to seed application the disc was removed.
For studying the effect of ascorbate,hydrogen peroxide and similiar

compounds, two wells (3 mm each) were made per agar plate with a gel puncher

(LXKB-Products AB, Sweden). Each well was filled with 30 ul of test substance

which was allowed to diffuse at room temperature for a period of 18 hr before

wy

el
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0.1 ml of a seed inoculum was distributed evenly over the surface of the
agar. Alternatively 30 ul velumes of iren salt solutions were added to the
wells and let diffuse 2 h._before sodium ascorbate solutions were added.

Electrofocussing. An L.K.B. 2117 multiphor was used for flatbed

electrofocusing of ferritins upon LKE ampholine polyacrylamide gel plates of
pH range‘3,5 to 9.0. Anode and cathoae solutions were iM ﬁ3PQa and 1M NaOH
respectively. The gels were focused for i;S‘hr using an ISCO Model 494
electrophoresis power supply {(constant 30 watts), fixed and stained for
protein (0.1% Coomassie Blue) or for irom (1% potassium ferroc?anide).
Stained bards were quantitated by a Beckman mierozone densitometeé model
R110. -

Iron~binding interference by culture filtrates. Ferric

nitrilotriacetate 1.1 mwM, pH 7.5 was prepared according to Rogers (1973).
Human transferrin was added to Tris — HCl - Tris Base buff%r, pE 7.5 (2.5 mg

.per ml). Concentrated culture filtrates of serogroup A, B, C and Y strains

-

¢ .
were prepared as previously described. Fifty ul of ferric nitrilotriacetate

were added to a mixture of 0.8 ml transferrin in buffer with 0.2 ml of either
iron-poor NCDM (pH 7.2), distilled'HZO or culture-filtrate. The pH of the
final reaction mixture was adjusted to approximateiy 7.3 with 40 ul of 1IN
NaOH prior to measuring the increase in absorbance due tzbiron binding to
transferrin at 470 nm with a B & L Spectronic 505. Absorbance values at 470

am due to concentrated culture filtrates alone were used as blank values.

Iron removal from transferrin and lactoferrin. Radicactive transferrin

and lactoferrin were prepared by the following‘procedur:i Ferrous ammonium
sulfate (4.721 mg) was added to a solution of nitrilotriacetic acid (2.0054
mg per 5 "1 H,0) and the volume adjusted to 9.9 ml with distilied H,0.

One-tenth ml of 10 mCi per mg per ml Fé55013 (New England Nuclear) was nixed

with this solution, the pH of which was subsequently adjusted to 7.8.with

-
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NaOH. A 0.6 ml volume of this Fe35 solution was reacted for 1 hr at room
temperature with 100 ml volumes respectively of transferrin and lactoferrin.

in order to remove unbound Fe35 these radioactive protein solutions were
-~ e

. exhaustively dialyzed against Tris-buffer until the buffer was negative for

-

Fed5,

The abi}ity of killed meningococcal cells to remove iron-from labelled
transferrin of lactoferrin was studied by incubating 0.5 ml of whole cell
éultures or wasfed cell suspensions (3 x in formaiized Ho0) for 2 hr at 37°C
with equal volumes of Fe55—transferfin or Fed3-lactoferrin. The reaction
mixtures were subsequently filtered through millipore {0.22 or 0.45 u pore
size) membranes and the unbound Fe33 in the filtrate was measured. One—tenth

ml aliquots of the filtered transferrin solutions were mixed with 5 ml of '

ioflupr (Emulsifying cocktail, New England Nuclear) and Fe35 was counted

ith a Beckman LSC 9000 (liquié sc¢intillation counter), using a program with

automatit quench compensation.

Tissue extraction. Extracts of mouse liver and spleen_tissue were .

prepared by a modification of a procedure used in the isclation of tissue

ferritin (Linder and Munro, 1972). Livers and- spleens from 200 male {57 HPB

‘black mice were separately combined, homogenized in a minimal” volume of

qéliﬁe.and stored at —-229C until further processing. Once thawed, twice the
wvolume of physiological saline was added, and the suspensions were
ultrasonicated for 20 min., heated for 20 min. at 759°C, cooled and
gentrifuged (3000 rpm, 30 min.). The supernatant*yas removed and the
sediment re-extracted twice more with double volumes of 0.15 M NaCl.

Celluldy’ debris was discarded. Ammonium sulfate was added to the combined

" supernatant$ to 60% saturation. After 24 hr at 4°C the precipitate was

centrifuéed (10,000 rpm, 15 min.), and resuspended in Ho0. Any precipitate

remaining following exhaustive against saline dialysis was removed by
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centrifugation and re—extraéte £ 0 after adjtb;ment of the pH to 7.0.
Clear extrééﬁgqiere combined, with the dialyzed supernatant and concentrated
10 fold by an Amicon 52 pressure cell containing an ultrafilt;ation membrane
with a molecular weight cut;off of 30,000. The retentate was sterilized

prior to subsequent testing by Millipore filtration (0.45 v pore size).

'Alternatively; extracts were ang prepared by acidification of the dialysed

sdpernatant to pH 4.0 with HCl prior to concentration. The resultant

precipitate was collected, resuspended- in Hp0 and concgntrated'further as

-

requifed,

//gxtracts of a female human liver were prepared by similar techniques.

/ | '-
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RESULTS

EFFECT OF VARIOUS MAMMALIAN SERA AND THE IRON-BINDING -PROTEINS
TRANSFERRIN, CONALBUMIN AND LACTOFERRIN UPON MENINGOCOCCAL GROWTH

>

Human, rabbit, goat and mouse (C57 HPB male, black) sera enhanced
meningococcal growth on agar diffusion plates in the same manner as iron
compgunds (see Chapter 2). With low seed inocula, major growth occurred only

around the 'agar well in the area in which the sera had difffsed. Growth

enhancement was similar ﬁor all serogroup strains tested (i.e. A, B, C and

P

Y). Hyperimmune rabbit sera, on the other hand, exerted groch inhibition
which was not reversible by inactivation (56°C, 30 min.) nor the presence of
iron. Agar plates prepared by mixing 1 part human plasma with 3 parts
iron—poor NCDM agar also stimulated bacterial growth. o

Since mouse sé&a which contained transferrin (30-40% saturated with
-irbn) did not inhibit meningococcal growth, ggansférrin of lower iron coatent
was examined for potential to limit growth. Since an adequate supply of
mouse trgnsferrin was not readily available the effect of human transferrin.
was studied. The protein used was very near in form to apo-transferrin since
it contained at most enough Iron to provide only 1.6% saturation.

In our first experiments in which .006 M bicarbonate was included in the
iron—poor agar medium no irhibition was evident even with transferrin levels
up fo 50 or 100 mg/ml.

It was thought possible that chelating agents in the commercial

preparations of transferrinﬁﬂ&ght.have interfered with-its inhibitory

“\activity. Accordingly, samples which had been extensively dialyzed against

0.15™ saline with 0.024 M bicarbonate were also examined. These samples at

vy
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50 mg/ml failed to inhibit growth. We thus initially concluded and reported
(G.A. Calver, C.pP. Kenny, and D.J. Kushner, Abstr. Annu. Meet. Am. Soc.
Microbiol. 1978, B10%, p. 31) that transferrin did not effectively compete

with our

strains of N. mesdingitidis for iren.
v -

* In a further experiment, transferrin was reacted with ferric

nitrilotriacetate to saturate the protein with iron. With inc ing

saturatlen of transferrin, an increased growth enhancement resulted, similar

>
to that found-with iron compounds.

However, with certainzlots, pétgerns of inhibiﬁion emefged ac'high
transferrin concentrations when 0.01 M bicarbonate was deposited directly
with thé protein in the center well (Table 16). A lot to lot variatior in
growth repression occurred. Some lots remained non—inhibitory'despi;e added

S . .
bicarbonate. Inhibition of the virulent strain occurred on iron-poor agar.

e he . .
As the zgon level incorporated Into the medium was increased, the inhibition
of the virulent strain was reversed {Table 16). A surprising phenomenon

4

presented itself with the ayirulent strain. On iron-poor égar the avirulent
strain was néE inhiﬁited (Table 16). However, upon incréasing the
concentration of iron, the avirulent strain began to show inhibition which
increased to a higher degre¢ and then declined. This observation was
certainly not in keeping with the suggestion tﬁat the inhibitory activity of
this protein was due to deprivaiion of iron required for growth of the
bacte?imn;

Comparative studies were carried out with other proteins of similiar
structuré and size and isolated from other sources, ie. conalbumin
(ovotransfe;rin) and lactoferrin (lactotransferrin). Substantial érowth
limitation of higher seed Inocula (ie. .103 ¢.f.u./ml) was readii& obtained

with conalbumin at 3 fold lower concentrations than with transferrin (Fig. 9

and Table 16). The repression of growth was iron reversible, the extent -
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Fig. 9

L. ‘/

Lffect of ¢

albumin (30 mg/ml) upon the growth of N. meningitidis
serogroup A stzain (A), A, and Aq) and the serogroup Y strain (B;, By, and

-

B3). The owing concentrations of Jectofer were contained within the

;wells: no iron added (Al and 81)3 Jectofer at 100 ug/100 ml (A2 and Bg); and

Jectofer at 500 ug/100. ml (A4 and Bg). Inoculum levels of the bacteria were

y
2.0 x 108 cfu/ml. -
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Table 16

Effect of Conalbumin and Transferrin upon
- growth of N. meningL{tidis

115

Zone of Inhibition®

/

Iron binding
protein Serogroupd 0 50 100 200 500 2000 10000
Transferrin
- »(100 mg/=ml)¢ . A 18 17 17 17 - - -
Y - - 18 18 21 19

Conalbumin (30 mg/ml) A 22 20 17 15 -
¥ 23 21 19 17 12

dgeed inoculum for both .serogroups was 108 cfu/mi.

Each value represents millimeters at the indicated concentration

( pg/100 ml) of iron incorporated into media.
CTransferrin in saline containlng 0.01M bicarbonate.

-"% No inhibition
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of reprtssion 5éing slightly éreater for the aviruleant strain. All lots of
conalbumin tested were inhibitory. Iron-complexed conalbumin at levels up to.
50 mg/ml was non—inhibitory.

A selective inhibition occurred in the presence of human lactoferrin.
Growth of the avirulent serogroup Y strain was inhibited. Growth of tge
virulent A strain was not affected by this protein (Table ;75. Yet,
susceptibility did not correlate with virulence since the serogroup B and C
strains were also unable to grow in the presence of this protein. Very large
goncentrations of iron well in excess of .the binding capacity .of the protein
were necessary to reverse this inhibition. Hence, it would appear that iron

"

deprivation by .this protein is not the mechanism by whi limitation of

growth occurs. Not all lots of lactoferrin were inhibjrory.

EFFECT OF CELLS AND CELL FILTRATES UPON BINDING OF IROW TC TRANSFERRIN

Upon addition of iron to transferrin‘in a buffer solution, transferrin
iron cpmplexes are formed which exhibit a maximum absofbance at- 470 om. The
colour emitted at this maximum absorbance is a salmon-pink colour. Culture
filtrates of gonococci have been shown to ipterfere with the binding of iren
té transferrin and subsequently to result in a reduction of the absorbance at
470 nm (Norrod and Williams, 1978).

Without' concentration, our meningococcal growth' filtrates had no effect
upon absorbance of the transferrin-iron complex. However, significant
intérference-in absorbance occurred with concentrated filtrates sampled later
in the growth cycle, at 8, 10 er 24 hr (Table 18). No correlation exists

between virulence for mice and the capacity to interfere In this test with

the binding of iron by human transferrin. In fact, the greatest decrease in

-/



Table 17

Effect of Lactoferrin upon the growth

of N. meningLiidis

Zone of Inhibirion% mm

Lactoferrin
mg/ml Serogroup
A B C Y
5 nil nil nil il
10 nil nil nil 10*
20 nil 12 14 15
40 nil 16 14 16
. . b
. Zone of Inhibition mm
Irorn. added to
Agar mg/100 ml Serogroup
A B C Y
0 Nil 14 15 18
.5 Nil 12 11 15
25 Nil 10 11 13
200 Nil Nil 10*

10

aAgar contained 10 mg of iron as Jectofer per 100 ml.

Lactofer:in‘concentratign 12.5 mg/ml.

- -
Inhibition zone with growth inside.

117
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Table 18

Effect of Meningococcal culture filtrate®

upon Absorbance of Transferrin-iron at 470 nm

-

7 DecreaseC in absorbance at 470 am

Time hr
: Serogroup
A B C S
b Is
0 (.082) (.082) (.082) (.081)
8 {.064) 21 (.080) .
10 (.035) 57 (.044) 46
24 (.036) 56 (.052}) 37 (.059) 28 (.023) 72

]

AConcentrated culture filcrates (10x).
Average absorban¢e of three different samples.
C7 decrease from 0 hr wvalue.
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ébsorbance occurred Qith the conceatrated culture filgrate of the avirulent ey
serogroup Y strain sampled at 24 hr.

A comparison of the binding of radioactive transferrin iron (Fe23) by
whole cultures and corresponding washed cells is shown in Table 19. As
growth proceeded, a progressiverdecrease of the Fed> radioactivity occurred
in the filtrates from mixtures of transferrin-Fe’> and washed cell
preparations of the A or Y strain. :Ey 24 hr, washed cells of both syrgins
had removed approximately 50% of the radiocactive iron. However, whole
cultures removed less iron from the filtrates than the corresponding washed
cell preparation. This was most evident at 24 hr. Cultures of strain A
removed only about gilf as much Fe as did ﬁhe washed cells, and culture of
the avirulent strain removed only 1/5 as much. These results s;ggest thi;
spent culture medium of aviruleat cells solubilizes iron to a greater degree
than spent .media from virulent cells. -

Removal by the cells of transferrin protein was also examined.

Filtrates of the washed cell suspensions in buffer confained no protein.
Filtrates from mixtures of washed cell preparétions and transferrin contained
as much ;rotein as the transferrin solution. Tﬁe washed cellg bound little
transferrin’ (Table 20). Although the waéhed cells bound less than 10% of the
available transferrin, 40 to 50% of the iron was retained by the cells (Table

20). The results indicate that for most part, the cells were removing and

binding the transferrin iron without retaining the transferrin.

EFFECT OF FERRITI&'UPON GROWTH

Initial experiments demonstrated that ferritin produced substantial

zones of growth repression even in the presence of fairly high seed inocula.

The "avirulent strain did not grow as well as the virulent A, B and C strains
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© Table 19

-

. Binding of Transferrin? rron (Fe33) by
" N. meningitidis Whole Cultures and Washed Cells

Sy FilttateC Fe
Serogroup Timeé . Protein ilt

Br. - .. pgiml . Fe23 cpm Fe ug/ml ZFe:Decreased
1. Washed cellsP . -

0¢ - &4 . 38,978 . 3.19 - 3.5
2 - 138,429 .. 3.13 4.9
A 4 30 - 25,355 . 2.06 - 37.2
6 88 . 22,891, .. 1.86 . 43.3.
8 1300 %260194° 2,13 35,2
24 220 . 18,863 © .1.53 ° 5. 53.3

0 8 37,111 -+, 3.02 7.1 R

: 2 7 38,207 - - 3.11 5.4~ '
Y 4 10 30,553 2.49° 26.4
6 . 45 T 22,454 0 .1.83 . T 444
.8 115 22,494 . 1.83 44,3
24 210 ' 20,018 1.63 50.4

2. Whole culture

0 .0 © 40,592 3.31 -
2 10 40,032 3.26 ‘ .9
A 4 0 39,845 3.25 1.4
6 40 33,364 2.72 17.4
8 80 25,687 2.09 36.4
24 190 30,306 2.47 25.0
o 0 39,340 3.21 2.6
2 0 . 38,343 3.12 5.1
Y A 10 . 39,456 - ¢ 3.2% 2.3
6 30 35,994 T 2.93 10.9
8 70 29,178 - 2.38 27.8
24 180 36,381 2.96 9.9

ATransferrin in buffer at 2.5 mg/ml containing 3.3 pg/=ml of bound iren.
The cells from the corresponding whole cultures were spun down and
washed (1Z formalinized Hy0) and resuspended to the .original volume;
" total protein contents of these suspensions were determined.
CEqual volumes (0.5ml) of washed cell susgension or whole culture
were mixed with 0.5 ml of radioactive Fe’? - tramsferrin and filtered
througha MIllipore (0.45mn) filter after a period of time of reaction
and mixing. The Fe35 of the filtrates was counted with a Beckman LSC$000.
ransferrin - Fe33 buffer-medium control gave 40,393 c.p.m.; decrease
from this value was recorded..

2gample take after seed added, prior to imcubation.:
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_ Table 20

——r’

Comparison of the Bindlng of Iron and the
Binding of Transferrin by N. men&ng&t&d&b
washed cells®

‘ % Decrease in Fil:rateb
Serogroup

Transferrin
. Fe?? Protein
) A 41.4 ' 9.1
. B 50.4 6.9
c 54.6 o - )
¥ 41.1 2.3

QCelis sampled after 24 hr of growth.
Equal volumes (0.5 ml) of washed cell suspensions were mixed
with 0.5 ml of radioactive Fe”? - transferria and filtered -
through millipore (0.45 filter} after a period of time of
reaction and mixing. The Fe55 of the filtrates was counted
wirh a Beckman LSC 9000. Protein of the filtrates was
determined by method of Lowry et al {1951).
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in the presence of horse spleen ferritin containing 20% iron: Inhibition by
ferritin was reversed by iron. The avirulent strain did not re§pbnd to
enhancement with iron as effectively as the virulent strain. Howé;er, not
all commercial ferritin preparations were inhibitory (Calver et al., 1979).
The various lots of ferritin were examined for iron-binding_acﬁivity by
the: procedure of Stefani et al. (1976) to determine whether variation in
inhibitory actificy was due to this factor. One might expect that the active
inhibitory ferr;tins would possess a higher £ate of FéTincorporation.
However, the rate of incorporation and the total amouht of iron ipcofborated
at saturation was quite'simila; for all the ferritins examined.
| Since the sub-unit compositfon of a_ferritin determines its overall
" structure (Munro and Liander, 1978), a varia&ion in type of sub—unit could
affect binding and/or selectivg iron release during interaction with
bacterial cé}is. The diff;rent lots of ferritin were compared by microzone
electrophoregis and electrofocusing. No difference between preparations was -
evideht by electrophoresis on cellulose acetate. However, the higher
resolution sobtained with flat-bed electrdfocusing in polyacrylamide gel
provided evidence that a ﬁetgrogeneity did exist in these preparationq
(Fig. 10).
Since thé commercial horse spleen ferritin had g;en isolﬁted by a
«/technique involving preéipitation with cadmium sulfate, the cad?ium
contaminant ievel wa; evaluated. Analysis by atomic absorption revealed up
to 600 fold higher-cadmium values than reported bykthe manufacturer ie. 0.6%
insgead of .001Z. Equivalent cadmium concentrations were found to be

»

irhibitory in our plate system. A selective repression of the growth of the
avirulent strain occurred. This inhibition also proved to be iron reversible
(Tablé.Zl). The inhibitory activity of the férritins correlated with their

L4 .
cadmium content (Results not shown).



. - 123

Fig. 10 -

Electrofocusing of horse spleen ferritins. Various horse spleen

ferritinsg were electrofocused on PAG plates, as previously described:
e

1 - Sigma 38 C, 2 ~ Calbiochem 702425, 3 - Sigma 117 C, 4 —-Calbiochem 701170

and 5 - Calbiochem 703062. The gel was first stained for irom using 1%
tassium ferrocyanide and the bands were quantitated for iron using a
Beckman Microzone Densitometer model R 110 (@—@). Subsequently, the same

iron stained gel was restained for protein using 0.1% Coomassie Blue and then

quantitated for pretein by the Beckman densitometer (M—m ).

»
H

o]






Table 21

Influence of Iron uﬁon the Growth Inhibition

of Cadmium
a : Zone of Inhibition {nm)
Iron Mixed With Cadmium {c.w.) Cadmium 50 ug/ml
mg/ml
‘ A Y
0 26 32
5 24 28
10 - 21, - 27
20 Nil o Nil

a

Iron as Jectofer.
ol . 8

Secd inocula for both serogroups was 10 c¢.f.u./ml.

cWell diameter only (9 mm).

“\
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Hénée, in order to examine the effects of therprotein itself, the
cadmium had to be reﬁoved. Reduction wﬁtﬁ O.ZM'ascorbic acid
(Stefani et al. 1976), decreased cadmium to < .003%, a level well below the
minimal Lnﬁébitory-conéentration of 5 ug/ml. .Aparg from having a low cadmium
content, reduced ferritins had an iron conﬁent of < 0.0l%land a residual

ascorbic aclid content of 0.005%. Reduced ferritin focused (by protein

_staining) in the same manner on polyacrylamide gel as normal ferritin.

Once agaln, the phenomgnon -of Inhibitlon on iron agar In the presence of
- ~ #

this protein occurred. On liron-poor agar growtil Inhibition was not evident.

However, as iron was incorporated into the media, the inhibitory effect of

reduced ferritin ggzéme_evident (Fig. 11). Both virulent and avirulent
strains showed this same phenomenon, although the virulent straln was
inhibited to é greater degree at low iron ievels, wvhereas the aviruleﬁt
straln was more susceptible to higher.iron_lévels. Only two of seven
different lots in the reduced state demenstrgted inhibition at

]
30 - 50mg/ml protein. : /

{
-

EFFECT OF MOUSE LIVER ANB SPLEEN LEXTRACTS~UPON CGROWTI

The livérs and spleens were surgically removed [rom C5y black mice and
the i;on—binding‘proteins extracted by a procedure similar to that of Linder
and Munro, 1972)." Crude liver extracts (containing ferritin and a variety of
other proteins)} were examined for inhibitory activity. Although growth'of

the virulent A straln was not affected, growth of the avirulent Y strain was
. . )

greatly limited by liver extracts (Fig. 12). With certain preparations, the
phenomenon of increasing inhibition on agar containing increased .iron was
once more apparent (Fig. 12). CGCrowth of the serogroups B and C strains was

limited to a lesser extent. Inhibition of the B and.C strains was abolished

¢
'

by lower levels of ircon than that required for the Y strdin.
. ’ .
N
S~
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Fig. 11

Comparison of the effect of, reduced horse spleen ferritin (Sigma Lot
i C81061, 30 mg/mlj upon the serogroup A strain (Ay, Aj, A4 and A;) upon the
serogroup Y strain (Bl’ Ba, B3 and 34)- The agar plates contained the
following concentration of.iron: A; and By -lno iron; A, and Bé - Jectofer
10 mg/100 ml iron; Ag and By — Jectofer 50 mg/100 ml iron; A4 and By —

Jecrofer ]00 mg/100 ml iron. Bacter¥al cell inocula were 2.0 x 105 for

seroéroup Aand 1.0'x 106 for serogroup Y.
T .
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Effect of mouse llver extract (M — 79) upon growth of the avirulent
serogfbup Y straln. The seed inoculum was applied at 1.0 x 108 e¢fu/ml. The
agar contained increasing concentrations of iron as Jectofer: Ay = ne iren,

Ay = 1 mg/100 ml, Ay ~ 5 mg/100 ml and 4; — 25 mg/100 ml.
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Ferritins from different‘animal species have been shown to be
cross—reactive in immuno-diffusion in agar (Munro and Linder, 1978).

Precipitin bands to anti-horse spleen ferritin and to anti-human ferritin
(Behringwerke, Germany) were found in most liver extract preparations.

However, the inhibitory activity of the different ektracts did not correlate

with precipitin activity.

=  Mouse gpleen extracts were not‘ihhibitory for any of the meningococcal
stralns tested.

Extracts prepared in a similar-manngr from human.liver also iimited
growth of the avirulent strains. With the application of lower seed inocula,
the human liver extracts caused zones of reduced growth even of the Girulent
A strain. Once again, this inhibition was removed by the addition of iron to
the agar. In the presence of human liver extract, growth of the serogroup B
strain was limited to the same magnitude as the serogroup Y strain, whereas

the C strain was only slightly inhibited.

EFFECT OF IRON UPON GROWTH IN THE PRESENCE OF ASCORBATE AND HYDROGEN
PEROXIDE -

Vo
The puzzling phenomena which emerged in the previous studies with
apotransfe?rin, apoferritin and the liver extracts required clarification.
The observations that growth inhibition increased rather than decreased when
iron was ;nitially added to the medium was in direct contradiction with
studies on other micro-organisms which suggested that an increase in 2
iron-saturation of similar proteins decreased their inhibitory capacity.
" {(Bullen et al. 1974).

Since these proteins possess ferro—oxidase activity, this inhibitory

behaviour might be explained on the basis of oxidation-reduction.
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Asco;bic acid oxidation has an anti-microbial effect (Ericsson and Lundbeck,
1953). Hydrogen peroxide Iin conjunction with ascorbate has shown a
bactericidal action for gram—negative bacteria (Miller, 1969)}. It has beeﬁ
suggested that free radicals may be involved in the process of inhibition
(Halliwell et al.} 1976). Subsequently, the chemically defined substances,
ascorbate and hydrogen peroxide which are found in hosts and participate in
oxidation-reduction reactions were examined for inhibitory activit§ in the
presence of iron in the agar-plate system.

A difference in growth capaciﬁy of varilous sé;ogroup strains of
N. meningitidis occurred with sodium ascorbate. Ascorbate produced a growth
inhibition which was dependent upon the concentration of iron in the media
(Table 22). On iron-poor media or media containing low levels of Jectofer,
inhibition was not apparent. With the levels of ascorbate in‘Table 25,
inhibition became evident only on agar plates containing iron in excess of T
10 ug/ml. However, inhibition did nog continually increase as the iron
concentration increased above this levelf CA poiﬁf was reached when
inhibition subsequently declined. The order gﬁ susceptibility of serogrbup
strains to inhibition was C > Y >B > A,

An alternative technique in which additioéal iron was added to the

fdiffusion wells followed by ascorbate also produced enhancement-of ascorbate
inhibition (Fig. 13). Iron salts were as effective as the chelated iron,
Jectofer. No difference was found between ferrous or ferric salts.

The inhjbitory activity of ascorbate remained when tested in human
plaiPa instead of phosphate buffer (pH 7.2). At comparable concentrations,
thydroascorbic acid did not produce growth repression. Folic acid also
proved to be inactive. " Glutathione and cysteine hydrochloride were also

without effect in this system. Hence the mechanism was not simply explained

on the basis of reducing power of ascorbate.
-, .

&



tffect of Sodium Ascorbate-upon
the growth of N. meningltidis

Table 22

T

v

Sodium ascorbated

B+

ler diffuse overmight.

Zone diameter includes 3 mm dlameter (of well); mean of 4

determinations.

Iron as Jectofer added to the agar.

+ represents growth inside a zone; not total inhibizion.

- represents no zone arcound well.

e ———

Serogroup Zone of inhibition (mm)P
mg/ml - ' Strain )
»
- Iron ug/umlc
0 10 50 100 250 500 1000
r . v
4

604= A - - - - 16 13 14

200 608- B - - - 19 19 20 20

2241= C - 1w+d23+ 26 19 20 20

Slaterus Y - - - 25 26 22 23

604~ A - - - 21 25 24 24

300 608- B - - 10 28 29 25 24

2241- C - 20+ 25+ 28 34 31 24

- Slaterus Y - 15 20 3% 30 31 30

¥ s ]

0.03 ml sodium ascorbate in saline deposited in centre well and

133 7
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"Fig. 13

Effect of sodium ascorbate upon the growth, of N. meningitidis Slaterus Y
(Ai, 2> 3 and ;) and 604-A (B> 2> 3 and 4). All agar plates contained iron
as Jectgfer at 10 ug/ml. Volumes of 0.03 ml of FeS0,; In saline were added to
botlt agar wells and let diffuse: Ay, A3, By and By - saline only no iron;
Az> Ag> By and By, — 2 mgFe/ml. (3 to 4 h later) Volumes of 0.03 ml of sodium
;%corbate in saline were also added to both agar wells and let diffuse
overnight before spreading bacteria: A1s A9, By and By — 200 mg/ml; Ags A4

B3'and-B& -~ 300 mg/ml.

S
j .
L]
Y
U
'f,'_ RS
.H'
ll
\
) L% r“
,\ f
’ -
J

FA]



.
I




~

138
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A series of compounds, known to scavenge hydroxyl ions in other systems-
(Draéh and. Karnovsky, 1974) were examined for capaclity te reverse ascorbate
“inhibition. The scavengers were mixed with ascorbate in phosphate buffer (pH

: A - -
7.2) 2né added toi;he diffusion wells immediately. Sodium benzoate, sodium
thiosulfate, sodium metabisulfite and mannitel Qid not reverse ascorbate
inhibition.

Measﬁrement of pH by surfacg electrode showed chat'diffusion of sodium
_ascorbate p;oduced a drop in pH of the agar medium surrounding the well on

q
higher iron concentration plates. Diffusion of 300 mg/ml (pH 7.2) sodium Eﬁ
ascorﬁate p;qduced a pH éf 6.4 in the agar around the diffusion well of 50
_ug/ml iren plates. In separate experiments, for comparison purposes, similar
or slightly'greater drops iIn pH of the agar was produced using other acids.

Howeveé, zones of inhibition did not occur on thege plates as on comparable
sodium ascorbate plates. -

A‘vériation in reéponse of serogroup strains to.érowth in the presence
of hydrogen peroxide was also demonstrated (Table 23 and 24). The order of
strain susceptibility was 608—8‘?,2241—C > Slaterus Y > 604-A. The serogroup
A strain pgsgessed a four—fold greater resistagfe to peroxidé inhibition than
the other téree serogroup strains {Table 26). Hydrogen peroxide was equally
effective 1;‘;;:§:;;§é buffered saline, pH 7.2.

The effect of iron upon peroxide inhibition was opposite to its effect
on inhibition by sodium ascorbate. Iron as Jectofer directly reversed H202
growth repression '(Table 246. Bactérigl growth increased as the
concentration of iron LQ¥E media increased. Human plasma also eliminated

f
peroxide growth inhibiticn.
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\Q*\h Table 23 -

Effect of Hydrogen Peroxide
on the Growth of N. meningitidis

I g
Iron in agar® Zone of Inhibition (mm)P
ug/ml Serogroup . Hp09 ug/mic
: Strain

2.5 5 10 20 30

10 604-A -4 - - 40 . 58
608~B 23 38 N.gd  N.G N.G

2241-C 24 38 58 N.G N.G
Slaterus—Y - 32 54 N.G N.G
50 604-A - - - w7 s
© 608-8 - - 26 48 N.G

2241-C - R 25 48 62
Slaterus-Y - - - 42 60 -

a. Tron added as Jectofer to the agar.

b. Zone digmeter includes 3 mm diameter (of well); mean of 4
determinations.

c. 0.03 ml of H90, -in phosphate buffered saline (pH 7.2) geposited in
centre well and let diffuse overnite. <

-

d. N.G. represents no growth. B : )

~

e. + represents less growth around well.

3- - represents no inhibition around well zone.
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Table 24 -

-

Tr6n Beversal of the Inhibition

of N. \meningitidis by H,0,
5
— - LT
Hy0,8 Zone of Inhibition (mm)b
mg/ml Serogroup Iron ug/ml€
Strain ‘ - i
— 0 1. 5 10 25 50~
5~ 608-B N.G.d g5 . T~ 50 ‘34 -4
2241-C 63 57 ' 46 35 -
Slaterus-¥ 65 56 45 |, 26 .- -
2.5 " 608-B Css 46 3 .25 - -
2241-C 51 40 34 29 - -
Slaterus-Y 56 43 +e + - =
. Q - K -

a. 0.03 ol of Hy0y in phosphate buffered saline (pH 7.2) deposited in
centre.well and let diffuse overnite.

b. Zone diameter includes 3 mm diameter (of well); mean of 4
determinations. . *

c. Iron added as Jectofer to the agar.

d. N.G. represents no growth.

e. + represents less growth around well.

4. = represents no inhibition zone around well.
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DISCUSSION

Research from various laboratories suggests that hypoferremia benefits
the host by making it less susceptible to microbial attacks (Weinberg,
1978). Apart from animal experiments in which artificial induction_ogw
hyperferremia (by injection of iron compounds) increases the easé of
establishing a microbial infection, indirect support for this suggestion is
also provided by 4in uiino experiments whereby a variety of bacteria grow more '
efficiently in the presence of body fluids or compounds when additional iron
is includdd (Bullen et al., 1974b).

The bactericidal and/or bacteriostatic action .of normal serum may be an

-~

important component of resistance to infection. If our mice were normally

) .
resistant to meningococcal invasion due to a bactericidal rnature of the
. : -
serum, one would expect that such normal Ser? would prevent [(n vitno growth
of the bacterium. On the contrary, mouse serum like other normal mammalian

sera (including human) stimulated the growtﬁ on agar of small inocula of

viruient and avirulénp strains.. This effect was first demonstrated for thi;
bactéﬁium_by our 1aboratory'(Calver et al., 1978a and 1978b) and more -
‘recgnt%y by Mickelson-and Sparling (l978)kand Holbgiﬁ (1981).

This observation with mouse sera suggests thaF the requirement for
exogenous iron in infé&ceq mice'is ﬁot based upon ovércoming a defense

activity of mouse serum. These results further demonstrate that virulent and

avirdlent meningScocci are capable of growing in the presence of m6§g;

" transferrin (30 - 407 saturated with iron) contaived in the serum. This

ohservation, however,_does not prove that the cells were able to grow in the
t
presence of serum due to an ability to remove and use iron as suggested was

for other bacteria (Bullen et al., 1974).
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Subsequent .{n vAth0 tests showed that our meningococcal strains were

>

aﬁle to grow in the presence of purified human transferrin containing variodg

levels of irén. ‘This ability to use transferrin iron was first demenstrated

N
by our laboratory (Calver et al., 1979) and is also indicated in this thesis

»

(Table 16). In certain cases iron=-limited growth occurred in the presence of
£ ' .
the apc—form of this protein. However, only certain lots ef human

apo—transferrin possessed an inhibitory activity at relatively high levels

and this activity was dependent upon the size of the spreading inoculum and

upon the presence of blcarbonate.

In our studies, since transferrin formed a pink complex in

iron~containing NCDM agar, it was possible to determine the distances”to

which most of the protein molecules had d;ffused'after 24 hr at room
temperature, From the radius of this zone the voldme in which the protein
was contained could be estimated and hence the concentration of protein
throyghout the zone could be calculéted on the assumption that it was equally

distributed. For example, from a radius of diffusion of 15 mm after addition
-

of 0.15 ml of transferrin at 100 mg/ml, it was caleulated that the zohe

contained 6.4 mg of protein per ml.

Assuming a molecular welght for transferrin 05\85,000; tﬂe maximum

amount of Fe3+ which could  be bound within the diffusion zone would be

approximately 8.5 ug of Fel3+ per ml. 4
On the basis of these approximate values our virulént strain

demonstrated a capacity to grow in the presence of a level of iron which

- + ~ .
praovided a > 50% saturation of tramsferrin. Althougﬁkche,avirglent strain t/

was not affected by.transferrin In the presénce of low levels;sf‘iron, it

“r

could not ggpw in the presence of transferrin 50% saturated with iron.

Indeed, even with iron at a 2 &o 3 fold excess of_the total binding capacity

| - e - \)
~— . o/ :
C N - / L -
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»
available, inhibition persisted. The normal adult range for saturation of

‘human transferrin is 20 tb 55%.
Since the concentration of transferrin in normal mammalian sera 1is 1.5

to 2.5 mg/ml, our results suggest that at least a 3 fold higher level of

-

purified human apo-transferrin wa’s req*ired in vitho before limitation of

growth occurred.

. ‘ . , .
Although! g;gzth inhibition due to transferrin was found to be variable,

from lot to lot, gven in the presence of bicarbonate, such was not the

~

éituation with conal{ﬂmin. All lots of this iron-binding protein from

egg-white appeared to)exert selective‘iron—reversible inhibitioQ. A
\ \
substantial difference in the ability of the\avirulent strain to grow in the

presence of conalbumin was observed. The avirulent strain was inhibited to a
gre&ter degree. Since conalbumin also formed a pink complex in
{ron-centaining agar it could be estimated that with depesition’of 30 mg/ml

of this protein, saturation of the iron-binding -capacity would occur 1n agar

fon

containing 600 ug Fe as Jectofer per 100 ml of agar. en enough'iron was

added to the growth medium to exceed 50% saturation of the\protein {i.e. 300

ug Fe/100 ml) total elimination of the growth inhibition of the virulegt

. <
=2

strain occurred. \‘/T\‘

1 ever, total reversal for the avirulent strain was obtained at a

>B80% satyration. Hence, the avirulent strain demonstrated a reduced capacity
fo utilize available iron and subsequently eliminate growth limitation éue to
conaibumin. ) -
Archibald and DeVoe {1979) alsoc found that apbtransferrié inhibition
érowth of ﬁeningococci; Although a variation was found to exist between
trials both_in the rate and the extent of zone decrease in transferndin—
induced bactefiostasis with time, conalbumin induced bacteriostasis was more

reproducible (Archibald and DeVoe, 1979).
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" Desferral. All méﬁinéococcal strains were able to obtain the required iron
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‘s In our media, without added synthetic chelating agent (EDPA), a 3- fold
higher level of apotransferrin was required tg demonstrate growth

inhibition. Howewver, the level of deferri-conalbumin which gave inhibition

in the studies of Archibald and DeVoe was similar to the lowest level used in

our studies. Examination by these authors on EDDA agar of the-effecc of
these iroﬁ—binding'eroteins upon g;owth of four other meningococcal strains
(three serogroup B and one serogroup C)} of differing virulence fpr mice
hawever, indicated no correlation Betweeﬂ~:¥iéiiﬁse in the mouse andlthe
abilify of a straiﬁ to compete with -transferrin for Fe.

'The difference in results between the two studies may ge due to the use

of differeng strains, different ﬂburce and lot of the iron-binding proteiﬁs

or especially that the effect alone of the i{iron-binding protein is being

evaluated in our szsgkgl/dge:eas in Archibald and DeVoe’s system additional

potent iron-binding agents such as EDDA are also present.

Recently, meningococcal isolates representing groups 4, B, C, X, Y and Z

‘were evaluated for their ability to compete w{:;\;;zﬁgfg;}in and conalbumin

{(Mickelscon and Sparling, 198l). Only one isolate, a group A strain was

inhibited by 4% Fersanrated human transferrin on medium without added

/

for growth from 25% Fe—saturated transferrin. Hoyever, non-pathogenic
commensal strains of Neissenia [sicca and perglava sp.) we;e inhibited by
both 4% and 25% Fe-saturated transferrin. On the other hand, both pathogenic
and noq-pathogenic Nedssenia were inhibite& b§ 25% conalbumin(Mickelson and.
Sparl;ng, 1981). Hickelson's experimental design differed significantly from

that of our study. The bacteria were grown thin the agar rather than

"spread upon the surface. The concentration of apo—transferrin used was IO

fold less. ‘ - )

'
»
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I think that caution must be exerted when using systems which involve

additional iron chelatfng agents such .as EDDA and/or Desferal. An unknown

factor, in these experiments is the degree of interaction that occurs between
these agents themselves and the iron-binding proteins being studied. The
transfer of iron from transferrin to Desferal occurs in the presence of low
molecular welighit chelates (Pollack et al., 1976). Low nmolecular weight
chelating agents are capable of forming ternary complexes with transferrin
and ferric iron and can promote a rapid transfer of iron froam tranmsferrin to )
desferal (Pollack EE.E&'; 1976). Hence growth in the presence of transferrin

containing iron may be due to decrease in the inhibition of Desfe;zi rather

than to the capacity of the cells to remove iron from transferrin.
Lo . . ‘.'-
In our studies, the amount of radioactive iron rémoved from transferrin
L3

and retained by whole meningococcal cultures was least for the avirulent
strain. However, little difference existed in the capacity of washed cells
of virulent or avirulent meningococcal strafns to remove iron from

transferrin. Hence, the ability of spent growth meéia to reduce transferrin

-

iron retention by the cells was greatest for the avirulent meningococcal

-

strain.
e

In other studies the ability of meningococcal culture filtrates to

interfere with the binding of iron was also examined. Although concentrated\
meningococcal culture filtfates gévg/po indicétioﬁ of catechol, hydroxamate
content or iron-binding capacity (£;fer'to the previous chapter), the
interfefence by.tﬁé culture filtrates of the binding of iron with transgérrin'

was significant. . ‘
o) . g .
Hence, these two separate studies support each other. An explanation
gt
for the.decreased binding of iron by transferrin is that components of the

spent media (filtrate) bind non—specficaliy te transferrin molecules and
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block the iron-binding s‘ﬁes of transferrin. Culture filtrates of

B
N: gononrhoede intgrferred with the capacity of iron-free transferrin to bind
iron (Norrod and Williams, 1978). Kochan (1977) demonstrated that
enterobactin igpla;ed from spent media of other bacteria formed complexes
with iron—-saturated transferrin but did not rémove iron from the
iransferrin. Carrano and Raymoné (1979) have also shown that enterobactin as
well as other synthetic chelates form complexes with transferrin-iron.

Hence, in our studies, it 1s possible that some‘growth by-product (i.e.
of spent media) might bind te transferrin in a manner similar to eaterobactin
and the synthetic chelates. However, iron uptake by the cells is impaired
and thé effect is detrimental to growth, especially of the avirulent strain.

Archibald and DeVoe (1979) have shown that meningococcal cells were
unable‘go obtain iron from transferrin when seperated from the protein by a
dialysis membrane with a cut-off limit of 12,000 daltons. These authors
suggested that direct contact of the bacteria with transferrin was required
in order to remove the iron. Our resuLts support this observation tﬁat iron
is removed from transferrin by direct cellular contact. In addition,
howevér, we have shown that spent media interfeéres with Ehis.process
particularly so with the avirulent strain.

The results presented in Chapter 2 indicate that virulence of e

meningococcal strains for mice did not correlate with a/differehce‘in
. - s /
capacity to obrain iron from low molecular weight iron-chelating agents.

Archibald and DeVoe (1980) provided additional evidence supporting this
concept. The ability té.obpain iron féam a variety of sources was shown to
be similar for 20 straiéﬁ_of-differing isolation source and virulence for
mice.

Thus, it would be expected that if iron limitation in the host was to be

—

effective as a basis for virulence, then the host’s iron binding proteins
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must operate in a selective manner. Selective action could be due to a
difference In recognition by or stereospecific interaction of the
iron-binding proteins with the bacterium. Recently evidence has been
presented that meningococcl actually possess a spgcific surface mechanilism for
recognition of transferrin which is essential for removal and uptake of iron
(Simonson et al., 1982). Unfortunately these authors present evidencé f;r
only a single strain which also is virul;nt_for mice. No evidence is

provided to show that avirulenp strains do not express such a2 mechanism under
comparable conditions. "

In'our studies as well agufggée of others (Archibald anh DeVoe, 1979;
Mickelson and Sparling, 198l) conalbumin was consistently inhibitory whereas
transferrin was not. These iron binding proteins seem to act differently on
the bacterium.

However, the in vitrho evidence for suggesting that the pathogenicity of
Nedlsseria meningdiiidis is related to an ability to remove iron from
transferrin is shaky and remains cdﬁtroversial. On the other hand,
enhancement of infection in mice can be obtained by injection of “transferrin
containing iren (Holbein, 1981)., In addition, Holbein (i980) and Letendre
and Holbein'(1983) present data showing that during'systemic clearance in
mice of a virulent meningococcal strain, a hypoferremia occurs in which the
Fe saturation of mouse transferrin is reduced to almost a zero level.
Unfortunately definite eviﬁence that a hypoferremic response does not occur
during systemic clearance of avirulent strains 1s not presented. T£ese
authors suggest that the hypoferremic response occurs in order éo limi£'the
amount of iron available for the growth of the bacteriﬁm. However mno
concrete evidence is provided that the bacteriuﬁfactually uses fhis Ln.vivo
iron for growfh purpoées. It is possible that hypofe}remia occurs for

-

alternative reasons. Such will be discussed further on.

LY
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Human lactoferrin exerted a selective inhibitory effect upon our

different meningococcal strains. The highly $irulent serogroup A strain was

able to grow in ‘the presence of a concentration of lactoferrin which was .

4-fold greater than the level which ﬁrévented growth of the avirulent

serogroup Y strain. Resistance to lactoferrin was not a virulence

characteristic per se, since the serogroup B and C strains were also partly
inhibited by this protein, albeit to a lesser extent than the avirulent
serogroup Y strain. .However, preferential reversal of this inhibitory

activity by iron occurred with the virulent strains.
If one assumes a molecular weight for lactoferrin of approximately

80,000 and that two binding sites for ifé:\}xist per molecule, then the

N

iron-saturation level for 1 mg of the prote&q would be approximately 1.25 ug

Fe++, 1In our experiments with agéftcontaining different levels cof added
iron,.fhe amount" of iron-required to fully saturate the lactoferrin being

deposited (i.e. 250 ug) could be estimated as .3 ug of Fe++-. Although no

indication of the depth of diffusion of the protein is available, 4t would be

expected that agar contalning irom ds Jectofer at .25 to 2.0 mg/ml would

-

provide enough iron to exceed the total iron-bindirg capacity of the
’ i
lactoferrin by 100 to 1000-fold. Thus, although the results indicate th

iron-reversible growth inhibitlon occurs, it appears that lactoferrin exerts %.
)

its inhibitory effect on the B, C and Y strains even in the presence of

concentrations of iron as Jectofer which far exceed the iron-binding capacity

of the protein.

It would thus appear that the mechanism by which lactoferrin exerts

inhibition 1is not by simply withhelding iroen in the medium from the bacterium‘\
) . . \

(i.e. iron—staryation). A direct interacggon of the protein with the \

bacterium is suggested. Iron at high levels might interfere with this

interaction by preventing attachment of the protein to the bacterium. Based
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* L]
upon the amount of-iron required for revergziiof growth inhibition it would
appear that the type of inhibg;ion caused by lactoferrin differs, fram that
due to transferrin or conalbumin. Our data which iﬁdicate'that laitoferrin
is capable of exerting a béctericidal effect Independent of simple iron
deﬁrivation supports the studies of Arnoldlet al. (1977, 198? and 1981) with

- other bacteria.,

.Since-micro—organisms'of-tﬁé same species can differ in sugceptiﬁility
to lactoferrin, it appears thac-accessibility of lactoferrin to a specific
target site may accou&t for differences in susceﬁtiﬁility. Increased -

AN ) _
virufence mafigéﬁce be_aﬁsociated with changes in cell surface components
which‘éecrease laétoferrin accessibility,

\ -
An associlation between the response ®f strains of other bacteria to¢

-

lactoferrin and virulence haé begélobserved in -other laboratories (Arnold et
al. 1980). On the other hand, Mickelsoh et al. {1982) have recentlyl
demonstrated that each of 15 meningococcal strains of 6 differenf‘sééogfoups
fég%ﬁiifferent isolation sources fere able to grow in the presence of 207 N
;ggﬁbaturased lactoferrin. Lack of agreement with our observations could be
due to use of différeﬁf strains or diff;;;:z\TBts of lactoferrin. These
?authorg seem to¢have used only one lot of lactoferrin. Ou; data Showed a
= va;iability in reactiﬁity of diffefent lots. It 1s possibl; that different
lots of lactoferrin may differ sligﬁtly In structure a;d hence have different_?.
inzeraction with the ba;teriallsurface.. Human tfansferrin %s %nﬁzn to
exhibit heterogéneity. Electrophoretic mobility %as_shown the ‘existence of
21 variadté (Botkwell et al. 1979). O§r data has shown that substantial
) heterogeneitf exists. in pﬁe differené commercial horse-spleen ferritins. It
is possible that lactoferrin also is heteiogeﬁéié.“
.’7"’ '
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Due to the fact that commercial preparations of horse spleen ferritin
contained cadmium, which was toxic on its. own for meningococci, studies of

» .
this protein were carried out with the reduced form. On iron-poor Eedia
(5 ug/100 ml), growth of virulent and avirulent strains was enhanced by this

protein. However, as the concentration of iron incorporated in the media was

Increased, reduced ferritin inhibited growth. At lower iron concentrations,

l/pthe avirulent strain appeared more resistant to Inhibition than the virulent
/szgﬁin, but at higher iron concentration the opposite occurred. llence a

pattern of increasing inhibition in the presence of iron similar to the
- o . . i
inhlbition which was seen in the transferrin studies also occurred with the

iron-storage protein Fferritin.

\\ From a radits of diffusion of 15 mm\after addition of 0.15 ml of

N

/ﬂ)apo-ferritin at 30 mg/ml, the concentration of this protein within the zone
- -

Aas found to be 4.5 mg/ml. Assuming a molecular weight for ferritin of
450,000 and that 4500 atoms at Fes*t could be bound per ferritip'mo;ecule

. fre) .
(Macara et., al 1972), the maxinum amount of iron which could be bound by
~ - .

protein in the diffusion zone would be 2.4 mg/ml. Unlike the studies with

lactoferrin, the highest level of iron used in the agar plates (i.e. 2.0
mg/ml) provided less irom than that required to saturate reduced ferritin

(i.e. apoferritin). -

‘

This phenomenon of increasgeg inhibition in the presence of iron (rather
than a decrease as would be expected) was also evident in studies with mouse
liver extracts. An iron reversible activity occurred which was sé{gctive_for

- . o
certain types of meningococci. The Increasing inhibition of growth of the
avirulent serogroug Y strain which occurs in the presence of increasing iron,

correlates with the inhibition patterns previously seen with human

transferrin and reduced horse spleen ferritin.

hS - (-’ . . -



:opposite effect occurred and grod/; was limited even more.

Indeed in some cases, inhibition appeared with higher <dro
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This evidence sugéests that the increased virulence of meningococci for
mice in the presence of exogenous iron may be due te elimination of a

bactericidal action of liver tissue. Such activity may be related to the

content of tissue specific iron-binding proteins {Alsen, 1980). Accurate

.

determination of the types of iron_bindipg proteins in these extracts must

awalt use of antisera prsduced against purified mouse iron binding proteins

D

such aS>ferrrtin, lactoferrin a transferrin.
L 3

Y
Our studies also showed‘thac human liver extracts possessed a2 selective

iron reversible inhibitory activity. Hence the human liver may be an

important site for resistance;i;/geningococeal infection. In:thé presehce of
ir%n, such resistance may be susceptible eo.change.h ) .

If the host iron-binding proteins were to inhibit growth of meningSchci
due to limitation of aveilable‘iron, it would be expected that as iron was
added - to the medium,\IQFibition would be- progressively eliminq;edf/’;;;e;er,

as seen with transferrin reduced ferritin and mouse-liver extracts, the

-

-

levels although

none was present with lower iron levels. Enha inhib%tion howeGer,
did not continually parallel increasing iren. ‘Usually a level of added iron

was reached, at which inhibition was reversed and subgequent growth

" enhancement resulted with further iron. Thus, although synthetic

iron-binding agents (Chapter 2) produced an irom reversible inhibition, these

host iron—binding proteins showed iron—enhanced inhibition.

The manner in which iron forms the micelle core in the ferritin protein

molecule could be an important factor in determining inhibitory actlvity.

Macara et al. (1972) showed that the rigg\of inn uptake by ferritin in vitro
depends on the amount of irgn alreddy present in the molecule and appears to

be a functiqﬁ of the surface area of the crystalline micelle. It is possible

& ' ~
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- that tﬁe inhibition observed in these studies deﬁends upon the autocatalytic

' binding of iron by reduced ferritin. A certain level of iron ié required to
activate the binding process. As the ferritin iron crystal is formed, an
increase in tbe-ability of this complex to bind further iron is generated
which could result in the cessationﬂof bacterial multiplication due to iron
starvation. An optimpum saturation of the preotein would eventually be
reached, beyond which a decrease.in inhibition would occur.

- Increasing inhibition of meningococtal growth by transferrin may also be
related to increased binding of iron by wmolecules tc which a sinéle atom of
iron has already beén added‘(AisZn, 1980). It has been suggested that
binding of the first metal ion by transferrin strengthens binding of the
second by a factor of 100 or more.

Since iron méy also ﬂe involved in oxidation-redgction reactions and

since ferritin and transferrin were known to possess ferrq:gxidase activity

(Aisen, 1980§, the chemically defined oxidizing and reducing : T

Ho0,,

sodium ascorbate™and ascorbic acid were “examined in our system. The studles
N \d__ -

indeed proved that the phenomenon ¢f increasing inhibition i
) ;

the presence of

iron did oceur with sodium ascorbate. .Hence the mechanism of inhibition of

»

transferrin, reduced ferritin and mouse liver extracts could be similiar to

that of ascorbate. A difference in the growth capaciry of various serogroup
_strains of N. meningitidis was found when sodium ascorbate was included in

the medium. This compoundr caused a growth inhibition which was dependent

upgon the iron level in the medium. Inhibition was not apparent upon agar QS

plates containing less than 190 ug/ﬁl of the ctfafted iron czg$ound Jectofer,
. ) 7 )

. _ ] .
As the iron level in the media increased abdvgdéhis concentration inhibicion
2,

. aﬁpeared and_sdbsequently increased to a2 maximum and then declined. The
N\
order of susceptibility of serogroups to inhibition was C> Y > B > A,

* . -

Sw
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With certain micro-organisms, ascorbic acid alone is an effective

antibacteriai agent. A bacteriostatic activity has been reported for group A
hemolytic Sirepiocccgd, Profeus vulgaris and Pseudomonas aeruginosa (Lwoff

"and Morel, 1942 and Rawal, 1978). In our system, at the concentrationg‘
employed, ascorbic acid was inhibitory ?nly in the presence of iron.

Ascorbate is known to auto—éxidize if metal ilons are present (Halliwell and
Foyer,.1976). During this process hydrogen peroxide is produéed. Ascorbate
in combination .with hydrogen peroxide has been found to"be 2 potent
bactericidal mixture for a variety of gram negatiQe bacteria (Miller, 1969).
It was suggested that such bacteriostatic action was due to oxidation of
ascorbic acid and subsequent release of h&drogen peroxide iﬁto the medium.

The possible formation of hydrogen pe;oxide due to oxidation of
ascorbate as a mechanism of inhibition_in the ﬁeniqgococcal system is
contradicted by the experiments with iron and hydrogen peroxide. ‘Increasing
iron decreased and subsequenily eliminated inhigz?ion by Hp09, whereas iron
initialiy increased inhibition due tq ascorbate.

Hydroxyl radicals are known to arlse by a reaction between Fet+ and Hy02
; ‘(Haber, and Wei;s, 1934). FeTt is reduced by aséorbdte in a reaction P
involving a si#gle electron transfer. It has been reported, however, that
the interaction of\ FetHt and ascorbate dces not produce hydroxyl radicals
(Gutteridge and Wiikin, 1982). In our system with meningococel it would
appear that hydroxyl radicals were not involved sincé free radical scavengers
did not prevent inhibition.

Since both oxidized and reduced i}on were equally effective at.enhanciqg
inhibition, it would be expected that reduction.by ascorbate was not a
necessafy component of the inhibitory mechanism. However, in aerobic

a

-~
solution, Fe?™ undergoes spontaneous auto-oxidation. Ascorbic acid would
. ¢

subsequently reduce this iron also. Since glutathione:and cysteine were not

=
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effective inhibitors when combined with iroa in the~meningococéal

system,'the reduction of iron per se is not the Important requiremg

inhibition. The main requirement for inhibition appéars to be oxidatign of
/\\_ . L. .

the ascorbate itself. Ascorbic acid undergees a reversible oxidative

metabolism, first to an unétable-f;ee radical intermeaiate
monedehydro-ascorbic acid (ﬁddy and Ingram, i953). The oxiqized form,
however, was without meningococéal growth inhibitory éht;vié&. I; is
possible that the free radical form is involved. Ascorbic‘gcid may also be
converted to di-ketogﬁlo&ic aéid which may spontaneously éxidize to -other
cémpounds. Pe;haps these compounds are involved in the inhibition,of growth.

With respect to certain bacteria it is suggested that cadmium together

with Hp02 might induce oxidative damage.to cells which contain insufficient

PLs

‘ - < . . )
catalase to decomposeiei}'the Ho0» formed as a by—-product of aerobic cells

{Korkeala, 1980; Korkeala and Sankari, 1980).

Evidence 1s presented in our gtudies that the toxicity ;f cadmium for
N. meningitidis is reversed by excess iron. In addftion, the avirulent
;train was more susceptible to cadmium. These studies add further support ‘to
the observations and proposalé derivéd from experiments with hydrogen

peroxide. . ,
In vitno studies with hydrogen peroxide showed that iron reversed %ﬁe
inhibitory activity of H20, for meningococci. Susceptibility varied

according to serogroup. The more virulent serogroup 604-A strain was more

resistant. The difference may be related to catalase content. The resistant

serogroup 604-A strain has recently been shown by our Labofatory to possess

100 to 1000 fold more catalase activity than the otheér serogroup strains. In
addition, the catalase cofitent of the A strain, ln contrast to the other

strains appears to be iron inducible (preliminary observations). -
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"It is possiblé, in our studies, that the enhancement of meningococcal
-

1\-

- N, -

growth-in mice may be tue’ in part to iron revergg}\of the oxidative damage to
bacteria by leukocytes (Klebanoff, 1967).- Kaplan et al. iL975),‘éxamining'

the effect of iron on leukocyte function found an inactivation of Hp02 by
' , . . {

iron. : A ~

In summary, our 4k uotgystudies have shown that iron may actually

2

affect the growth of menlngococci id -opposing directions dependlng upon the

presence of other factors. Irop alone_stimulates meningococcal grawth.

However, when in combination with ascorbate, liver extracts, transferrin or.

reduced ferritin, iron represses growth of certain strains of menxggocacc1.

Y

On the other hand, irop may contribute to growth of meningococci by <:~ -;>
inactivating inhibition due to H20p or ‘lactoferrin.

A diversity in functiom for irom .in Giéno has beer~ shown by others.
Wheg.in conjunct;on with sscorbs}o‘éron‘produoes hyd;ogen peroxide (Halliwell
and Foyer; 1976); this'oould cafga oesrréction‘df.the meningococoi to occur.
-On the other "hand, iron decomposes‘Hzoo ;hothor in s;}t form (Holblen and

Weiss, 1934) or with lactoferrin (émbruso and Johnston, 1981); th&s“&ould

nd Johast 3
~ A

protect” the meqfngococcus. -, . o T .y .
" . : RSN N . . :
The inhibitory action- of ascorbare. c0uld be cgunterac:ed by the
- L PN

; . - - .
eningococous through possession as part«o® its fensive armour ‘an enzyme -
L ) - -

s
capable of deStroying ascorbate. Perhaps,_the oxldase found in association

" with cell wall “blebs of ;ertain strains of N, men&ng&2xd46 (DeVoe and .
< t
’ Gilchrlst, g976) has such a function. The inhibitory ad?}vity of Hy09 could
L - L
be overcome through possessioniggjédequate levels of catalase. ‘Further

investigations may clarify the involvement of catalase in the protective

machinery of this bacrterium. . : -

~ | .
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Our <l ULL0 experiments have left us with the conclusion that caution
k! - - -
must be applied when attempting to evaluate.the effects of iron during

in vive infection in mice. During infection, it is possible that iron may

be exerting opposing effects on microbial growth, the balance of which CT

determines the course of the infection.
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CONCLUSION

The aim of this thesis was to evaluate the pobential role of iron in the

_pathogenicity of Nedlssenia meningitidis. Pathogenicitf of. 2 microbe 1s an
‘.\'-\‘__.__ ~ . - h—- ~ . -
expression of its capacity to cause®disease in a_host. The term virulence is

. ’ ~
used with respect to the degree of pathogenicity within one species (Smith,
1972). . Pathogenic bacteria have a chemical ‘armoury which enables them to ',";

invade a host and produce‘disease. Although nearly‘a fenturyrhas elapsed ,3#/
since N meﬂéngiiuﬂé was first identified “few of the components of this

pathogen’s chemical armoury .have been characterized.

‘ln certain diseases it is easy to identify the weapons in the armoury

when the pathbgenicity is determined by a single product which is easy to

produce in vitesd, as with diphtheria or tetanus. However, infections in

human$” due to N. meadigitidis are like the magority of infections causedﬁby

LY

~other micro—or&anisms wh?ifi% pathogeni ity cannot be related to a single

¢
’,

- » - - -
-

microbial product. T _
. ' . ) -~ S .
Very few micro—organisms can be labelled pathogenic, if pathogenic is

-
.

q(?ined to mean. causing infectious disease at all times. Such 1s the case

for the meningococcus which can be carried in the naSOpharynx by a

substantially high percentage of the populacion without harm, and” which may

<unehpected1y and suddenly cause an outbreak of meningococcal disease. It is’
an organism with a number.of serggroups and'yet the relative virulence of

these serogroups remaias unclear.

Pdthogenicity and virulence caﬁnor be applied to a microbe wirhout
reference to the host and the host’s environment or special circumstances.
True-dbrulence is detectable only %n u{vo and, can be influenced.by changes in

/ _ -
growth conditions due to selection of types apd to phenotypic change.

Genetic information which determines virulence vy be:pxpressed onmly under

~



. ‘ . : 156

P . . [
i -

the conditions of the test for virulence, namely during growth in vivo. The

decisive nutritional conditions, those of the host tissues under attack are

not physiological but pathological and are changing during the infection. A

virulence determinant is a factor\produged during infection and having
biological activities directly connected with virulence. -
. However, bacterial behaviour during infection of.its natural host 1s not
always easily examined. Certainly with meningococcal infection in its only
/\ ,’\_.i\ _ - :
J host, a human, detailed experimental patholegy and precise blochemical

determination cannot be easily accomplished. . Hence the‘investigator in
attempting té characterize true virulence determinants for N. meningitidis is
certainly put at.a maJor disadvantage before he starts.

.

Since a’ suitable - experimental animal model of meningococeal infection
. . p

,which trulv simulated the human infec.ion did ‘not exist the only alternative

for examination ofaﬁhis bacterium in"an in vivo situation was study of an

artificial mouse médel of infectipn. Evidence was provided by this author in

1976 that the injection of 1iron compounds cguld lead to the progressive and
~

fatal growth of an ctherwise fnon-lethal dose ofc%éningococci in mice (Calver

'
.

. y -
)e& al., 1976). 1In this system bacteria grew from small inocula introduced
CNY .
N A Y .. - R o

)intraperitoneallyato overwhelming numbers of bacteria in the blood, resulting
s : '

in death within 7é hr due mainly to septicemia.

—
\ This model of infection was examined in greater detail in the hope of

\ providing information upon the manner in which iron was assisting in the
N

\5\\establishment of infection. 4as in other experimental animal models of

baoferial {infection ip which iron cqmpOunas \Ee/injected,'the characteristic.

feature of the effect of iron is the stimulltion of rnpid bacterial

multiplication. Upon injection.of adequate amounts of iron, the normal

ability of the host (l.e. mouse) to suppress growth of the bacterium

‘ e
i -

/ .

o
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(L.e. N. meningitidis) is lost and the animal subsequently dies due to an
overwhelming infection from a dose that is normally harmless.

Research from other laboratories with different bacteria would support

the concept of nutri??bnal immunity (Weinberg, 1978). It has been proposed
that the ircn binding proteins transferrin and lactoferrin restrict the
amount ¢f iron in the body. ?he microbe during it attempt ;0 establish
infection Qgst compete with these.proteins for required iron. When iafection
;ccuré in nqrmal individuals, there 1s a decrease in serum iron {Heilmeyer,
1964 and Pekarek, 1969). Takén as a whole, the fall.in serum Iron could
represent enhancement of a normal defence. Some authors have suggésted that
. the fall in saturation of-;raé;ferrin would enhance the Bacteriostatic power
of the plasma (Bullen,'l974b). Other authors have suggested &hat the iron
“enters the Reticuloendothelial system during igfectionfand does so for
pufposes of deqoxéfying toxins such as endoto%in (Janof, 1960)..
gﬁidence presented f%om'our animal model studies would argue agalnst a
major role for mouse serum transferrin in the inhibition of meningococcal’
infection by the host. A study of the absorption of iron into the
bloédstream of CS% no?mal mice following intra-peritoneal injection of the
different dose levels of iron salts or chelated iron revealed that adequate

iron to saturate the existing serum transferrin was found in circulation even

with a dose of chelated iron which was unable to reduce the LDSO of the

bacterium. The data indicates that the main effect of the injection of large

’:>iaoses.of iron which enhance meningococcal lethality is to increasé the levels

of "lron in stordge elther in celib of the Reticuloendothelial system or other
body tissues or flulds. | 53§

The treatment of mice is affecting host resistance in such a manner that

only bacteria possessing a selectlve character have the capzcity to take

advantage of this alteration. A fatal infection was produced in mice by
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relatively few cells of only certaln serogroup strains (Calver, 1978). Based
upon this capacity to establish meningococcal infection in mlice in the

presence of iron, serogroups of N. meningitidis could be characterized as

»

virulent or avirulent.
. " .
Virulence was not due to difference between strains in capacity to grow

in vitro in thg presence of iron. GCrowth of b&th strain types was equally
limited by synthe;ic iron chelating agents such as desferal. 1Iron reversed
this growth repression similarily-fcf both strain types. Virulent strains
did not possess an increased ability to store or take up lron from solution.

.

The £in vitxio production of irom chelators is not a characteristic upon

which the difference in reaction of meningococcal strains in infectivity may

be based. Meningococei neither secreted nor possessed cell-assocliated !

siderophores.

.

louse sera analysés showed that injection of large amounts of exogenous
\ \
iron (requireé for infection enhancement) provided irom iﬁ the serum well in
excess of the iron-binding capacity of the transferrin contained within the
serum. In vitro studfes with iron and growth would suggest that both
virulent and Avirulent strains should be ablexto use this iron for grewth
enﬁéncemént; However,/the‘aviruleht strain is not as lethal in the mouse,

suggesting that local and/or Reticulo-endothelial defengk mechanisms are more

prominent in prevention of growth and subsequent septicemia. -

Iﬁ vitho the host iron—binding proteins, tfangferrin, lactoferrin and
ferritin did not produce consistent reproduclble'inhibition of meningococcal
grBwth as .was produced by the synthetic iron—chelating agents. Structural
hetgrogen%ity cogld be responsible for lack of inhibition by certain lots
the.proteins. For individual mTGEngococcal strains, it was evidént that the

pattern and extent .cf Inhibition by these proteins was not similiar but

varied according to the tyﬁe of protein. This response suggests there

g
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is a direct interaction of the bacterial cell wall with the iron-binding

] * -
protein, probably at the cell surface. Differences in susceptibility may be

due tc accessibility of the pr@fein to specific target sites.
In vitrno, virulent strains proved to be more resistant to inhibition by

lactoferrin, liver extracts, ascorbate and hydrogen peroxide. These are

.

factors which in uiud are associated with the local and/or

reticulo-endothelial environment, especially polymorphs and macrophages.

These factors would be involved in early defence systems of the host. Hencq:

in vitno studies would suggest that during invasion by the meningococcus -host
iron binding or iron associated factors would exert their most significant
preventive effects at the early stages of infection. Such éffects aS\tﬁese,
which would attempt to prevent the bacterium fr;m becoming locally
established, would be more advantageous to the host than‘effects that would
coperate once the bacterium has established itself in the circulation in-
"septicemia. —

In terms of the mouse model, a grossly unphysiological excess of
exogenous iron was requiréd to set up meﬁingococcal infection. The
in vitro studies s;ggest that such.an excess of iron would be adequate to

-

negate any inhibitory activity due to lactoferrin, transferr

, liver
extracts, ferritin or H202° However, mouse virulence of.the strains is due
to more than resistance to iron-binding or asscciated factors. Some strains
which were virulent for mice (eg. B and C serogroup straiq;) proved to have
an {n vithoe suscepcibiiity te certain iron-binding or assoclated fa:tors
similiar to the avirulent strain.

In mice (not pre-treated with iron), ironléaturation of ‘mouse serdm
transferrin declines when a menipgococcal stralin injected i.p. attempts to
esggblish itseif in the bléod (Holvein, 1980). In normal humans the serum
iron declines when a bdeterial infection occurs (Pekarek et al., 1969).

]

A\
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Some believe that this' is caused by a decreased release of iroa from the

reticulo—endothelial.system,t;afggg)than a shift fram-.the transferrin itself
> " ’ .

(Stockman, 1981). It has been proposed that the hypoferremic mice'}esponsef

' bccurs in order to starve the invading bacterium of s€rum irom (Weinbefg;

1978). However, our 4ih vitho studies offer ap alternative explafiation for-
4

‘movement of iron out of serunm. g\

During jinfection of mammalian hosts a localization §f ascorbile acidfgz
the site of infection occufé (Stackpoole, -1975). A shift of iren %;an the
serum to the 15cal sites where it may'feac: with ascorbaté (causing
inhibition as shown by the in vithe studies) céuld activate a first line

defence mechanism to protect the host agalnst inltial bacterigl invasien.

-, .

AN o
Iron may alsc concentrate at local sites and/or in reticulo—endothelial cells

in order to Interact with apo-ferritin or liver constituents increasing their

. -
InhTbitory activity. However, a great excess of iron in the ho might be

detrimental, resulting in enhancement rather than inhibition.
. 1 i
In vive systems are dynamic. During infection, it is possibfgp:hat iron

may exert conflicting roles. Our 4n vithe experiments indicated rhat on one

-

‘hand iron may activate ascorbate inhibition of meningococcal growth whereas

on the other hand iron may inactivate inhibition by hydrogen peroxide.
Meningococcel which possess an armoury of speclal enzymes such as catalase or
-

ascorbate oxidase may selectively take advantage of the host iron environment

in promotion of their virulence.

o
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