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THE EFFECTS OF HYPOFERREMIA ON A MURINE LYMPHOMA

AND
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Both neoplastic and Neisseria . meningitidis cells can obtain iron f~rom
transferrin in vivo,. Previous findings (Holbein: 1980) showed that. the
murine hypoferremic responsg inhibits Neisseria meningitidis Iinfection by
i.ron depri\’ration. The present studies demonstrated that hypoferremia -does
not limit_Fe acquisit;’.on by or growth of murine lymphoma cells. Transfer-
rin binding sites on lymphoma cells and N. meningitidis were enumerated and
the transferrin‘binding affinities were determined. Irpn deprivatiqn in-
creased the number of transferrin bindir{g sites on N. meningitidis cells.
N-. subflava and Escherichja coli were unable to bind transferrin. Competi-
t.:ion Sinding studies demonstrated that lymphoma cells bound human ‘transfer-
rinaov_er murine and bovine transferrin, conalbumin, and 1;2?:’5}}{{? and—
suggested. that neisserial transferrin l;inding sites had lower sﬁ/ecificit‘y.
Fur/gxer competition studies indicated that lymphoma transfe;rrin binding
sites had higher affinit'y for ferri-pransfe;‘rin than for apo-transferrin
while neisserial sites bound these two ligands to the same extent. This

can explain why hypoferremia inhibitd iron acquisition by N. meningitidis

4

but not by lymphoma cells. .
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Ph.D. Margaret Caldwell . Microbiologie et

Immunologie

&
EFFETS DE LA REPONSE HYPOFERREMIQUE SUR LES

CELLULES LYMPHOIDES DE SOURIS ET UNE COMPARAISON
AVEC NEISSERIA MENINGITIDIS

Les cellules tumorales et Neisseria meningitidis peuvent obtenir du

far de la transferrine in vivo. Lesldéc;uvertes gnte'r‘;ieures -(Holbein,

1980) démontraient que la réponse hypoferremique chez les souris freinait

l'infection de Neisse.i':ia meningitidis ’en limitant 1'accessibilité au fer.

Cette &tude  démontrait que la réponse hypoferremique ne restreint ;11

1'acquisition du fer ni la croissance des cellules lymphoides de souris.

Le nombre ;1e re’cepéeurs sp€cifiques & la transferrine sur 1la ‘surface des
N

cellules lymphoides et sur N. meningitidis a été mesure et les Ky's pour

1'association de la transferrine avec ses re’cepteurs ont été déterminés.

-

La _carence en fer augmg_ntait le nombre des récepteurs spé’cifi&ues ad la:
transferrine des cellules N. meningitidis.. Aucun site d'attachement & la
transferrine ne fut Srouve’ chez N. suﬂbflava “et Escheric‘:hia“ coli. Les
études competitives d'attachement de’montraienf que les cellules lymphoides
attachaient mieux 3 la transferrine humaine qu'd la transferrine ‘bovine ou
de souris ou & la lactoferrine ou 3 la conalbumine. Les résultats sug-
géraient aussi que les récepteurs spécifiques a 1la transferrine de N.
meningitidis avaient une specificite’ plus basse que les re%epteurs des cel-
lules tumorales. Les récepteurs spe’cifiques 3 la transferrine des cellules

°
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lymphoides avaient une affinité plixs “forte pour la ferritransferrine que

pour l'apotransferring alors que. lés récepteurs de N. meningitidis ne
, i Q

pouvaient différencier ces deux ligands. Ce r’e’.f.ultat peut expliquer pour-

quoi la réponse hypoferremique inhibe 1'ac;1uisition du fer chez N. menin-

gitidis mais non chez les cellules lymphoides.’
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1. It was demonstrated using the EL4 muriqf lymphpma, a tumor of C37 black
- 4

- \

mice, that the hypoferremic response was not beneficial in inhibiting tumor
9
cell proliferation or iron acquisition.

[

b 3
2. The ELl4-1 lymphoma cell subline which could grow in vitro“without serum

in synthetic tissue culture media and human transferrin was est;blished.

~
-~

3. A model of hypoferremia induced by turpentine inflammation was estab-

lished in C57 black mice. .

. -
[
¢

4. It was demonstrated that the EL4-1 cells could utilize the following

?

igon.sources for growth: human, bovine and murine transferrins, hemoglobin,

q

ferritin and inorganic iron. Lactoferrin and conalbumin could not be used.
- a

The number of surface transferrin binéing sites for these cells was deter-
mined as was the transferrin-tr%nsferrin receptor dissociation constant
'(Kd). It‘was found that these murine cells bind human transferrin
preferentially over murine transferrin and the transferrin receptors of

these cells have vexy low affinity for bovine transferrin, lactoferrin or

conalbumin.
r

4

5. High affinity binding‘'sites for human transferrin on Neisseria menin-
gitidis cells were enumerated by Scatchard analysis and the dissociation

constant (Ké) was also determined. e \J



6. " .Iron deprivation ‘of Neisseria meningitidis causes enhanced binding of
human transferrin to the cells. No difference was observed in the Kj'

-

between iron-sufficient and iron-de;rived cells. -

v .

14
w ] - R
S 7. Unlike Neisseria meningitidis, the non-pathogens Neisseria subflava and
' ¢t Escherichia coli do not possess surface cellular binding sites for human
r3
' »
transferrin.
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1. Introduction

¢

~

b - -
All procaryotic cells except certain lactic acid bacteria and all nor-

mal_and malignant eucaryotic cells examined require iron (Fe) as a nutrient

= for grqwth. Therefore in order for a pathogen to estaglish an infection or
for tuﬁor cells~to proliferate sufficient Fe must be obtained from the

host. The primary Fe source in vivp 1is the serum Fe transport protein

transferrin (Tf). During inflammation, infegtion or neoplastie disease the

amount of Fe carriedLﬁy this protein decreases. This process, known as the

hypoferremic response,. has been shown repeatedly to be effective in con-

trolling infection by limiting Fe availability to infecting micro-

organisms. A series of stddies‘by Holpein (1980, 1981) and Letendre and

Holbein (1983, 1984) demonstrated that hypoferremia is importarit in con-

tr91ling Neisseria meningitfdis infection in mice. -This bacterial pathogen

%s unusual as it can obtain host Fe by binding Tf directly. Weinpberg, in
a series of rewiews, (1981, 1983, 1984, 1986) has pointed out that since

proliferating tumer cells require a-continuoqs supply of Fe (which non-

dividing cells do not) and since they also obtain Fe chiefly or solely by

binding Tf directly, the hypoferremic response ﬁight wéll inhibit tumor

cell growth by Fe deprivation. The primary purposes of this work were to

/Gge a murine madel of neoplastic disease to investigate whether the
hypoferremjc response could effectively deprive tumor cells of Fé and limit

tﬁeir growth a;d to compare the chafacteristics of procaryotic and

.eucaryotic Tf binding. Subsequently, several other facets of tumor cell

and neisserial Fe acquisition were examined.

=

As background for this work, neoplastic and meningococcal disease as



o
» . |
vall as certain aspects of Fe metabolism will be reviewed. These aspects

£

will include a description of the proteins in-

vertebrate Fe metabolism,
volved in Fe metabolism and a discussion of the changes which occur in

this cycle during infection and neoplasia.

tributing to neoplastic disease will be mentioned and microbial Fe acquisi-

tion will be discussed. Finally, the mechanism of tumor cell Fe acquisi-
¢ .

tion will be reviewed in terms of the information currently available con-

its cellular expression ard the en-
L Y

cerning the eucaryotic Tf receptor,

docytic Fe acquisition cycle.

* ' L '

o~

.

The possible role of Fe in con-
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2.1 ,sNeoplasia

The word neoplasm means new growth and cancer is a é%neral term used
for —all malignant,tumofs. X maligﬁant.neoplasm is an abpormal mass of,
tissue whose growth rate often exceeds that of normal tissue. Malignant
neoplastic cells do not respond to.normal host signals to regulate or halt
division (Maugh and Marx, 1975).’ Neoplastic cells may afiseain any tilsgsue

containing cells capable of division 'but occur most frequently in tlsgues

-

typified by active cell loss 'and replacement and in tissues exposed (: cen-
vironmental carcinogens such as the skin, the respiratory tract and alimeil-

tary tract. Cancer cells are more variable in size and-shape than normal

cells and the nucleus is generally larger and often irregular There-is of-

-

ten an increase in the size and number of nucleoli and there is.generally a
large propdrtion of the cells undergoing mitosis at any one time.. &;oplas—

tic cells are also generally less well-differentiated than the original.

¥

normal tissue (Ruddon, 1981). .
The hallmarks of neoplastic disease are invasion and metastasis,
Malignant cells invade and destroy -the surrdﬁnding normal tissue disrupting

tissue function, Thes®e cells further metastasize via blood vessels and

lymphatic chanfels to distant organs. These properties of malignant tumors,

©

have devastating effects on the host including: bleeding or hemorrhage,

infection, fever, anorexia, cachexia or body-wasting, anemia and pain due
to tissue destruction, pressure or obstruction of organ function (Rudden,

¢



1981). T % S

Generally, tumors in vivo grow slowly initially when they are avas-

- - o
’aular but subsequent vascularization may occur due to production of tumor

?angiogenesis factor. Once vascularization occurs, tumors have access to

v

more nutrients and oxygen and theréfore grow more quickly.

Transformed célls in vitro have many cytological charaqtérlstics

_ ° [
similar to those described above for cancer cells in vivo. Normgl diploid
|

mammalian cells have a finite life span in vitro while maligngntfcell cul -

tures are able to live indefinitely. Neoplastic cells in vitro grow to a
» .
higher cell density than non-ffgnsformed cells; they no longer dgmonstrate

l
contact inhibition or anchorage dependence and can grow in~suspgension or

|
soft agar. Transformed cells also demonsgrate loss of restricéion point
control. Certain tumor ?ells cant synthesize some of their own érowth faq-
tors and‘thereforexmgrgequire a lowex serum concentration. Many cellular
propertie: ﬁight be changed including: surface glycoproteins and
glycolipids; tumor-associated aqtigené may be present and the cell cyto-
sﬁeleton, microtubules and microfilaments, may be altered. Changes in cell
enzyme patterns, cyclic nucleotide levels and in amino acid' and sdgar

‘transport may be evident. Finally, malignant cells demonstrate

tumorigenicity when injected into experimental animals (Ruddon, 1981).

,
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2.2 - Neisseria meningitidis .

Neisseria meningitidis, the causative agent of meningococcmi mwenin-
gitfs, 1is a gram-negative, -non-motile diplococcus. The individual coccl
are small (0.8 X 0.6 um) and aresr kidney-shaped: _This bacterium Is
obligately aerobic but readily degrades glucose and maltose prodgping
acetic acid. It is TMPD (tetvamethyl-p-phenquﬁediamine) or tgrminal
oxidase, superoxide dismutase and catalase positive The meﬁLngoeocci are
divided into 10 serogroups on the basis of polysaccharide capsular
ant;gens: A, B, Cl+, Cl-, D, W-135, X, Y, Z and Z'. This organism is fur-
ther .classified on the basis of outer membrane protein and . lipopolysac-

charide- antigens (Gotschlich, 1980).

N. meningitidis causes 10-30% of cases of adult meningitis amd 30-40%,

O

" of cases of meningitis in children under age 15. The human nasopharynx is

7
the natural reservoir of this pathogen and 5-30% of the population normally”

are asymptomatic carriers. In the susceéptible host, the  organism may cause
pharyngitis and from the%nésopharynx may invade the blood stream to cause
meningococcemia. Meningococcl may spread to the skin, eyes, joints, hééft,
adrenals and meninges in which case the leptomeninges, pia and arachnoid
matter become inflamed Most patients develop a petechi&l rash. -~ In 10-?0;
of cases fulminant meningococcemia occurs and shock and vascular collapse
may ensue; death may occur due to cardiac or respiratory failure.

In a series of stydies by Archibald and DeVoe (1978, 1979, 1980) the
Fe requirements for the owth of N. meningitidis were determined and the
ability of the organism to grqw on many different Fe-containing compounds

was examined. It wsas found that N. meningitidis SD1C in continuous culture

<

i

-
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required 1L-17 ug Fe per g (dry weight) for slow cell division and main-

£
-

tenance ‘of viability (Archibald’ and DeVoe, 1978). N. meningitidis, unlike

most bacteria, was not found to produce siderophotes (’Archibald and DeVoe,

N

2
1979). N,J\ meningitidis, however, demonstrated ‘the rare procaryotic

ab.illity to obtain Fe from Tf when Fe deprived Contact between the or-

ganism and the If protein was necessary proving that the meningococcus ob-

tains Fe by binding Tf directly Yancey and Finkelste@ (1981) reported

that hydroxamate siderophores had been isolated from concentrated super-

°

natants of both N meningitidis' and N. gonorrhoeae cultures. These
~—_ o '
siderophores were stimulatory in the Arthrobacter flavescens JG-9 bioassay

for hydroxamic acid siderophores. West and Sparling (1985), however, found

¥

that the uninoculated culture media which included Proteose_-Peptone con-
n o

tained small amounts of siderophore-like activity and no increased amount

of siderophore activity above that found in uninoculated media cquld be

3

found in supernatants from N gonorrhoeae cultures. West and Sparling fur-
€

ther- pointed out that the very small amount of siderqphore found in super-

natants by Yancey and Finkelstein would be unlikely to be sufficient to

’

support the growth of the gonococcus. Thus the results of Archibald and

Devoe, West and Sparling and also of Simonson et al. (1982) indicate that

{
the pathogenic neisseriae do “not produce sideyophores in vitro. The pos-

°

A -
sibility that these organisms may produce siderophores in vivo cannot be

[

ruled out but this would be difficult to test. . .

* N. meningitidis can also use Fe from FeCly, fegric citrate, hog

" gasfric mucin, hemoglopin and myoglobin but cannot readily use Fe from con-

Q

albumin, ferritin, cycochrome ¢ or certain microbial siderophores including

desferrioxamine, ferrichrome. or enteroch;elin (Archibald and DeVoe, 1979;

Q2
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1980) " Mickelsen and Sparling (1981) reported that all N. meningitidis '
and N. gonorrhoeae strains examined could utilize Fe from 25% Fe-saturated

Tf but most commensal strains were inhibited by this protein. In a sub-

-

a .
sequent study, Mickelsen et al. (1982) examined 107 Neisseria strains to
=]

determine which ones could use lactoferrin (Lf) Fe for growth. All menin-
‘gococcal strains examined, 53% of gonococcal strains and 24% of commensal

s;rains (Ni lactamica, N sicca, N. flava etc.) could utilize Fe from this
. .

compound. ’ .

[

Simonson er al. (1982) found that both Fe-deprived and Fe-sufficient

meningococci could bind Tf but only the- Fe-deprived cells could take up Fe

° ‘

from this protein; maximal uptake occurred #fter .4 h of Fe deprivation.
Binding of Tf was emrergy-independent but Fe yptake required a functional

electron transport chain as azide, cyanide and antimycin A inhibited up-

" take. If cells were exposed to trypsin or 60° C temperatures for 5 min Fe

. o
uptake was abolished Apo-Tf was bound to the same extent as 30% Fe-

saturated Tf suggesting thatxthe bacterium recognizes the protein not the

Fe moiety of the molecule The ability of N. meningitidis to obtain Fe

i

from TE ﬁ;;)represent an important virulence £actor for this organism as
the non-pathogenic N. flava and ®. sicca could not obtain Fe from Tf even

when Fe-starved.

<

¢

Brener et al. (1981l) found that if N. meningitidis was grown at low pH

(6.6) under Fe-limited conditions the virulence of the organism for mige
was enhanced 1200-fold. Cells grown at pH 6 6 or under Fe-deprivéd condi-
tions at pH 7.2 demonstrated enhanced syﬁthesis of an outer membrane
proteinLof 69,000 daltons. .:Masson and Holbein (1985) demonstrated that

when N. meningitidis was grown in Fe-limited media at low pH.the virulence

[N
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of the organism for mice, the amount of caps_ular polysaccharide and cell

¥ suralce hydrophilicity were all increased. Mietzner et al. (1986) examined

-

Q f

- many Nelisseria strains for the presence of a 37,000 dalton Fe-regulated
. \

outer membrane protein which was first observed in N. gonorrhoeae (Mietzner

et al., 1984). This protein was found in 40 strains of N. gonorrhoeae, N.
n‘:eningitldis, N.. lactamica and N. cinerea while 17 strains from other
speclies of Nelsseria and Branhamella -did not dem‘or.;strate‘the presence of
this Fe-regulated protein except for one strain of N subflava. This
ant,:igen therefore appeared to be cor;served among pathogenic neisseriae. It
was also reported that sera from patients recovering from gonococcal .in-
fections had antibodies to this 37,000 dalton protein. As the - authors
——_—};:)Tﬂ)t out, this latter finding ;suggests that this protein is expressed and
antigenic in vivo. This finding coupled with the fact that the protein ap-
pears among pathogenic neisseriae suggests ghat' t‘he proteln may'have an es-

sential pathogenic function in vivo. ,However, the precise role of this

protein in Fe acquisition amd pathogenicity remains unknown at this time.

3

In a recent study Black et al (1986) wanted to determine whether Fe-
o

’

repressible outer membrane proteins in N. meningitidis were expressed and
. -

immunogenic during infection. 'They examined pufified membranes from four
disease isolates by Western blotting with patient sera. The\éat;ents' con-
.valescent sera contained 1IgG and IgM antibodies to a 70,000 dalton
Fe-regulated protein and Igé antibody to a 94,000 dalton'.protfain in the
outer membrane of the N. meningitidis culturé isolated from the
corresponding patient.\ Neither acute phase nor pooled normal sera

contained antibodies to these proteins. ‘Antigenic cross-reactivity was ap-

parent as certain patient antibodies would react with Fe-regulated membrane

X o
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antigens from isolates of other patients. These authors further described
an interesting meningococcal mutant which did not possess the 70,000 dalton
Fe-regulated protein and was -unable to use Tf or Lf for growéh or to take

up appreciable >>Fe from Tf or Lf. Unfortunately, this mutant has proved
1
transformation incompetent and genetic analysis of the system has not

progressed (D Dyer, personal communication). The initial findings,
however, suggest that this protein has a central role in Fe acquisition
© A

from Tf or Lf and may be an ,imgox‘:tant virulence factor particularly as the

ability to deferrate Tf direct y has. @n obvious advantage in the menin-

-

gococcal invasioh of the blood and cerebrospinal fluid, and because. the

host Fe status clearly affects the course and outcome of experimental

e

»

murine meningococcemia (Holbein, 1980, 1981):

K
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2.3 Import‘ance of Fe in biological systems

Certain atomic properties of Fe, primarily” its unpaired electrons and
two valences make it:° the most versatile transition metal and thus an im-
portant component of many biologically impgrtant compounds. Heme Fe is
present in hemoglobin, myoglobin, cytochromes,and in enzymes\such as the
catalases and peroxidases. Non-heme Fe containing énzymes include non-
heme oxidases and oxygenases, Fe-sulfur protreins, ‘superoxide dismutase,

F]
2+

nitrogenases and ribonucleotide reductase. Fe exists in the ferrous (Fe® ")
and the ferric (Fe3+) state and can readily undergo changes from one

valence state to- ther. This is important, for example, in mitochondrial

and bacterial electron transport chains for electron transfer, Fe 1is

uniquely suited for electron transfer reactions as it can be poised at a
B ’ »
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wide range of redox potentials. The Fe valence electrons have the ability

to exist fn low or high spin states. These pfoperties enable it to

7

catalyze many reactions involving oxygen reduction (Wrigglesworth °and

Baum, 1980).

Although Fe is the second most abundant metal and the fourth most
abundant element in the earth's crust, in a well-aerated neutral or

alkaline solution Fe is usually in the ferric form and readily forms in-

~

soluble complexes. Ferric salts at neutqgl pH form Fe(OH)3 which has a
o \
solubility product of 4 X 10738 (Free [Fe]/[Fe(OH)3]. Thus any free Fe in

excess of 2.5 X 10718 M would be precipitated in the form of the hydroxide
(Bullen, et al., 1978). As cells require 0.4-4.0 uM environmental Fe for
growth (Weinberg, 1981) organisms hayé evolved specialized Fe transport,
storage and solubilizing systems. In vertebrates, most Fe is bound to
proteins probably because free Fe could catalyze the production of higﬁly

_destructive radicals, provide nutrition for invading parasites and not be

- efficiently stered, controlled or-transported. °°

2.4 ° The role of Fe in metabolism

5 «

3

2.4.1 The vertebrate Fe cycle

9

Id

The human body contains approxiﬁagéiy 50 mg kg:=1 Fe. Hemoglobin com-
» -
X
prises 60-70% of the body Fe, myoglobin, cytochromes and .enzymes 10% and
the Fe-storage proteins ferritin and ﬁemosiderin contain 20-30%. The

transport protein Tf only contains 0.1-0.2% of body Fe (May and Williams,

1980). The Fe cycle in the body is dynamic and Fe metabolism is under

o




stringent control. An individual's daily dietary intake of Fe is ap-
proximately 10 mg of which only 1.0-1.5 mg is éfsorbed (Conrsd and Barton,
1981). An equal amount of Fe i; lost daily from the fecges, urine and
sloughed skin, intestinal epitﬁelial cells and body secretions. Absorption
of Fe involves at least 2 steps: mucosal (villus cell brush border) uptake
from the intestinal lumen and mucosal transfer (villus cell basolateral
membrane export) to the plasma. Fe is solubilized by gastric acld and 1is
absorbed in the upper duodenum. The mechanisms of Fe transit through the
intestinal mucosa have not begn elucidated (Finch and Huebe;s, 1986) but
absorption of Fe is usually regulated according to the body's requirements.
Fe in excess of boéy needs may be stored in the duodenal mucosa in the form
of the storage compound ferritin. Some of this Fe may be subsequently lost
when the intestinal villus cells are sloughed Heme Fe is absorbed more
efficiently Fhan inorganic Fe; however, the absorption of inorganic Fe Iis
enhanced by ascorbic acid, amino acids and sugars. Absorbed Fe is bound by
tﬁe transport protein Tf in the blood and lymph. An  important role of
th;b protein” is to transport Fe from absorption sites to all cells which
require it including erythroid cells in the bone margow, place;;al cells to
transfer Fe‘to the developing fetus, and to lymphocytes and other
proliferating cells. Tf also transports Fe to Fe storage sites such as the
liver. In immature erythr01a cells Fe is incorporated.into hemoglobin,~ the
oxygen carrying protein of erythrocytes. At the end of their life span,
approximately 120 days in man, red blood cells are degraded and removed by
the reticuloendothelial (RE) system. The RE system consists of the }otal
body pool of macrophages and includes 3}1 phragocytic célls excep;

granulocytic leukocytes. The Fe from senescent erythrocytes enters a

L]
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labile pool from whence it is either released again to t:he- Tf i)ool (early
release) or it enters the RE storage Fe pool (late release); the Fe storage
co;npoundg are ferritin and t;emosi-derin. In the dog, the c-aarly and late

release Fe pools have half-lives of 30 min and 7 days respectively and the .

two pools contain equal amounts of FeI(Fillet et al., 1974). In man, 70%

of RE Fe 1s in the early and 30% is in the late system., With the return

of Fe ohce again to Tf the cycle is]complete (Fig. 1). Tf is thus the

~

[a
central component of the Fe cycle. The Tf's are actually a family of

[ ,"
proteins divided into two groups: orie group contains serum Tf and conal-
bumin (cﬁicken\ ovotransferrin); the, ,other group is comprised of the

lactoferrins (Aisen, 1980).

2.4.2 The transferrins

c

2.4.:2.1 Transferrin

Tf is found in th'e serum - of vertebrates at a concentration of 2-3 mg
ml™l and is also found in the extravascular fluids such as lymph,
cerebrospinal fluid and ascites fluid (Morgan, 1981). Tf is synthesized
primarily b}f the 1iyer hepatoc'ytes but cg;n be synthesized in small amounts
by Sertoli' cells (Skinner and Griswold, 1980),_ neuronal-glial cells
(Markelonis’ et ab., 1982) and by lymphocytes (Soltys and Broody, 1970).
Schade and Caroline (1946) first identified Tf in Cohn's fraction IV-3,4 of
human plasma proteins and named it siderophilin. Holmberg and Lauzell

(1947) also discovered the protein in porcine serum and after elucidating

the transport-function of this protein called it transferrin. Tf is an
B [ ]
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80,000 dalton, single chain polypeptide consistiﬁg of 679 amino acids
(MacGillivray et al., 1983). Tf is a glycoprgtein; human Tf contains 6%
carbohydrate as two identical chains (Aisen and Listowsky, 1980) attached
to asparagine residues 413 °and 611 (MacGillivray et al , 1983). The car-
bohydrate ‘pain consists of two sialic acid, two galactose, three mannose,
and four N-acetylglucosamine residues and the sequence was determined by
Spiklet.al. (1975).

The camplete amino acid sequenée of human Tf has been determined from
peptide analysis (MacGillivray et al., 1982) and through sequence analysis
of cDNA (Uzan et al., 1984). This globular protein contains two
homologous domains in which 40% of the amino acid residues are identical:
each domain possesses one Fe-binding site (Aisen and Listowsky, 1986) %n-
terestingly, it is believed that the ancestral Tf protein was approximately
40,006 daltons and contained one Fe-binding site and by a process of gene
duplication and fusion the larger two-sited protein evolved (Greene and
Feeney, 1968). Pyuré stolonifera, an invertebrate which arose 200,000,000
years ago has an Fe-binding protein of approximately 41,000 (+/- 2,000)
daltons with oné Fe-binding site (Martin et al., 1984) which can bind to
the human Tf receptor and donate Fe for hemoglobin synthesis. it has beeﬁ
suggested that the ancestral molecule was duplicated after the development
of a secretory kidney which would have excreted a molecule of 41,000 dal-
tons (Williams et al., 1982). Each T?kecule of Tf thus binds two molecules
of Fe in the ferric state. The protein's affinity for Fe is extremely
high; q‘the assocdiation constant is approximately 1036 ([TfFe]/[Tf][Fe])

(Aasa et al., 1963). The binding of Fe occurs with the concomitant binding

of a carbonate or bicarbonate anion and the release of three protons (Aisen

.



15

and Listowsky, 1980). The simultaneous binding of the anion and metal is a
unique biochemical feature of Tf. Tf can bind other trancition metals but
binds ferric Fe with the highest affinity (Tan and Woodworth, 1969). When

Tf has bound Fe the complex forms a salmon-pink color with an abz:zfance

maximum at 465 nm. In the N-terminadeomain of human Tf the Fe 'n%ing
ligands are thought to include: tyrosine residues 95 and 188, histidine
residue 249 and aspartate 63. The arginine residue at position 124 has

been suggested to be the position at which the aniop binds (Chasteen,
" &

1987).

Much controversy has arisen in the past concerning whether the two Fe-
binding sites on T% are identical in their Fe-binding properties and their
functions. Fletcher and Huehns (1968) put forth the idea that Fe from the
C-terminal or A site was donated preferentially to erythroid cells and to

the placenta and that Fe from the N-terminal or B-site was given to storage

‘¢

or intestinal cells. It is currently believed, however, that there is not
a functional difference between the two monoferric species 'of Tf in donat-
ing Fe to cells. This has been demoﬁstrated by Delaney et al., (1982) for
rabbit reticulocytes and Van der Heul ‘et al. (1984) in hu;an lymphocytes,
hepatocytes and bonq‘marrow cells. In vitro studies, however, have

revealed certain physicochemical differences between the two Fe .binding

sites. Studies by Princiotto.and Zapolski (1975) and Lestas (1976)

o

revealed that the two Fe binding sites differ with respect to the pH at
which Fe is released. The C-terminal Fe-binding sfte is more acid stable
and retains Fe longer with decreasing pH (Marx, 1984). At pH 6.7 the N-
terminal site has less than one-twentieth the affinity of Fe that the C-

" terminal site has while at pH 7.4 the affinities differ by only a factor of

N
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five or six (Aisen and Listowsky, .1'980). In l?u.rhan serum more Fe is bound
‘to the N-terminal than to the C-terminal binding site (Leibmam and Aisen,
1979);{ 44% of Tf is present as apo-Tf, 24% is N-terminal onoferr.ic TE,
10% is ¢-terminal monoferric ar;d 22% is diferric Tf (Williams, J., 1979).

) he Tf gene in the human is located on tl;‘e long arm of chromosome 3
(Yang et al., 1984); it:'is 33.5 kb in length and composed of 17 exons and
16 introns. The DNA sequence of 620 bp of the 5' region of the human Tf
’gene was recently studied by Lucero et al (1986). Several putative
regulatory regions were identified includir;g. metal binding’ regulatory
elements, transcription factor binding sequences, a progesterone receptor
element, a glucocorticoid regulatory sequence, a cAMP regulatory domain and
several DNA enhancers. These authors point out that this study represents
an ihteresting .first step in the study of regulation of Tf gene expression.

Although each molecule Tf can bind two moleét_xles of Fe, Tf is nor-
mally only 30% sﬂaturated with§gFe in the human (Bullen et al , 1978) and 59%
saturated in the mouse ('Let:e'ndre and Holbein, 1983). * This degree of wun-

saturation is important as not only must Tf transport Fe to cells requiring

it but this protein must also wit:hho]ii Fe from pathoéenic organisms,

2.4.2.2 Conalbumin W

o

-

Conalbumin or ovotransferrin, first- discovered in 1899 (Oshorne and

Campbell, 1900) is found in egg white and comprises 12% of egg white solids
i \

(Weinberg, 1984). The apparent function of conalbumin i{s to bind Fe and
withhold it from bacteria which could.infect the egg. The Fe-binding

properties of this protein were discovered in 1943 by Schade and Caroline
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(Schade and Caroline, 1944) who were using egg white to lyophilize Shigella

dysenteriae and found that some component of the egg white prevented growth

.

of the organism. These authors tested 10 vitamins and 31 elements but only

Fe overcame the growth inhibition. Conalbumin is also a single chaipy
. p | ’
polypeptide but it contains only ore oligosaccharide chain composed of 4

residues of mannose and 8 of N-acetylglucosamine (Williams, 1968). - .
b3

r®

+2.4.2.3 Lactoferrin

a L ] t
Lactoferring(Lf), the other important member of-the Tf family, was

discovered in human milk in 1939 and was purified in 1958 by Johansson.

-

Human milk contains 2-6 mg ml'l Lf (Bullen et al., 1972) which fepresents
20% of the protein content; the c;ncentration of milk Lf, however, varies

8 .

among the different mammalian species (Bezkorovainy, 1980). Lf 1is found
L]

in other exocrine secrretions such as mucus, tears, saliva and also in the

.

specific granules of polymorphonuclear leukocytes (Bezkorovainy, 1980) but
its concentration im the serum is normally only 0.01 uM (0.8 wug ml'l )

(Rumke et al., 1971). Lf, like Tf ,is a glycoprotein with a molecular

[

weight of approximately 80,000 daltons and each molecule can bind two fer- -
ric Fe moleecules but Lf has a higher affinity for Fe (Aisen and °Leibman,

1972)., Lf has some amino acid homplogy with Tf but as shown by Blanc and

Al

Isliker (1961) 1is antigenically distinct. Lf has an important anti-

microbial role in the body; it is present in exocrine secretions and is

@

well-situated to withhold-Fe from potential pathogens. Lf continues™ to

L]

bind Fe even when the pH is below 4; it could thus bind Fe in vivo at site$

where the pH has' been lowered due to lactic acid release from bacteria or
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leukocytes (Weinberg, 1984), Brock (1980) has also suggested that Lf might

’

have a role in suppressing intestinal Fe absorption in infants. Lf in milk

at an average concentration of 3 mg ml'l_ contains 0.21 ug ml~1 Fe; this

represents 5% Fe-saturation of the protein (Finkelstein et al., 1983).

< N

Thus- Lf is highly unsaturated accounting for its strong Fe-withholding and
antimicrobial properties. The body's Fe-binding proteins Tf and Lf are

only partially saturated with Fe and have very high association constants

i
a

for Fe. The amount of free Fe in equilibrium with these proteins 1is about

10718 y (Bullen et al., 1978) well below the 0.4-4.0 uM level required for

' 4

bacterial growth. Tf and Lf therefore have very important anti-bacterlal

role§’. The import‘;ance of Fe in microbial infection and the bacterlostatic

effects of Tf and Lf have been _éppreciated for many years. Numerous in

vitro studies have demonstrated that serum 1s bacteriostatic but when

-
Q

enough Fe 1s added to saturate the Tf tk}e bacteriostatic properties are
lost. This has been shown {using many organisms including: Clostridium
éerfringerzs (Rogers, 1967), Escherichia coli (Fletcher, 1971) and Mycobac-
terium ;:uberculosi.; (Kochan, 1973). Similarly it has been shown that the
injection of Fe compounds enhances _bacterial virulence in vivo. Jackson
and Burrows (1956) working with Yersinia pestis found that avirulent colony
types could ‘become virulent for mice by adding Fe to the inocula. Bullen

et al. (1968) found that if guineé plgs were injected intraperitoneall);

with 2-7 X 10% E. coli 0111, the organisms did not proliferate but if the

inoculum was injected with enough ferric ammonium citrate to saturate cir- .

culating Tf, ~with hemoglobin, lysed erythrocytes or hematin hydrochloride

'

the bacteria grew quickly and the animals died. In a later study, Bullen

et "al. (1974) investigating Pseudomonas aeruginosa infection in rabbits,

‘-
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’ Y¥ound that a sublethal infecting dose of bacteria led to fatal rapid growth

? if Fe compounds were injected. These authors also,found that Pseudomrnas

Y

grew slowly in peritoneal fluid or in media containing unsaturated Tf and

: - twice as quickly when the Tf in peritonealgf'luid or media was saturated

.
-

with Fe. They observed that Pseudomonas infection caused a rapid drop in
the percentage Fe saturatigp of Tf in the plasma- and peritoﬁeal fluids.

Itihas been suggested that breast feeding protects infants~against E.
coli enteritis and other infections due to the combimation of antibodies,

@

lysozyme and Lf. found in human milk (Bullen et al., 1978). Bullen et al.
(1972) found that if E. coli 0lll was inoculated into human milk to:which
bica;bonace had been added growth was inhibited, If enough Fe was adqed to
saturate the Lf, E. coli was able to proliferate rapidly in the milk. The

addition of bicarbonate allowed adventitious Fe to be bgund to the Lf, If

o> v N

[*4 -
« bicarbonate was not addgd, the citrate in +the milk permitted E. coli to

H B .
take up the non-Lf bound Fe as Fe-citrate (Bullen et al., 1978).

4
L

¢ 2.4.3 Ferritin ande-metabolic Fe storage

! S
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+

Efficient Fe storage is very important as the body has a continuing
T » . -
need for Fe but free low molecular weight'Fe could catalyze the production

of free-radicals and increase the possibility of infection. In certain
Q:f\ ~ &

cases the body's demand for Fe may exceed, the dietary intake ,and storage Fe

v

must be mobilized. Ferritin and hemosiderin are the two compounds respon-
. ® ~ »

~

sible for Fe storage. Ferritin can be synthesized by 4ll body cells but

‘T . the liver, spleen and bone marrow are especially ferritin-rich (Aisen and,
. Liscowskyi//l980). ;Intergstingly{ ferritin is not only synthesized by
S ’ — / .
[ ° \\—‘Q @
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“ferritin molecule can hold a maximum of &

20

vertebrates} but is found in invertebrates, plants, fungi,’ and in certain
bacteria (Crichton, 1984). Ferritin has a molecular weight of 450,000 dal-
tons and is copgposed of 24 polypeptide chains (Crichton and Bryece, 1?.70,
Bryce and Crichton, 1971) forming a shell in which Fe is deposited. The
ferritin molecule is spherical and compact; the outside diameter is 124-130
A, the interior is hollow viith the inside ‘diameter peing 70-80 A Six
channels connect the hollow interior to the outside (Harrison, 1977). Each
{O?Fe atoms but ferritin
moleculjs are usually only fwo-thirds full. Fe enters ferritin in the fer-
rous form but is actuall stored in the ferric form as (F‘eOOH)B
(FeO.OPO3H2) (Bezkorovainy, 1980). In the human there are ftwo types of
ferritin polypeptide chains designated H ahd L. H chains have a molecular
weaight of 21,000 daltons while L chair:s are 19,000 daltons (Arosio e‘:: al,,
1978). Tissue isoferritins have dif'ferent: ratios of H and L subunits.\ In
heart and neoplastic tissue H chains predominate, while L chair;s
predominate in liver and spleen (Drysdale, 197,67). The amount of ferritin
in the serum reflects the size of body Fe stores and is very small under
normal conditions but may increase in certain disease states. “Serum fer-
ritin has a low Fe content and is glycosylated. o
The entrance of .Fe into cells causes enhanced ferritin synthesis which

is mnot 1inhibited by actinomycin D (Drysdale and Munyo, 1966). Ferritin

m-RNA in the cell is regulated by an apoferritin ssubunit attached to it

which prevents translation. When low molecular welght Fe enters the cell
) J

it can bind to the ferritin subunit removing it and allowing the m-RNA" to
- ”

be translated (Zahringer et al., 1976). The half-1ife of ferritin in the

rat is 3 days after which it is degraded by proteolytic enzymes 1in the

N O; <
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cytos}ol and secondary lysosomes. It is believed that degradation of fer-

“Yitin results in thc formation of the other Fe storage ,compound

o v

hemosiderin. k .
: » °

2.4.4 Ceruloplasmin

-

The last protein of Fe metabolism to be discussed is ceruloplasfhin (Cp)
the protein responsible for removing Fe from storage and returnjng it to
the—'l‘f_po—él. Cp is a singl‘e chain serum glycoprotein with a molecular

0 - .
weight of 132,000 daltons which contains 6 itoms of copper per molecule

(Frieden, 1980). Seven biological functions have been ascribed to this

protein the most pertinent being that it acts as a vehicle for tramsport of

4 -

ser\qm copper, 1t 1s an acute phase reactant garotein and itss serum con-
[

cer}t_z'ation increases during the inflammatory response, and it has a role in
mobilizi};g Fe from storage sites back into the Tf pool by virtue of its
ferroxidasae "activity_ (Frieden, 1986). The serum ferroxidase acti\}ity of Cp
was first postulated by Osak.i et al. (1966) It is thought to behave as
follows at least in RE cells: ferritin Fe, stored in the ferric state is
reduced by ferritin reductase using flavin mononucleotide FMNH, as the
reductant (Sirivech et al., 1974) which is itself red_uced by NADH + HY. Fe
(IT1) binds to certain sites on t RE cell membranes and when Cp binds to
“form a Cp Fe (IT) domplex Fe is| oxidized .;md transferred to’a\p74_f\
(Frieden, 1983). .
The importance of Cp in Fe metabolism has been demonstrated in ‘several
v .
animal studies. When swine (Lee et al., 1968; Roeser et al., 1970) or

mice . (Letendre and Holbein, 1984a) were/ placed on copper-deficient diets

- A7
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they beggme both hypoceruloplasminemic and hypoferremic displaying lowered
serum levéls of both Cp and Fe. When Cp was administered to these
animals, plasma Fe levels increased immediately. Lowering of serum Fe oc-
curred because the transfer of Fe from the RE cell to Tf was inhibited in-
terrupting the Fe cycle. When Cp was again made available, Fe was released

from storage with the resulting increase in serum Fe levels.

1

2.5 Changes’in Fe metabolism during infection . )
o .

It was emphasized in the above discussion that Fe metabolism is

E -

strictly regulated and is composed of wvarious pools connected by the
central transport component Tf. The Fe system is also dynamic; Fe 1s con-
tinually being turned over and moving through these interconnected pqols.
Because of the dynamic nature of the Fe system relatively rapld changes in
Fe metabolism can occur during an inflammatory response In 1932 Locke et
al. reported that pulmonary\patients with tuberculosis had lower levels of
serum Fe and horses iRjecfed with diphthgria toxin had reduced serum Fe
levels. In a“studyfﬁy?iekarek et al. (13%9) human volunteers were exposed
to the bacterial pathogen Francisella tularensis and serum Fe levels were
monitored. These levels were found to fall from an initial mean level on
d;§ 0 of 22.3 uM to 6.4 uM on day 5. In an experimental model of bacterial
infection, Holbein (1980) injected C57 black mice intraperitoneally with
2o Neisserialmeningicidis and monitored bacteria in the blood and plasma
Fe levels over ‘a 24 h period. Infection peaked at 6 h anqsdisappeared

after 9 h. The unsaturated iron binding capacity of the plasma increased

immediately after lnjection with a corresponding drop in Tf-Fe saturation.
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No Tf-Fe could be detected in the plasma at 18 or 24 h post infection
demonstrating a very. marked hypoferremic response. The decline in bac-
terial numbers corresponded to the decrease in plasma Fe. Injections of Fe
as Fe-dextran (Holbein et al., 1979; Hoibein, 1980) or human Tf (Holbein,
1981) enhanced infection. Thus the hypoferremic response controlled the
infection by denying the pathogen the Fe it required for growth
Hypoferremia can also be induced experimentally by injections of

endotoxin (Kampschmidt et al., 1965) or turpentine (Cartwright et al.,

1946; Kampschmidt and Upchurch, 1962; Hershko et &l., 1974, Beaumier e
al., 1984),. Lee (1983) observed that two theories have0 been qut forward
concerning how the_hypoferremf: ragponse occurs. Van Snick et al. (1974)
proposed that hypoferremia occurs because Lf, when released from
neutrophils during inflammation, removes Fe from Tf or competes with Tf
for Fe released from macrophages. Lf then returns Fe to macrophages of the
RE system and it is incorporated into Fe stores. Alternatively, Konijn and
Hershko (1977) found that when hypoferremia was induced in rats by tur-
pentine injection serum Fe levels began ta fall at 6 h and were at fhe
lowest level by 12-24 h post-injection. Enhanced ferritin synthesis,
however, was maximal by 4-8 h post injection. Thus the decrease in ‘serum
Fe was preceded by an increase in ferritin synthesis. It was therefore
postulated that incorporation of Fe into newly synthesized apoferritin
prevents Fe; from being immediately re-released into the Tf pool resulting
in a decrease in the amount of Tf- bound Fe and in a hypoferremic response.

Let;endre and Holbein (1983) investigated Fe kinetics in normal mice

and in hypoferremic mice injected with N. meningitidis. Mice of both

groups were iIinjected with murine Tf labelled with 39e and 1251 and the

@
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temporal movement of the label thr;ugh the body's Fe compartments was fol-
lowed. Fe méved from Tf to the bone marrow then to erythrocytes. Fa
kinetics in infected mice were similar to normal mice. There was no in-
‘creased turnover of plasma Fe and no channelling of plasma Fe to storage
compartments during hypoferremia. 1In a later study, (Letendre and Holbeln,
1984) control and hypoferremic mice were injected with >9Fe-1labelled heat-
damaged red blood cells and the faée of the label was followed in the two
groups In the hypoferremic mice, the Fe from effete erythrocytes was not
immediatelx\returned to the Tf pool, as for control mice, but was stored in
the RE system in ferritin. These authors (Letendre and Holbein, 1983)
argied against a direct role for Lf in mediating hypoferrefila as large
quantities of Lf would be required to effect theodecrease in plasma Fe oh-
served. These autbors, hoﬁever, did not rule out an indirect role for Lf
during hypoferremia by sequestering Fe at the site of inflammation in the
peritoneal cavity. Alternatively, Lf might be involved in the impairment of
Fe release from the RE system.

The mechanism triggering the hypoferremic response has not heen
elucidated. Many authors have presented evidence indicating that the com-
pound known as endogenous pyrogen, leukocyte endogenous mediator (LEM) or
interleukin-1 (IL-1) is involved in triggering the response (Lee, 1983)
The first evidence for the existence of this compound was presented in 1948
(Beeson, 1948). It was discovered that a substan;e was liberated from

polymorphonuclear leukocytes obtained from sterile peritoneal exudates of

rabbits which could induce fever. Further work by Kampschmidt and Upchurch

(1962; 1969) and Pekarek and Beisel (1971) elucidated the role of LEM in

lowering serum Fe during inflammation.
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LEM or IL-1 is a heat-labile protein of 13,000-16,000 dalton%. It is
synthesiz;d and released by activated ph;gocytic cells (Bornstein, 1982)
which can be stimulated by phagocytosis of foreign particles , endotoxin
(Kampschmidt, 1978) or lymphokines produced during a mixed lymphocyte re-
action (Dinarello, 1981). Three hours after activation of phagocytie cells,
LEM is released (Dinarello, and Wolff, 1978) by a process involving the syn-
thesis of new m-RNA and protein.. LEM or IL-1 is also responsible for the
induction of fever Band the enhanced synthesis of acute phase reactant
proteins such as-Cfieactive protein, haptoglobin, serum ;myloid A protein
and ceruloplasmin (Kampschmidt, 1978). During infection and inflammation
the host often develops a fever. This elevated body temperature may inter-
f;re with the ability of bacteria to synthesize siderophores (Weinberg,
1981). During the inflammatioqﬁassociated with infection serum concentra-
tions of Cp may be increased. Letendre and Holgein (1984a) demonstrated
that Cp levels rose dramatically during the recovery phase of murine menin-
gococcal infection. Cp levels rose between 18 and 24 h post injection and

<

were greater than 200% of control values at 24 h post inoculation.

“ Beaumier et al. (1984) reported similar observations for turpentine-iﬁhucgd

inflammation Iin mice and showed that the substantial increase in serum Cp
was due to de novo Cp synthesis. It was suggested (Letendre and Holbein,
19845% that Cp is synthesized during the recovery phase of infection in
response to hypoferremia to help mobilize Fe from the RE system to re-

establish normal serum Fe levels.
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2.6 Changes in Fe metabolism during neqplastfé disease
- -' 5

Many of the chénges in Fe metaboliam which occur during infeztion also
occur during cancer. In an early study of Fe metabolism in malignant dis-
ease, Miller et al. (1956), found that cancer patients had_serum Fe levels
of 30-165 ug ar-1 compared to the normal range of 70-155 ug ar-l These
authors noted that the serum Fe response paralleled the disease state. As
the neoplasm spread serum Fe levels decreased further; conversely, {f thg
clinical state improved for example due to surgery, the serum Fe levels
rose again. It was further observed that hypoferremia was usually byt not
always accompanied by anemia. Beamish et al (1972) compared serum Fe
levels of normal controls with those of patients with Hodgkin's disease |nd
non-Hodgkin's lymphoma Controls had a mean serum Fe. level of 127 ug d£'1
(22.7 uM) and 35% Tf-Fe saturation; patients with stage 4 Hodgh}n's disease
had serum Fe levels of 39 ug dl°l (6.97 uM) and Tf-Fe saturation of 163
Pa;ient§ with non-Hodgkin's lymphoma had 60 gg d1'15(10.7 uM; serum Fe and
a 17% Tf-Fe saturation. Hypoferremia was found to result from impaired RE
release of Fe. )

In an experimental model of neoplastic diseasé, Chandler and Fletcher

o

(1973) examined Fe metabolism in chickens injected with a lymphoid tumor.

. . %
The chickens developed hypoferremia, anemia and had increased Fe stores In

the spleen and liver. When tumor-bearing birds were injected with S9Fe-Tf,
the tumor incorporated label at three times the rate of spleen and three-
quarters that of liver when uptake was related to organ weight 24 "h post

iﬁjection. The authors concluded that a combination of Fe uptake by the
b




tumor and a blockage in Fe re-utilization caused the decrease in serum Fe.
These studies also imply that Fe is required for rapid tumor growth.
Schade (1976) observed that mice injected .with  plasmacytoma cells had
lowered levels of serum Fe and anemia. These plasmacytoma cells contained
high levels of non-heme Fe in the form of ferritin while the livers of
tumor-bearing mice contained lowered levels of Fe as compared to controls.
When tumor-bearing mice were injected_:ith excess Fe, thé excess Fe was

étored in the liver not in the tumor cells. The author concluded that

plasmacytoma cells may deprive other cells of Fe to meet their own needs

.
o

but .do not store Pe over and above their needs. Tumor cells would require
Fe as an enzyme co-factor for several Fe-containing enzymes includ;ng.
ribonucleotide reductase, which is necessary for DNA synthesis, catalase,
peroxidase, tryptophan 2,3 dioxygenase and phenylalanine, tyrosine and
tr;'ptophan hydroxylases. ‘ t

In contrast to the development of hypoferremia ‘during neoplasia,
Caroline et al. (1969) reported that 64% of patients with acute myelo-
blastic leukemia examined had elevated serum Fe levels. Several patients
hQQJTf-Fe saturations of above 50% while others had 100% Fe-saturated Tf,
This was correlated with the high incidence of Candida and other furgal in-
fectiéns in leukemia patients as 1i1n vitro experiments demonstrated that
growth of Candida albicans was 1000 times greater in leukemic sera than in
normal sera. In a later study by Hunter et al. (1984) it was again pointed
out that acute leukemia differs from other forms of neoplasia as it is as-
sociated with hyperferremia. This condition is associated with low levels

of serum Tf, high levels of serum Fe and an inability of the host to reduce

Fe levels when an infection occurs. Sera from leukemic patients showed a
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reduced abtlity to inhibit growth of Pseudomonas aeruginosa, a type of In-
fection from which leukemic patients frequentlf die. Suppression of bone
marrow function in this disease produces hyperferremia by decre;sing Fe
utilization by erythroid cells. Marrow suppression also leads to
monocytopenia and neutropenia. Monocytes are re;ponsible for the release
of LEM (IL-1) and induction of hypoferremia and neutrophils release Lf

&
which deprives bacteria of Fe at infection sites. This complex {inter-

-

action of factors may well be responsible for the high rate of infection in
theée patients. ‘
Abnormalities of Fe storage have been reportéd in certain cases of
neoplaétic disease. Dumont et al. (1976) reported that patients with
untreated‘Hodgkin's disease had markedly elevated levels of hemosiderin in
the lymph nodes. Patients did not have excessive Fe in their livers whbre
the Kupffer cells normally accou&L for 85% of the body RE activity,
These authors further observed that‘patients with lymph nodes affected by
non-Hodgkin's lymphoma and metastatic carcinoma had somewhat elevated lymph
node Fe depositigx. De Sousa et al. (1978) suggested that abnosﬁﬁl
i
handling of Fe by monocytes of the spleen and lymph nodes‘may be linkéﬂ to
the pathogenesis of Hodgkin's disease. —
Concentrations of ferritin in the serum have been observed to increase
in several types of malignant diseagp. Jones et al. (1973) measured serum
ferritin levels in patients with Hodgkin's disease and leukemia. The meag
normal concentration for men and women spectively was 69 and 34 ng mlil.
P;}ients with Hodgkin's disease had ay average level of'215 ng ml°l.  Those
with acute myeloblastic leukemia had a mean level of 589 ng mL Jacobs

et al. (1976) found serum ferritin levels in Hodgkin's disease patients in-
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creased at each advancing stage of the disease. In a further study, Jacobs -
et al. (1976a) found that women with early breast cancer had a mean serum
ferritin level of 96.9 ug 11 while the control mean concentration was 56.6
ug -1 Furthermore, patients with an initial level above 200 ug 17! had a
higher tumor recurrence rate over the next 4 years. In gertain malignant
diseases the increase in plasma ferritin may be related to an increased

synthesis of this compound by the tumor cells (Sarcione et al., 1977; White
/? -

et al , 1974).

Neoplastic disease is often accompanied by what £s termed the anemia
of chronic disease.- This is characterized by a decrease in serum Fe con-
centration and decrease {n Tf saturation, decreased serum total Fe-binding
capacity and normal or 1increased Fe stores. The pathogenesis of this
anemia may be typified by: shortened red cell survival, impaired bone mar-
row response to the anemia and impaired flow of Fe from thi RE cells to the
serum and thus to the bone ma?row fof erythropotesiy (Cartwr%ght and Lee,
1?71; Lee, 1983). Zucker (1985) pointed out that anemia occurs with most
cancer patients during the course of disease. Hemoglobin concentrations
are generally 8-12 g dl.'l and the packed cell volumé 26-38%. The survival
of red blood cells is only 60-90 days instead of the usual 120 days. The
bone marrow should be ‘able to compensate for this but does not. Three pos-
sible reasons were suggested for thi;: (i) impaired flow of Fe from the

»

RE system to the bone marrow (ii) inadequate production of erythropoietin

and (iii) impaired marrow response to erythropoietin. Anemia may also oc-
cur due to bone marrow invasion by tumor cells. In this case, it has been
o

suggested that anemia may be caused by crowding’of the hematopoietic cells,
L

production of, toxins by the cancer cells, competition between bone marrow
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and neoplaséiq cells for nutrien or lysis of erythroid cells by tumor

—

cells. Furthermore, anemia if complicated during neoplastic disease by
blood loss, nutritional malabsorptiqgn, infection and radio- or
chemotherapy.
- h ’

Along with these many changes in Fe metabolism which occur in neo-

plastic disease, several investigators have examined changes in serum Cp

* 7 levels with a view to utilizing Cp as a disease ma;ker Linder et al.

(i979) in an experimental study, evaluated Cp %ctivity in rats implanted
with hepatics or mammary tumors and recorded a 50-200% increase in Cp}

oxidase activity. This enhanced activity was attributable to both increased

synthesis of ép and augmented enzyme activity. In a later clinical study,

Linder et al. (1981) assayed Cp levels Efﬂsera of male patients with lung

ot
cancer and gastrointestinal cancer and women with breast cancer Cp
levels were significantly elevated in patients with stage 1 lung cancer and
- e

even higher in patients wit?wsxage IT and ITII }ung cancer. Patients

successfully treated for the disease had lower Cp levels while recurrent

elevations or rapid increases appeared to be indicative of disease recur-

rence, Cp. levels in sera of patients with non-malignant lung disease also

were somewhat increased. Male‘patients with non-malignant gastrointestinal

disease did not have significantly higher «Cp levels while patients with

gastrointestinal cancer did, especially in the cade of colon cancer.

However, sera of control women had higher Cp levels than control men of

similar ages thus Cp levels in patients with breast cancer did not show as

~ great an elevation in serum Cp. Also, patients with non-malignant breast

%:p} disease had elevated Cp levels which would make it difficult to distinguish
o .

neoplastic from non-neoplastic breast disease on the basis of Cp analysis.

- ©
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It was therefore concluded that Cp analysis would be useful only in certain

situations for cancer diagnosis or prognosis.

2.7 Fe and carcinogenesis . .

‘It has been suggested that Fe, as well as being essential to life, in

.
certain circumstances may have. carcinogenic or cocarcinogenic properties.
- <«

i

The mechanisms by which this might oceur are, however, poorly understood.
Ricﬁﬁond (1961) reportig that wﬁen cells in culture were exposed to Fe-
dextran, abnormalities .in cells undergoing mitosis were evident. Willson
(1977) proposed that if excessive decompartmentalization of‘ge occurs free
radicals may be produced and cancer may follow. Low ievels of low
. molecular weight Fe have been shown in several cases to‘markedly increase
the destruction of DNA caused by the production of hydroxyl f{ee radicals
from the active oxygen species superoxide (0, ) and hydrogen peroxide
~(HZOZ). This was demonstrated by Brawn and Fridovich (1986) who showed
that when the supercoiled E. coli plasmid Col E-1 was exposed to an enzymic
flux of Oy" and H,0, nicking of the DNA occurredo;s evidenced by the con-
version of supercoiled DNA to th% open circular form. That this damage was
caused by hydroxyl radicals w;s shown as protection was offered by super-

)
oxide dismutase and catalase and by benzoate, mannitol or histidine, known
M )

scavengers of hydroxyl radicals. . e e
F~In another study, Robertson et al. (1971) reported on the incidence of
cancer in gold mine workers in South Africa from 1964-1968., The cancer

rate was surprisingly high and liver cancer was the most common type ac-

counting for 486/923 (52.6%) of the cases. Theése patients were young males
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and came primarily from Mozambique and South Africa. This study was later
;orrelated with an egrlier report of Bothwell et al. (1964) which discussed
the cages of Fe overload in Bantu patients in South Africa. It was found
that male; consumed large amounts .of a home-made alcoholic beverage which

was brewed in Fe-containing pots. This drink contained an average of 3.8

mg- Fe 100 ml"l and the Fe intake was estimated to be at least 50 mg per
day. A N

" In a later study, Bomford and Williams (1976) evaluated venesection
therapy in paéients with idiopathic hemocromatosis. It was observed that
29% of:tre;ted and 19% of untreated patients dled of hepatoma and another
22% of treated patients died of other forms of malignant disease. Net-

tesheim et al. (1975) found that inhalation of Fe,04 particles enhanced

"

diethylnitrosamine tumorigenesis in the lower respiratory tract of Syrian
hamsters. In this case, Fe acted as a cocarcinogen. In 1977 Weinberg and
Hibbs demonstrated that the tumoricidal activity of macrophages was in-

hibited by phagocytosis of red blood cells, hemoglobin, Fe salts or Fe-

dextran. The authors therefore proposed that Fe could inhibit the tumor
. * -

killing activity of macrophages thus decreasing the host resiltance to
v . ’ s
tumor\d opment.

.The studies cited above imply that in particular situations Fe may °
have a role in causing” cancer. How this occurs 1s unknown but it may in-
volve the, Fe-catalyzed production of free radicals or Fe may inhibit the

function of macrophages responsible for surveillance qgainét arising

neoplastic cells.

* e »

%«
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2.8 Fe.and in vitro animal cell cul ture

.

2

» ~

r
® 2 r3
Numerous studies have examined the Fe requirements for in vitro cul-

ture of mammalian cells (Higuchi, 1970; Messmer, 1973; Rudland et al.,.

1977) and in all cases requirements were found to be within the range of

0.4-4.0 uM suggested as the range of Fe concentrations permitting growth

t

of all cellular forms (Weinberg, 1981). Several studies have also shown

that Tf i{s required for the growth of mammalian cells in serum-free medium

-

Tf is also required for
t

lymphocytes (Tormey et

(Barnes an&’Sato, 1980; Hayashi et ai., 1978) .
growtﬁrand DNA synthesis of mitogen{Fally-stim
al., 1972; Tormey and Mueller, 1972) Tf has also been shown to be a more
effective Fe donor to cultured cells than Fe salté\iMessmer, 1973). Fe is
required for tissue '‘culture cell lines for. a critical step in DNA syé-
thesis (Robbins et al., 1972; Fernandez-Pol, 1977) as cells deprlveq of Fe
by“Fe chelators become blocked in the Gy or earl} S phase of the cell\cycle
(Fernandez-Pol, 1977;_ Basset et al., 1985). It has been suggested that Fe
is required for DNA synthesis and cellldivision as it is a necessary com-
ponent of the enzyme ribonucleotide reductase which, “éatalyzes the re-
duction of ribonucleosides to deoxyribonucleosides, an important step in
DNA synthesis. Recently, Basset et al. (1985)ashowed that tne antioxidant
propyl gallate inhib{Sed Tf enhanced growth of mouse L1210 lewkemid celle
and suggested that Fe could act via fatty acid hydroperoxide formation’ It
was further shown that hydroperoiides induced by Fe from unsaturated fatty
acids could activate purifiqd guanylﬁte cyclase suggesting that cyeclic GMP

production may be associated with the mechanism by which Fe induces DNA
i

synthesis,

. AN
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There has been some speculation in the past that Tf may have another
role in cell culture other than providing Fe to cells, for example, {t
might bind toxic‘ cations  or suppoly zinc to the cells (Brock, 1981).
However, Titeu?( et al. (1984&) dem‘onstrated that Fe salts, hemimn or
hemoglobin could replace Tf for growth .of _human cgll Pines in serum-free
media and Landschultz et al. (1985) found t:t;at the Fe chelator ferric
pyridoxal isconicotinoyl hydrazone could repia;ce Tf in defined media to
stimulate proliferation of mouse embryonic kidney tissue. These studies
suggest that the role of Tf in cell sulture is solely as an Fe donor,
However, an alternate hypothesis will be discussed later.

a e 9

2.9 « Cellular Fe acquisition

2.9.1 Microbial cells
—~r . : g

- S
v

. As discussed in the above sections Fe in the ﬁost is well regulated.
Tf and Lf have high association constants for Fe and are only partially
saturated. Frec Fe in equilibrium with Tf is 10'18 M_ and therefore is tvo
low fog.‘ bacterial growth. How then do;n bacterial pathogens multiply? Many
bacteria and fungi’ synthesize and secrete Fe chelating compounds called
siderophcures. The word siderophore means "iron-bearer" and siderophores
are defined as* low molecular weight (500-1000 daltons), nonporphyrin, non-
protein Fe-binding compounds produced by microorganisms (Neilands, 1981),
There are two principal classes of siderophores, the phgnglates ‘gr

catechols and the hydroxamic acid siderophores. Siderophore Fe-binding

-

_ ligands contain several sets of bidentate coordinating groups the donor
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atoms of which are usually oxygens. Siderophores are considered to be
&5 N o

;irulence factors in disease.

When available Fe is below 1 uM, the genes fgr the synthesis of both
sidiggphores and the corresponding outer membrane siderophore receptor
proteins are derepressed. Siderophores are synthesized and secreted from
the cell, ferric Fe is bound, the receptor binds the ferri-siderophore and

©
brings it through the cell envelope and Fe is released by reduction

(Neilands, 1981):

Enteric bacteria such as Escherichia coli and Salmonella synthesize
the phenolate siderophore enterochelin; this molegyle is a cyclic trimer of
2,3, dih;droxy-Nibenzoyl-L-serine and is synthesized from chorismate from a
branch of the pathway of aromatic acid biosynthesis. Three Felrepressible
outer membrane proteims of 81,000, 83,000 ;nd 74,000 daltons are  syn-
thesized along with enterochelin. The 81,000 dalton protein is the en-
terochelin receptor protein Fep A. Under low Fe stress, E. coli also syn-
thesizes the 78,000 dalton outer membrane receptor called Fhu A, this is
the recepto{ for the siderophore ferrichrome which is produced by certain
fungi (Neilands, 1981; 2;32). Siderophores have high affinity for Fe and
several studies have suggested that siderophores act as virulence factors
by enaﬁiing pathogens to acquire Fe from Tf. For example, Tidmarsh and
Rosenberg (1981) demonstrated that ente#ochelin-producing S}lmonella
paratyphi B could grow on Fe from bovine, rabbit or human Tf. Furthermore,
Fe could be obtained “by the organiig when the Tf's were isolated in a
dialysis ng. A mutant which was Qnaﬁle to produce enterochelin| could not
obtain Fe from Tf. i

Griffiths and Humphreys (1980) isolated enterochelin from pegﬁtoneal
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washings of guinea pigs lethally infected with E. coli 011l demonstrating

that siderophores are synthesized in vivo. In a subsequent study
(Griffiths-et al., 1983), it was found that the Fe-repressible E. col1L
. - !

outer membrane proteins observed 1in vitro were also synthesiZed by E. coll
in vivo when injected into guinea pigs. > These results suggested that
pathogens are Fe-limited in vivo.

Enteric bacteria have been shown to have another interesting high af-
finity Fe acquisition system. P. H. Williams (1979) found that £. coli

.

harbouring the plasmid Col% were more virulent for laboratory animals than

plasmid-minus strains. Strains without the plasmid were growth inhibited
by Tf while: the plasmid-containing strains were not inhibited These
results suggested that ColV had a role in obtaining Fe from Tf. 1t was

later found that the ColV plasmid contained the genes for the sidérophore
aerobactin (Warner et al., 1981: Braun, 1981l). The aerobactin system ac-
tually consists of five contiguous genes, four for the synthesis of the
siderophore and one for the 74,000, dalton receptor. Expressfon of the

>

aerobactin genes has been found to be regulated by the fur (ferric uptake

2+

regulation) gene product, a 17,000 dalton protein. When Fe is present

intéacellularly at a certain concentration it acts as a co-repressor with
the Fur protein which binds to the operator of the aerobactin gene cluster
to repress synthesis of aerobactin and its outer membrane receptor protein
(Neilands, 1987).

E. coli ;trains may haYe the ability to synthesize both enterochelin
and aerobactin; as enterochelin has a Kf of 1052 and aerobactin has a Kf of
1023 it might be asked why both systems would be required. Konopka et al.

(1982) demonstrated that both enterochelin and aerobactin could remove Fe



from Tf and aerobactin did so less efficiently than enterochelin in media.
In- serum however, aerobactin transferred Fe to E. coli at a higher rate
;han did enterochel}n. It has also been point;; out (Finkélstein et al.,
1983) that different sideroph:r; systems might be active in different en-
vironments. Enterochelin is sensitive to oxidation and changes in pH while
aerobactin is active over a wide range of environmental conditions.

Whether a “pathogen obtains Fe in vivo depends on the number of
moleculgs of sideropho;e produced and on the Fe saturation of Tf. This was
i{llustrated in a szudy by Kochan et al. (1971) in which the number of gen-
erations, of growth of Mycobacterium tuberculosis in tuberculostatic serum
and tuberculostatic serum with 5 mg m1-1 100% satur;ted Tf or 5 mg ml'1
apo-Tf to which various concentrations of the Fe chelator mycobactin had
been added. It ;as found that it required approximatel; 1 ng of mycobactin
ml°!l to achieve eight generétions of growth in tuberculostatic serum con-
taining 100% saturated Tf while it required 100 ng m1-1 mycobactin for six.
generations of divisioﬁ in tuberculostatic serum. One thousand ng ml"1
mycob;ctin were,required for approximately five generations of growth in
tuberculostatic serum to which 5 mg ml'1 apo-Tf had been added.

In sectio; 2.2 Fe acquisition by Neisseria meningitidis was dis-
cussed. This organism does not produce siderophores but can obtain Fe from
Tf by binding the protein ‘directly Herrington and Sparling (1985) study-
ing Haemophilus influenzae found that when cultured on media “containing
protoporphyrin IX and EDDA all of 33 H. influenzae type b isolates were
able to grow on 30% Fe-;;turated Tf but not on Lf. Twenty-eight of 35 non-

typeable H. influenzae isolates examined could use Tf Fe but none of the H.

parainfluenzae strains could use Tf Fe. Redhead et al. (1987) recently

[
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demonstrated that Bordetella pertussis could utilize Fe from ovoTf
(conalbumin) Lf and Tf with no evidence of sidérophore production. Fup?
thermore: radiolabelled protein binding studies indicated that the proteins
were‘bound directly to the cells as was found for Tf utilization by N.
meningitidis.

L

2.9.2 Eucaryotic cells and transferrin receptors
’ »

2.9.2.1 Properties of transferrin receptors

In 1959 Jandl et al. postulated that reticulocytes obg;in Fe from TR
because they express receptorg for Tf on their cell membrane. The first Tf
receptor isolated and characterized was from rabbit reticulocytes (Ecarot-

hl

Charrier et al., 1977).| Tf receptors were subsequently 1solated from human
placenta (Seligman et al , 1979; Wada et al., 1979 ). Two classifications
of membrane receptors have been described: class I and tlass. II. When
ligands such as insulin bind to class 1 receptors information is trans-
mitted to the cell causing modification -of cell behavior or metabolism.
Effects of ligand binding may be mediated through a second messenger such
as cycli@ AMP. Class II receptors transport ligands such as nutrients into
the cell (Kaplan, 1981). The Tf receptor is an example of a class II recep-

v
tor.

The Tf receptor is a transmembrane glycoprotein which has a molecular
weight of 180,000 daltons consisting of two disulfide-bonded subunits each
of 90,000 daltons &Seligman et al., 1979: Wada et al., 1979; Hamilton et

al., 1979; Omary et al., 1980; Shindelman et al:, 1981; Sutherland et al.,



39

1981). Each subunit can bind one molecule of Tf. The human Tf receptor is
4.8% carbohydrate by weight (Seligman et al., 1979) and has at lea%t 3 N-

asparagine-linked oligosaccharide chains of both high mannose and complex

~)

types (Omary and Trowbridge, 1981). The mature receptor has a covalently-
linked Palmitic acid molecule loéiifd close to the plasma membrane which
may have a role in anchoring the \receptor into the membrane (Omary and
Trowbridge, 198la) or in insertion of the receptor into the membrane (Koch
and Ham&erling, 1986) The external portion of the receptog is 70,000 dal-
tons (Omary and Trowbridge, 198la) while the intracellular part exéosed to
the cytoplasm is believed to be 5,000 daltons. In some cells, serine
residues in this region of the molecule are phosphorylated (Schneider et
al., 1982). Schneider et al. (1984) and McClelland et al. (1984) deter-
mined the primary structure of the human Tf receptor from the m-RNA
sequence and from a cDNA clone respectively. The receptor is a peptide of
+-760 amino acids which is unusual in not having a; &-terminal si1gnal pep-
tide. It does have a membrane-spanning region 62 amino acids from the N-
terminus. The molecule has a short N-terminal éytoplasmrc domaig and an
extélcellular C-terminal domain of 672 amino acids. The gene for the Tf
receptor is located on chromosome 3 (Enns et al., 1982) on the region 3ql2
qter (van de Rijn et al., 1983). In order to study Tf receptor gene
regulatfon, Miskimins et al. (1986) subcloned and sequenced a 365-bp frag-
ment from the 5' region of the human Tf receptor. This region possessed a

o

TATA box, several GC-rich regions “and was able to promote the bacterial
¥

chloramphenicol acetyltransferase gene systenm, Several high molecular

¢ »

weight proteins which bind to the Tf receptor genL promoter were dis-

covered. Also the promoter region was found to contain protein binding

1]
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sites, one of which is thought to interact with Spl, the cell transcription

factor which has been shown to enhance transcription in vitro. Interest-

ingly, the Tf receptor gene promoter demonstrated sequence homology to
other gene promoters and it was suggested that the gene structure may allow
constitutive low 1level gene expression’ybut permit iIncreased expression
during the transition from the quiescent state to active growth

dThe exact binding site where Tf binds to its receptor has not been
located; however, Bost et al. (1985) wrote out m:RNA sequences com-
plementary to the .m-RNA:- sequences for the Tf receptor and compared them
with m-RNA sequences for Tf. Significant amino acid and nucleotlde
homologies between Tf and Tf receptor complements were observed. It was
suggested that~these homologous sequences may represent the region where

ligand and receptor interact,

It has been suggested that Tf receptors might be involved in natural

killer (NK) cell recognition of tgrget cells. NK cells are lyr‘mphocytes‘

whi.ch spontaneously lyse tumor cells, hemopoietic stem cells, fetal thymus
cells and virus-infected cells. As Tf receptors are associated with ac-
tively dividing cells they have been implicated in NK cell recognition.
Baines et al. (1983) found that 100%-saturated Tf at physiological levels
inhibited NK activity. Optimal inhibition occurred when the tumor target
cells were pre-incubated with Fe-Tf. If target cells were pre-incubated
with either diferric or apo-Tf before the NK assay, inhibition of effe:ctor-
target cell conjugate formation occurred. Furthermore, 1f the-effector
cells were incubated with rabbit anti-human Tf antibody there was in-
hibition of target cell killing. From this data the following model was

proposed. NK cells have Tf receptors which have Tf bound to them. In

°



41

' »

vitro grown tumor cells have high numbers of Tf receptors. Tumor.ce.l.l Tf
receptors bind to the Tf bound to NK cells and lysis of the target cells
follows conjugate forma;ign. * Studies by Vod‘inelich et al. (1983) alsc in-
dicated that Tf receptors may have target function for NK cells. These
authors found a relationship between NK sensitivity of human leukemia cell
lines and the proport;ion ‘of cells expressing Tf‘receptors. It was also
shown that tryptic fragments of Tf receptors inhibited NK activity to tar-

get cells.® Lazarus and Baines (1985) studied the correlation between Tf

receptor expression and NK susceptibility. K562 cells were assayed for

" numbers of Tf receptors on days 1,3 and 5 of growth and were also assessed

for NK lysis susceptibility. These «cells displayed the highest number of
Tf receptors on day 1 and the lowest number on day 5. This correlated well
with the ability of these cells .to compete with control K562 cells in NK

assays. A good correlation was also found between Tf receptor numbers and

N -

NK susceptibility when K562 cells were treated with heat, trypsin, or
sodium butyrate, a differentiation-inducing ager;t. Rabbit reticulocytes
which possess high numbérs of Tf receptors competed well with K562 cells in
NK a‘s'says while rabbit erythrocytes, which lack Tf receptors, dild not.
These results further suggest that Tf receptors are involved in NK recogni-
tion of tuhor cells. ’ :

.

]
2.9.2.2 Occurrence of transferrin receptors

—

s

As -mentioned above, Tf receptors were first studied in erythroid and
placental cells. Since that time -Tf receptors have been examined on many

different types of cells and tissues. This has generally been done either

: {
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through the use of fluorescent antibody techniques or by incubating cells

with varying amounts of radiolabelled Tf at 4° or 37° ¢ and performing
Scatchard (1949) analysis to determine receptor numbers and receptor-ligand
affinity (Ka) or the dissociation constant (Kd).

Van Bockxmeer and Morgan (1977) found that a Tf binding component was

present on rabbit reticulocytes but not on mature er rocytes. Generally,

Tf receptors are expressed on immature erythroid cells frym pronormoblasts
to reticulocytes and are absent fr;m erythrocytes. Larrick and Cresswell
(1979) fOQnd Tf receptors on human B and T lymphoblastoid cell lines. In
another study, Tf binding to lymphoblastoid cell lines in log phase and in
cells approaching stationary phase was measured (Larrick and Cresswell,
i979a). In the latter growth phase a down reguiation of Tf receptors was
observed. Normal lymphocytes stimuléted mitogenically or during a mixed
lymphocyte culture had an incrfased number of Tf binding sites compared to
resting lymphocytesj It was concluded that the number of cellular Tf bind-
ing sites is modulated by cellular growth, rapidly dividing cells having
matiy Tf binding sites. Omary et al. (1980) and Frowbridge and Omary (1981)
using the monoclonal antibody B3/25 to the Tf receptor found Tf receptors
on cultureé T-leukemic cell lines, several normal and malignant B-cell
lines and several non-B, non-T cell lines. These receptors were not found
on peripheral blood mononuclear cells, granulocytes, thymocytes or bone
marrow cells. The antigen was expressed on non-induced HL-60 _cells, a
promyelocytic cell line, but expression of the antigen was ;educed {1f the
cefls were treated with dimethylsulfoxide or sodium butyrate, agents which
cause differentiation and growth arrest. The disappearance of the

A o
membrane antigen preceded the arrest of HL-60 cells in G; phase of the cell

/
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cycle. Thus Tf receptors appeared to be expressed on actively proliferat-
ing cells and to be present in larger amounts on malignant cells than on
non-malignant ceils. Sutherland et al. (1981) performed similar studies
with alnother monoclonal antibody to the Tf receptor, OKT9, which bound to
many different leukemia and tumor cell lines. The antibody did not bind to
normal lymphocytes or erythrocytes but did bind to 1ymp}:ocytes stimulz;lted
by ﬁttogens. If cells were induced to mature, differen;:iate and leave the
cell cycle binding of the antibody was reduced. As in the papers discussed
above, the presence of the Tf receptor was correlated with proliferation.
It has also been found that treatment of Friend e€rythroleukemia cells with
dimethylsulfoxide res.ults in an induction of 'Itf receptors, hemoglobin syn-
Q

thesis and erythrzoid differentiation (Wilczynska and Schulman, 1980;

Wilczynska ét al., 1984). The effect of dimethyléulfoxide on cellular .Tf‘
receptor expression appears to\z@{y with cell type. ) :
Trowbridge et al.%(1982) looked for the presence of Tf recejfsrs ino
murine cells and tissues. These receptors were detectablg in all of 29
murine hematopoietic tumor cells lines but only in 5% of bone marrow cells
and less than 1% of_adul.'t thymocytes and spleen cells. The murine Tf
receptor was also shown to be a disulfide-bonﬁie‘d dimer of mole::ular weight
similar to tt;e human receptor. ’THe murine Tf receptor was purified from
murine myeloma cells by Van Driel et al. (1984). On a sodium dodecyl sul-
fate polyacrylamide gel under reducing condit]'..ons 2 bands of molecular

weights 94,000 and 96,000 were observed. In a later study, (Van Driel and

Goding, 1985) these 2 bandure found to correspond to receptoyr molecules

with different numbers of N-linked oligosaccharides. In a subsequent

study, Stearne et al., (1985) r@ported the cloning of cDNA encoding the

f
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murine Tf receptor. cDNA clones from the murine myeloma cells were iso-

lated and partially sequenced. It was determined that receptor regions

surrounding the membrane were highly conserved when compared to sequences
in the human Tf receptor. It w iﬁnoted that three-quarters of the cysteilne
residues were conserved; thes /,may be invotved in interchain disulfide

bonding or covalent attachment™of fatty acid residues. Finally, the

results of these authors suggest that the murine receptor is a homgdimer.

Faulk et al. (1980) using fluoresEsyt antibody techniques examined

normal and malignant breast tissue for the presence of Tf and Tf receptors.

It was found that ‘16/22 breast carcinomas were positive for Tf whereas none

b

of the mnormal breast tissue samples or benign mastopathies were positive,
SimiTarly, Shindelman et al. (1981) found elevated binding of Tf to

microsomes of. malignant breast tissue as compared to non-neoplastic breast

tissue. Gatter et al. (1983) examined normal and malignant tissues for the
¢ o

presence of Tf receptors. Tf receptors were found in most gf the car-

v

cinomas examined, all of Ege sarcomas and all of the tissue samp é%lfrom
Jpatients with Hodgkin's disease. Tf receptors in normal tissues were found

only in certain sites: basal epidermis, endocrine pancreas, hepatocytes,
”

Kupffer cells, testis and pituitary. The authors point out that several of
these normal tissue sites are sites of potential Fe deposition in primary
hemochromatosis. In a study by Yeh et al. (1984) it was found that Tf

receptors were more prominent on peripheral blood monocytes from patients
s

with lymphoma, myeloma or leukemia than on’ similar cells from normal con-

trols. The authors suggested that measurement of Tf binding by such cells

ES

might be of diagnostic or prognostic value. These many studies cited above

~ 4
demonstrated an important point, that Tf receptors were prominent on
~
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proliferating cells including malignant cells and much less evident on dif-

>

ferentiated, resting or non-growing cells.
Stein and Sussman (1983) performed Ppeptide mapping studies of the °

o .
human Tf receptor from lymphocytes, human cell knes and placental tissue.

13

It was detetmined that all ¢ell types, normal or malignant, yielded identi-
o

cal peptide maps.

td
a

N -
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2.9.2.3 The intracellular transferrin cycle °

<

Until relatively recently, although it was known that cells requiYred
Fe for growth and that this was obtained from Tf which bound to specific

.membrane’ receptors, _ the actual mechanism of Fe acquisition was uncertain.

N o

It was suggested (Octave et al., i98f) that Fe could be obtained from Tf in

fwo ways. Firstly, Tf could bind to the plasma membrane, release, Fe at

c

the membrane and then Feé could be transported via an intracellular
molecule to sites in the cell which need it. The Fe could be separated
% i

from TEf by chelation, prptonation, dispiacement of the bicarbonate anion,
. r

or by some reductive mechapism, e second proposal was that Tf could bind
- a

to membrane receptor sites and Je internalized by endocytosis within a

vesicle. Fe could be removefl intracellularly, perhaps in the acidic

lysosomes, and Tf could recycle to the plasma membrane” and be released.

Hemmaplardh and Morgan (1977) wusing electron microscopy, autoradiog- ,
raphy and 125I-labelled‘Tf and Tf conjugatded to ferritin or horseradish
peroxidase demonstrated that rabbit reticulocytes take up'Tf°by en-

™
docytosis. When cells were incubated at 4°,C, Tf was seen at the periphery

oy

“of cells only; when Sells were ;Acubatéa at 37° ¢ Tf was seen within the

v

.
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cells. Larrick and Cresswell (1979) studying Tf binding to T and B lym-
phobl;stéid c“ells at 37° ¢ found that Tf binding was reversible, saturable
- : and specific for Tf as only Tf could disblace bound Tf. .Larrick and
Cresswell made a further important observation that 25 times as mL}ch apo-
Tf as diferric Tf was required to give 50% inhibition of binding. Bihding
was inhibited by KCN and colcl';icine and decreased if cells were treated
with trypsi@ain but not reduced if cells were treated ¥with
“neuraminidase. Karin and Mintz (1981) using mouse teratocarcinoma cells
demonstrated that at 4° C Tf binds to cells and at 37° C there is hoth
binding and int‘e’f{a{ization of Tf. Fe was retained by the cells and apo-Tf
released into the medium. Uptake was shown -to be an energy-requiring
process and Fe uptake was iphibited by the lysosomotropic agents NH,Cl and
chloroquine. v
Since these early-spudies,/,mﬁ‘fh information has beer; olbtained to
'eluci‘c’iate the eucaryotic cellular Fe uptake system. It is now firmly es-
tablishec_i that Tf-Fe 1s taken up by receptor-mediated endocytosis (K.arin
ax:ld Mi;ltz, 1981; Klausner et al., 1983; Hopkins and Trowbridge, 1983; Hard-
ing et al., 1983) a procé‘ss b}L which othew molecules including low density
\,‘ y lipoprotein, insulin, and epidermal growth factor are also taken up.
Fe-bearir{g Tf -has a high affienity for its recept:'or at a neutral ex-
tracellular pH (Dautry-Varsat et al., 1983; Klausner et al., 1983a) and

binding takes place. Tf-receptor complexes cluster in membrane regions
called coated pits. Coated pits aree membrane invaginations which are
covered on the cytoplasmic side by the protein ciathrin. Clathrin is com-

&3 posed of three-armed compléxes, triskelions, which consist of 180,000 dal-

ton heavy chains and 35,000 .dalton light chains. Coated pits invaginate

N S .
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forming coated vesicles. These vesicles subsequently shed t:heiir clathrin
coat and fuse with acidic endosomes which have a nH of 5.0-5.5 (Tycko and
Maxfield, 1982). F;a is removed from Tf in these non-lysé\giomalc acidic
vesicles (Van Renswoude et al , 1982; Lamb et al., 1983) but a/po-'l‘f remains
bound to the receptor ®¥s at low pH apo-Tf has high receptor affinity
(Ecarot-Charrier et al., 1977; 1980, Dautry-VaPsa‘t et al., 1983; Klauéner
et al., 1983a). Endosomes become acidic as protons are transported from
the cytoplasm into the vesicles due to ATP-driven proton pumps (Galloway et
al.,1983). Apo-Tf and the receptor are recycledvto the cell surface and as

i

apo-Tf isf exposed to a neutral extracellular environment in which it has
low affinity for the receptor it quickly dissociates from the receptor.
Cie’chanover et al (1983) demonstrated using HepG2 human hepatoma cells

that this cycle takes an average of 15.8 min and the cyc¢le has been-es-

timated to be completed in three min in rabbit reticulocytes (Iacopetta and

Morgan, 1983). It is not known after Fe is released from Tf in the en-
dosome how it is incorporated into heme, ferritin or other proteins. The

- Al
existence of low molecular weight intracellular Fe carriers has been sug- .

gested (Jacobs, 1977) but none have been isolated.

Several authors h.ave found (Klausner et al., 1983; Lamb et al., 1983:
Ciechanover et al., 1983) that cells as well as possessing ‘surface Tf
receptors have a pool of internal Tf receptors which may~ represent'70;80%
of total cellular receptors. When cells are irllcubat:ed with Tf at 37° ¢
this receptor population may be cycled to t surface of the cells and bind
TY.

- The Tf cycle has been elucidated by both biochemical (Octave et al.,
1981; Karin and Mintz, 1981; Van Renswoude et al., 1982; Lamb et al., 1983;

1
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Dautry-Varsat et al., 1983; Klausner et al., 1983, %9’@3&) and electron
microscopy studies. For example, Harding et al. (1,983) conjugated Tf to
gold particles and followed the endocytic cygle’:‘ in rat reticulocytes.
Aftetr 5 min incubation of the cells at 37° gold-Tf particles were seen in

coated pits and vesicles, inside small uncoated vesicles of varying size
t

and inside tubular elements. After about 20 min the particles were seen In

4

- multivesicular endosomes. Intracellular Tf was not found to be associated

with a lysosomal compartment Finally, gold-conjugated Tf was released

from the cell. Hopkins and Trowbridge (1983) studied Tf endocytosig by

. .
. conjugating a monoclonal antibody to the Tf receptor to gold particles and

following the intracellular endocytic cycle of the Tf receptor In human

epidermoild carcinoma cells,

e

2.9.2.4 Regulation of transferrin receptor expression

o
<

Cells can regulate Fe uptake to a certain extent by modulation of Tf
receptor expression. As discussed above, receptor numbers are related to
state of activation or differentiation. Receptor numbers also vary with

the phase of the cell cycle; numbers are low in Gy and increase in S and G,

i
<

+ M. Receptor numbers therefore increase prior to DNA “synthesis It has

been suggested that’'the number of cellular Tf receptors expressed s modu-

2

. lated by the concentration of intracellular heme ( Ward et al., 1984) or by

a pool of intracellular chelatable Fe (Bottomley et al., 1985). If cells

. ’
are incubated with Fe chelators such as picolinic acid (Louache et al.,

1984; 1985) or desferrioxamine (Mattia et al., 198&'; Rao et al., 1985)

there is an increase in the number of Tf Ar_eceptors expressed. Bomford et

= <

-
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al. (1986) suggested that desferrioxamine may increase Tf receptor expres-
sion by*fﬁzlating an intracellular regulatory pool of Fe or by arrestiné
cells in the § pha;; of the ;ell cycle when receptors are maximally
expressed. Conversely, if cells are incubated with Fe salts (Ward et al.,
1982; Louache. et al., 1984; 1985; Rao et al., 1985) or hemin (Louache,
1984) the number of cellular receptors decreases. These effects are
‘directly due to an increase and a decrease respective{z}in receptor biosyn-
thesis.‘ Ro;ault et al. (1985) demonstrated by competition experiments that
hemin and desferrioxamine affect the same intracellular pool of Fe. Be-
cause desferrioxamine cannot remoye Fe from hemin it was suggested that
hemin takes Fe to a chelatable pool and it is the level of Fe in this pool
that regulates the expression of the Tf receptor gene.

Louache et al. (1985) found that in human erythroleukemia cells ac-
tinomycin D inhibitedx the effectsg of Fe salts or chelators on _receptor
biosynthesis but did not affect enhancement of cellular ferritin synthesis
caused by Fe salts. It was suggested that in these cells Fe modulates the
syntheses of Tf receptors and cellular ferritin at the levels of transcrip-
tion and translation respectively.

May et al. (1984)" reported that treatment of HL-60 human promyelocytic
leukemia cells with phorboladiesxers resulted in tganslocation of Tf re-
ceptors from the cell surface into thé cell. This receptor intefnalization
was associated with increased phosphorylation of the Tf receptor. Klausner
et al. (1984) - observed that both the binding of Tf and phorbol diesters
led to internalization of Tf receptors in K562 cells. . They proposed that

ligand binding triggers internalization and since phorbol ester treatment

of cells led to an increase in Tf receptor phosphorylation it was suggested

o
-,
~




¢.3

'

) ' % 50

tl';at phosphorylation of the Tf receptor was the signal foxj i‘.&{ernalizatlon.
It remained to be determined whether ligand binding caused receptor phos-
phorylation In a s:xbsequent study by May et al (1985) it was proposed
that phorbol diesters stimulate protein kinase C which phosphorylateR a
serine residue on the Tf receptor. The Tf receptor 1is then internalized
via a colchicine-sensitive pathway i.e one which involves microtubules. 1In
contrast tb these findings, Alcantara et a). (1986) studying lymphc;blastoid
cells.found that phorbol diesters caused T receptor down regulation by a
cytoskeleton-indepen‘dent mechanism, whereas Tf caused down regulation of
r;ceptors via a cytoskeleton-dependent mechanism. These differ%ng resul ts
suggest that there are dififerent mechanisms for Tf receptor regulation in
different types of cells, In 1986, Davis et al , using A431 human ep-
idermoid carcinoma cells determined that phorbol diesters caused phos-
phorylation of the’Tf receptor by protein kinase (Z and serine residue 24
was the site of phosphorylation However, the significance of the phos-
phorylation of the Tf receptor 1is not clear; it i;: not known‘if this does
trigger internalization as it has also been reported that Tf receptors are
internalized in the absence of bound ligand (Watts, 1985). Rothenberger et
al. (1987) recently ref:orted results of studies on;th'e importance of the
cytoplasmic domain and phosphorylation sites on Tf internalization Site-
directed mutagenesis was used to obtain human Tf receptor cDNA's with a
a

deletion of 36 of 65 amino acids of the cytoplasmic domain of the Tf recep-

tor or to obtain point mutatlons of five cytoplasmic serine residues which

could be phosphorylation sites. . When the c¢DNA's were transfécted into

mouse L cells it was found that the deletion mutant receptor could not

carry out endocytosis. In lines in which an alanine residue was sub-

).
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stituted for serine 24 although there was no phosphorylation the receptors
were still able to internalize Tf as efficiently as wild type receptors.
*These results indicate that all or part of the cytoplasmic domain of the Tf

receptor is important for endocytosis but suggest that phosphorylation of

\ .

the receptor is not necessary.

May and Cuatrecasas (1985) pointed out that in mitogenically-

stimulated lymphocytes there is a sequential induction of the expression of

interleukin-2 receptors, then Tf receptors and in a model originally

v Ky

proposed by“*Neckers (1984), transformed cells no longer have this se-
quential control of proliferation as they demonstrate constitutive expres-
sion of Tf receptors. This may partially explain the continued growth of
malignant cells. This hypothesis suggests that Tf and its rc.aceptor have
other growth-regulating properties in addition to Fe donation (May and
Cuatrecasas, 1985). These authors further add that Tf binding may cause

cellular signals such as production of a second messenger. Activation of a

protein kinase and -subsequent recepter phosphorylation may be importar}t in
this regard. This 1idea is interesting as other growth factor receptors

such as epidermal growth factor and insulin have protein kinase activity
[ N
an%various oncogenes of transformed cells code for protein kinases.

[3

2.10 Summary

. . )
The mammalian Fe cycle is a well-regulated and dynamic mechanism con-

sisting of several inteugrated constituents including: the central

transport component, Tf, hemoglobin of erythrocytes, the storage protein

°

ferritin ang the ferroxidase cﬁ:uloplasmin. Several changes occur in the

3 -~
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host F; cycle during both infection and neoplastic disease. One important
change is the reduction in the amount of Fe bound to Tf a process benefi-
;ial in limiting microbial Fe acquisition especially in igg’pase of murine
Neisseria meningitidis infegtion. Both pathogenic bacteria and tumor cells
must obtain host Fe to proliferate. N. meningitidis is unusual in that it
can obtain Fe by binding Tf directly”as® do tumor cells by expression of
specific membrang Tf receptors. Theﬂgeningococcal Tf receptor has not been
characterized but the eucaryotic Tf receptor has been studied extensively
as has the endocytic Tf cycle and the regulation of Tf receptor expression.

The purpose of this work was to study Fe acquisition in neoplastic
cells using a murine ascites lymphoma model, 1in particular, to study the
abilit§ of the hypoferremic response to limit Fe acquisition by the
lymphoma cells. Fe growth requireménts by these cells was examined as was
the lymphoma Tf-receptor binding specificiﬁy. Finally, Tf binding by neis-
serial and [Aymphoma cells was compared to discover the reason for the dif-

v d !
ference in the response of N. meningitidis and tumor cells to hypoferremia

even though both cell, types-are capable of binding Tf directly.



3. MATERIALS AND METHODS

3.1 Mice ’ T .

The mice used in this study were C57BL/6 males obtained from the

- Animal Resources Division , Health and Welfa're, Ottawa, Canada or from

Charles River Breeding Laboratories Inc., St. Constant, Quebec, Canada.
They received feed (Purina Rat Chow) and water ad libitum. For experi-
ments 1investigating the hypoferremic response; mice were 6-8 weeks of age

and weighed 18-25 g at the outset of experiments,

3.2, Tumor cells

.

The tumor cell line used for in vivo  studies was the EL4 lymphoma
(ATCC TIB 39) 1line (originally a Benzo(a}pyrene induced lymphoma® from C57
black mice. These cells were maintained by growing ther;l alternately in
vivo and in vitro. Mice were inoculated }ntraperitoneally (i.p.) with 1 X
10° tumor cells. .Ten to fourteen days later, cells were removed and cul-
tured for 48 h in vitro. Init:ia,lly, cells were cultured in Dulbecco's
Modified Eagle's Medium (Flow Iiaborat:ories, Mississauga, Ontario, Qanad.;)
but/ subsequently were cultured only in RPMI 1640 (RPMI, GIBCO Laboratories,
Grand Island, U.S.A.) which cont;ined no added iron salts. RPMI contained
10 mM HEPES buffer, 100 units m1-1 penicillin, 100 ug m1~1 streptomycin, 2

v

mM glutamine and 10% fetal bovine serum (F.B.S., Flow Laboratories). Cells

were incubated at -37° C in a humidified atmosphere with 5% GO, .
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A subline of the original EL4 cell line was derived by culcurng the
original ELA cells in RPMI supplemented with human transferrin (Tf,fSigma
Chemical Co., St. Louis, Missouri, U.S.A) only. Continued passage of
these cells in this medium gave rise to a subline which grew weil in vivo
and in vitro. Thisu subline was designated EL4-1. *#

For one 'study, two other murine tumor cell lines were used: YAC-1, a
Molon'ey virus induced lymphoma of A strain mice and P815, a methyl-
cholanthrene dinduced mastt;cytoma of DBA/2 mice. These cells were obtained
from the laboratory of Dr. M. G. Baines, Department of Microbiology and Im-
munology, McGill University. These two cell lines were maintained 1n vitro
only in RPMI with \10% F.B.S.

For studies in which bone marrow cells were used, bone marrow cells
were obtained aseptically from the femurs of C57 black mice by flushing the
bone marrow cavity cells into sterile Dulbecco's phosphate buffered saline
(PBS), pH 7.3, using} a 23 gauge lneedmle and a 1-ml syringe. A homogeneous
cell suspension was obtained by resuspending the cells in PBS using,a
sterile pasteur pipette. Cells were then centrifuged (10 min, 300 X g,

&*
20° C) and washed once in sterile PBS.

o P

3.3 In vivo experiments

3.3.1 Measuring the hypoferremic response

-

In order to determine the appropriate finoculum of tumor cells for

experiments, ten-fold dilutions of the EL4 cells were made in RPMI and

. groups of mice (5 per group) were injected i.p. with from 107 to 10 tumor
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cells. These mice were observed for development of tumors and survival

time. All mice Injected with 103 to }07 tumor cells subsequently died,

[

time to death being directly related to inoculumr size. Sixty percent of
mice iﬁjeccad with 102 tumor cells died. The remaining mice were alive and

-apparently healthy 4 months post inoculation Tﬁerefore, to ensure that

all mice would develop‘tumors, 10% cells per mouse was chosen as the in-
oculum and used as follows. EL4 cells were removed from a mouse inoculated
10 days previously and diluted to 2 X 10% cells ml'i in RPMI{} Groups of
mice were injected i.p. with 1 X 10% cells and at designated Limes, mice

were sacrificed and tumor cells were removed by peritbneal lavage with 2 ml

of RPMI -and counted in a hemacytometer using trypan blue exclusion as a

~

measure of cell viability. For determination of hematocrit, groups of 4
mice were bled from the tail into heparinized capillary tubes. These same

4 mice were- then bled completely by cardiac puncture into 3 ml Vacutainer
'

¥

tubes (Becton Dickinson, Montreal, Quebec, Canada) for serum iron (Fe)
. / - . .
determination. The blood was allowed to clot at room temperature for 30

min then refrigerated for 8 h. The serum was obtained by centrifugation (5

min, 15,000 X g, 20° ). Serum samples from 2 mice were pooled and serum

total iron binding capacity (TIBC), wunsaturated iron binding capacity

(UIBC) and Tf Fe were determined using an -59Fe radioasgay kit (Becton

Dickinson). This assay kit measures only Fe specifically bound to Tf it

does not measure hemoglobin Fe or Fe present due to hemolyzed blood; the
principles of the kit are described in Appendix I.
These same serum samples were used to perform cenduloplasmin (Cp) as-

says using the method of Ravin (1961). For the Cp assay the reactjion mix-

ture contained: 20 ul serum, 1.6 ml 0.4 M sodium acetate buffer pH 5.5,

-
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and 200 ul 0.5% (w/v) para-phenylenediamine. The mixture was incubated at
37° ¢ for 60 min when'the reaction was terminated by the addition of ZOb ul
0.5% (w/v) sodium azide at 4° C. The absorbance at 530 nmrihsﬁéhen re-
corded. ) h -

Just prior to sacrifice, mice were weighed to determine togﬁl body
weight and after sacrifice the weights of the liver, spleen and thymus were
recorded. Control mice were injected at zero time with 0.5 ml sa}ine

(0.85% ﬁyv NaCl) instead of tumor cells. Control mice were also weighed

and bled\to monitor hematocrit, serum Fe and Cp. '

3.3.2 Assessment of the effect of transferrin Fe administration-,

on tumor cell growth

i To determine whether addition of Tf Fe enhanced tumor cell growth in
vivo, mice were inoculated with EL4 cells as above and subsequently in-
jected i.p. with 2 mg of 100% Fe-saturated Tf (2.8 ug Fe) on days 9, 1l,
13, and 15 post tumor cell inoculation. Control mice were injected with
saline instead of Tf. The preparation of Tf is detailéd in section 3.5.1,
Tumor cell growth rate was monitored as described in section 3.3.1 above.

/

3.3.3 Assessment of the effect of desferrioxamine on tumor cell growth

" In an attempt to inhibit in vivo tumor cell growth by Fe deprivation,
mi&e were injected i.p. with 1 X-10% tumor cells and then with 5 mg of the
>

Fe chelator desferrioxamine (desferrioxamine methane sulfonate, Ciba-Geigy,

Dorval, Quebec, Canada) in 0.5 ml PBS. Control mice were injected with




~
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¢
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tumor cells and PBS. Mice were re-injected with desferrioxamine or PBS on'
days 2, 4, 6, 8, 10, and 12. On day 12 the desferrioxamine-treated group
was divided into 2 groups: one group was given no furthgm desferrioxamine

treatment: the other was given further injections of desferrioxamine on

A - 4
days 14, 16, and 18 post tumor cell inoéuliijon. Tumor cell growth was

assessed at appropriate times.

3.3.4 Assessment of the effect of inflammation-induced hypoferremia on

.

tumor Feli growth
p)

- In order éo crea;e'a model of hypaferremia in.mice, turpentine was
used as a sterile inflammatory agent. Mice were lightly anaesthetized with
ether and injected subcutaneously in the back with 0.05 ml oil gf turpen-
tine (Fisher Scientific Co.) at 2 separate sites,. Tq measure TIBC, UIBC,

* »
serum Fe and Cp levels, éroups of 6 mice were bled by cardiac puncture at
0, 6, 12, 18, 24, 36, %48, 60, and 72 h as described in Section 3.3.1. Con-

trol mice were treated similarly but injected with saline ohly. 1In a later

study, .to assess the effects of an early hypoferremia on tumor growth, mice

-

= >

were injected with either saline or turpentine as above and then with 104
tumor ‘cells one h later. Mice were bled to assess serum Fe levels at 0,
12, 24, 48 and 72 h and after 6, 8, 11, 14, 16 and 18 days. Four mice from
eacb group were sacrificed at each time point. At Ehe 6 latter time point;

tumor cell numbers were evaluated as well.

]
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3.4 In vitro growth experiments o

3.4.1 Cell culture preparation *

l -

n- EL4-1 cells were used for the majority of all in vitro growth experi-

ments. These cells were removed from a mouse inoculated 16-14 days pre-

vidusly into RPMI and centrifuged (5 min, 270 x g, 20° ¢). " Red blood
cells present were then lysed by the addition of sterile distilled water
for 15 sgignds. An equivalent volume of 2 times concentrated RPMI was‘
‘ ¥ added to the ;ell suspension. Cells were washed twice in RPMI and finally
incubated in RPMI with 0.3 uM '50% Fe-saturated human Tf for 48 h. The
tumor cells were then washed and incubated in RPMI with no added Fe or Tf
for 24 h to deplete the cells of endogenous Fe. Cells were. centrifuged (5
min, 270 X g, 20“o C), washed once in RPMI and inoculated into 10 ml RPMI in
¢
30 ml tissuetculture flasks coﬁtaining various Fe sources. Initial cell
numbers were 1 X 10° ml-1 (except for one set of experiments in which ini-
tial cell numbers were 1 X 10% cells ml'l) and growth was assessed by per-
forming daily cell counts in a hemacytometerlusing trypan blue exclusion.
Initial growth experiments were performed in kPMI which was found to con-
~tain 0.019 +/- 0.009 ug m%'l Fe (0.33 +/- 0.16 uM) as measured using a -
Perkin Elmer 703 atomic absorptioé spectrophotometer using the HGA-2200
¥ raphite furnace and Dy background correction. In subsequent experiments,
to ensure that this low level of contaminating Fe did not alter the Tf Fe
saturation during growth or uptake experiments, RPMI was deferrated by in-

%3% cubating the medium for approximately 20 h (37° C, 5% CO,) with a two-fold

molar excess of human apo-Tf. The medium was then filtered through a PM-10
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Amicon filter (10,600 dalton éx/d:lusit.)n limit) to remove the Tf.and bound

. Fe. This medium was. then ‘designated Fe-extracted RPMI. Sources of Fe

-

@ used in growth experiments included: human Tf, bov{;‘h Tf, murine Tf, con-

albumin, 1lactoferrin (Lf), bov{ne'hemoglobin, horse spleen ferritin and

P .
ferrous ammonium sulfate and all were obtained from Sigma Chemical Co. ex-

cept murine Tf (Daymar Laboratories, Toronto, Ontario, Canada). "
- \

g

\3’/4.2 Fe uptake by the tumor cells .

T

> N .
EL4-1 cells were removed from the peorit:oneum of a mouse following in
T vivo pass.age. After lysis of red blood cells .and washing, cells were £n-
c:culated into Fe-extracted RPMI containipg 0.3 uM 50% Fe-saturated human Tf
at an initial density of 1 X }05 cells mi-l. ‘ These cells were maintained
in this medium at an approximate concentration of 5 X 10° cells ml™! and

used for uptake studies. For 39 upf:ake studies, cells were washed once

(3 min, 270 X g, 20° C) and inoculated into 10 ml Fe-extracted RPMI at a

level of 1.5 X-10% m1"l. At zero time, 39Fe-Tf was added. Duplicate 1l-ml-

samples were taken at 0, 1, 3 and 6 h. Cells were washed 3 times (2 mir;,

¥

1430 X g, 20° C) in Fe-extracted RPMI. Supernatants, washes and pellets

were.counted in a Beckman 8000 gamma ¢ounter.

’

[4

3.4.3 Transferrin binding experiments

A '
i

: o

All Tf binding experiments were performed at 4° ¢ (except- for time

course studies which wer® carried out at both 4° ¢ and 37° ‘C) using 100%

<

\ ¥’
Fe-saturated human Tf. As described in section 3.4.2, cells were harvested

o
°
2

3
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from mice and suspended in Fe-extracted RPMI. The red blood cells were

lysed and cells were washed and ifioculated ingo.Fe-extracted RPMI contain-
ing 0.3 uM 100% Fe-saturated Tf at an initial level of 1 'x 10° m-l,
Cells were maintained as for uptake studies. Before a binding assay, cells

were harvested, washed once (270 X g, 5 min, 20° ¢) then incubated for 90

min (37° ¢, 5% 002) in Fe-extracted RPMI to eldminate as much bound or in-

. ternalized Tf as possible. Klausner et al. {1983) using K562 %ells found

——

that 50% of internalized Tf is released from the cells .in the absence of

added Tf. Tf release from the EL4-1 cells during this  pre-incubation

o

period was not measured in these -studies. Afgsr incubation, cells were

(8

washed once (4° C) and used for binding assays.

o

-

3.4.3.1 Determination of .receptor numbers :

<

9 s
o

These assays were performed using a modification of the mehhod of
Lazarus and Baines (1985a). The wells of round-bottomed 96-well microtiter

. / ~

plates (Linbro, Flow Laboratories) were coated with a 10% (w/v) sol&tion of
bovine serum albumin (BSA, Sigma). One hundred ul of %e;extracted RPMI
containi;gno.l% (w/v) BSA was added to all wells except the first well of a
row in the Wmicrotiter plate. Ten ug of 1257 jabelled Tf in 200 ulcof the

above medium was added to the first well and serially diluted two-fold to

well number 11. (After mixing the’'Tf in well 11, 100 ul was discarded.)

"Well 12 contained 100 ul media only. 1.5 X 10% cells in 100 ul of media

o

were added to all 12 wells at 4° C. Cells and Tf were mixed and incubated
] _ ° . - Q)
\ - .
for 90 min (4° C). After incubation, cells were removed. from the wells

into microcentrifuge tubes containing 600 ul RPMI'with 0.1% BSA. Wells were

°
° B
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rinsed with 200 ul of this medium and this was added to the‘corresponding
microcentrifuge tube. Cells were washed 4 times and supernatants, washes
and pellets were counted as for uptake studies except that all ma8lipula-
tions were carried o&t’at 4% C. Cells from well 12 were treated as for the
other wells except that they :;re,not incubated with Tf and at the end of
the experiment, cells were counted to detect any cell lysis during the ex-
periment. Results were plotted according to the method of Scatchard (1949)
uging the method of Chamness and McGuire (1975) to correct for non-specifict
c
bi!&ing.

3.4.3.2 Time course binding and uptake assays

Y

Chawen
EL4-1 cells were prepared as for receptor assays. 1.5 x 108 cells were

incubated withv0,5 ug 125I~1abe11ed diferric human Tf in 200 ul RPMI con-

taining 0.I% BSA in wells of microtiter plates. Cells were incubated with

-

. the labelled ligand for 2, 5, 30, 60 and 90 min at 4° C and 37° C. Dupli-

cate wells were run for each time point. Non-specific binding was assessed

by including wells which contained. radiolabelled ligand and a 100-fold

~ excess of unlabelled diferric Tf. Non-specific binding was subtracted from

specific binding. Cells wereAcentrifuged, weshed 3'times (2 min, 1430 X g)

in Fe-extracted RPMI with 0.1% BSA and supernatants, washes and pellets

were counted. oo w
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3.4.3.3 Competitive binding assays

(4]

These assays were performed on the original EL4, EL4-1, YAG-1, P815
and murine bone marrow cells. All cell lines were grown and prepared as

outlined in sections 3.2 and 3.4.3 respectively. Cells at 4° C were added

- -

to control microtiter wells containing 0.5 ug 1257 1abelled human Tf and to
test wells which coqtaine& labelled Tf and 0.5, .5.0 or 23 ug of uniabelled
competing ligands. Competing ligands included: human Tf, murine Tf, bovine
Tf, human Lf and conalbumin prepared to 100% Fé;saturation. 'Binding was
allowed to proceed for 60 min at 4% C then cells were h;rve§ted as

described in 3.4.3.1. Quplicate wells were run for each condition tested. '
Non-specific binding was measured as outlined in 3.4.3.2.

=

!

~ —

3.5 Preparation of transferrin solutions

v )

3.5,1 Preparation of 50% and 100% Fe-saturated unlabelled proteins

3* to 50 or 100% saturation using fer-

\

Human apb-Tf was loaded with Fe
ric citrate (1:10 Fe:citrate ratio) prepared in 40 mM Tris .(Trizma base,
Sigma) 2 mM sodium bicarbonate buffer, pH 7.4. To achieve 50 and 100%
saturation, 0.7 or 1.4 ug Fe mg'l protein respectively was provided.

Preparations were stirred for 20 min at room-temperature and then allowed

’ i

4

to sit at this temperature for a further 20 min Fe-loaded proteins werz
then dialyzed K&o c) tdice against Tris-bicarbonate buffer, pH 7 4, and
once against 5 mM Tris in saline, pH 7.4. Bovine Tf, human Lf and con-

albumin were’ prepared in a similar manner. Murine Tf was dialyzed twice

~ - )

~ | 3



. total Fe was used. The Epo-Tf was added to the
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against 10 mM sodium citrate, pH 5.0, and twice againsthris-bicarbonate
buffer, pH 7.4, loaded with Fe sto thé desired level of saturation then
dialyzed as for huﬁan Tf. The Fe saturation of Tf's was verified by
measuring the ratio of optical densities at 465/280 nm. One hundred per
cent Fé-saturated Tf at a concentrationOE 2 mg m1~1 gave an aﬁproximate
ratio of Q.046 and this ratio for 50% Fe-saturated Tf was 0.023.
3.5.2 greparation of 59Fe-radiolabe11ed transferrin
\
Human apo-Tf was dissolved in 40 mM Tri;, 2 mM bicarbonate buffer pH

59

7.4 and diélyzed overnight. Tf was ferrated from Fe citrate by mixing

acidic 59FeC13 (New England Nuclear, Lachine, Quebec, Canada, specific ac-

«tivity 2-40 Ci g'1 Fe) with °Fe ferrfc citrate in Tris bicarbonate

“

buffer, pH 7.4. To load 4.5 mg Tf to 50% Fe saturation, 2.2 uCi
59

59 1

Fe ug”
Fe citrate and stirred at
room temperature for one h. The preparation was then dialyzéd for Y24 h
against two changes of Tris-bicarbonate buffer, pH 7.4, and once againsé 5
mM Tris in saline, pH 7.4, to remove unbound Fe. Tf was loaded to 56%

saturation by addition of 0.7 ug Fe mg'1 protein. The specific activity

was approximately 3.33 X 103 cRM ug'l protein.
At \ ’

’

3.5.3 Preparation of 1251.radiolabelled transferrin

.

¢

Iodinated Tf was prepared using the chloramine T method as described
by Lazarus and Baines (1985a). Diferrig Tf was prepared at a concentration

of 25 mg ml'lg Two hundred ul (5 mg) was transferred to a microcentrifuge

B Vd
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tube, 1 mCi 1251 (Amersham) in a 10 ul volume was added to the Tf.
Chlorﬁmine T. (100 uguin 10 ul) was then added Eo start the reaction which
proceeded dt room temperature for 15 min. The iodination was terminated
with the addition of 125 ug of sodium metabisulfate in a 25 ul volume. The
labelled Tf was .then separated from unbound 1251 on a Sephadey C-25'
(medium, dry bead diameter 50-15Q um) column (Pharmacia Fine Chemicals, UP-
psala, Sweden) equilibrated with PBS, pH 7.3: Fractions of 6%5 ml were
collected and the fractions that were pink in colour were pooled. To
determine the percentage of the label bognd So }jk Tf a tricﬂlﬂ&oacetfc
acid precipitation was performed. Five ul of'labelled_Protein was mixed
with 200 ul 1% (w/v) BSA in PBS and 200 ul of 20% (w/v) trichloroacetit
acid. This mixture was centrifﬁged (10 min, 16,000 x g, 20° ©). An
aliquot of the supernatant and the pellet werekcounted in a Beckman 8000
gamma counter and thelpercentage of label bound to the protein was deter-
mined. The labelled Tf was then dialyzed for 24 h The concentration of -
the labelled protein was -determined usfné the BiojRad protein assay (Bio-
Rad dye reagent, Bio-Rad, Mississauga, Ontario, éanada) using diferric
human Tf as the standard. Finally, the lagelled protein was mixed with an

'

equivalent volume of 2% (w/v) BSA, filter sterilized, dispensed into

aliquots and stored at.4° C. 1251.1abelled human Tf was prepared to a
(4
specific activity of approximately 2 X 10° cpm ug'l.
. .. '*?‘
) - b .




3.5.4 Deglycosylation of transferrin

N-glycanase was purchased from Genzyme Corp., Boston, Massachusetts,
U.S.A. Human and murine Fe-Tf's were prepared to 100% Fe-s‘aturation at a
concentration of 2 ing ml'l.  The following~were mixed aseptically: 55 ug
humén TE ;r 5Q ug murine Tf, 30 ul 0 55 M sodium phosphate buffer pH 8.6,
8.4 ul 100 mM 1,10-phenanthroline hydrate and 20 ul N-glycanase (5 units)
This mixture was incubated at 37° C in a water bath' for 17 h. The volume
of this mixtu}'e was diluted to 1.5 ml yith sterile 5 mM Tris in saline, pH
7.4 and the mixture was dialyzed for 2 h at 4° C against the same sterile
buffer. The degfycosylated protein was then aseptically dispensed in
aliquots and immediately stored at -80° C. Sodium dodecyl sulfate
polyacrylamide gel eiectrophoresis (SDS-PAGE) .was run on the native and
deglycosylated proteins and stained u(sing the silver staining method. The
removal ‘of cagbohydrate was verified by a Western blotti?g proce&ure per-

formed by Pardo Pannunzio of this department. Briefly, native and

glycosylated Tf's were run on SDS-PAGE, and blotted onto nitrocellulose

- “

paper. This ‘was subsequently treated with concanavalin A conjugated with
horseradish peroxidase. Competitive binding experiments were performed to

compare ,the binding of native and deg‘lycosylated pr?teins.

3.6 " Preparation of bovine hemoglobin and ferritin
‘.
Bovine hemoglobin (0.34 g) was diss&lved in 5 ml distilled water and

dialyzed against citrate-phosphate buffer, pH 7.0 for 24 h then against
A 1 '

_distilled water. The solution was;,{#géalyzed by atomic absorption
o !

7
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_hemoglobin by atomic absorption spectfbphotometry.

¥
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. 5y .
spleen ferritin) was d}alyzed overnight against 10 mM sodium citrate, pH

6.5 to remove any traces.of cadmium which 1s used in the purification pro-

cedure. The Fe concentration of the solution was measured as for

o

1

3.7 Detection of #ransferrin on EL4 cells

Tumor cells were removed from mice between 12-18 da&s post inoculation

into cold serum-free medium containing 0.02% sodium azide. To, these cells

was added 0.1 ml of a 1:9 dilution of rabbit anti-mous;\Tf ~at 4° C and.

-~

cells. were incubated (4° ¢) for 30 min. The cells were washed 3 times

with azide-containing meédium at 4° C. Then 0.1 ml of*a 1:9 dilution of

fluorescein-lqpslled goat] anti-rabbit gloébulin (GIBCO) was added to the
y /

cells which were subsequehtly incubated for 30 min in the dark at 4° C.

Q <
Cells were then washed as before. Two drops of glycerol mounting fluid, pH

8.4, were added to the preparation. Cells were ﬁiaced in a hemacytometer,
observed and photographed under both ultra-violet (fluorescence) and bright
field microscopy using a Leitz Dialux 20 EB microkcope at a magnification

of 400 Control cells were treated in a sim{lar manner but normal rabbit

serum was used instead of antiserum. s ’ 4

,

gpectrophotometry to determine -the Fe concentration. Ferritin (horse’L

/
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3.8 Characterization of cells

{

3.8.1 Determination of cellular Fe

.

. ] J

Tﬁe\Fq‘content of the tumor cells was determined by atomic absorption
spectrophotometry using the graphite furnace mode. Cells were homogenized
in saline using a glass tissue homogenizer which had been pre-rinsed with 6
N'HC1l to remove any traces of Fe. Proteln determinations were performed
using . the method of Lowry et al. (1951).

. In order to detect heme iﬂ EL4 cells, homogenates were scanned
‘spectrophotometrically from 450 to 350 nm using a Perkin Elmer 555 UV-VIS
spectrophotometer. Horse heart cytochrome c (Sigma, Fyé;.III) was used as
a standard and the heme was detected by its Soret péak absorption in the
405-420 nm region. For both Fe and heme analysig of in vivo grown cells,
mice were bled completely from the °retto-orbital sinus before the tumor
cells were harvested. After tumo} cells were removed, any conéaminating
red blood cells were lysed. The tumor cells were then washed twice,
resuspended in saline, homogenized and assayed.

Qo

3.8.2 Respiration studies

v

Rgspifation studies were performed on EL4 cells grown both in vitro
and in vivo using a Clark polarographic 0, electrode. Assays were done on
3 ml samples in serum-free media containing 1 X 10% cells m1°1. Initial O,

uptake rates were established by following uptake for 10 min then 10 ul of

<~

300 mM potassium cyanide was added and 0, uptake was monitored for an ad-

Py
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ditional 20 min.
3.8.3 Glucose and lactic acid assays

o

The glucose concentration of spent Fe-extracted RPMI in which EL4-1

-'cells had been cultured with 0.3 uM 50% Fe-saturated human Tf for 72 h was

measured by the phenol-sulfuric acid method of Dubois et al. (1956).

. .

N
Standards containing 20-100 ug glucose and samples contalning control and
!

spent RPMI were assayed. Sample volumes were made up to(l ml with dis-
tilled water, 1 ml of 5% (w/v) phenocl and 5 ml of concentrated HZSOQ (96%,
reagent grade) were added. After 10 min, tubes were vortexed then incubated
15 min at 27° C in a water bath a;d the absorbance at 490 nm was read on a
Pye-Unicam SP8-400 spectrophotometer,

-Lactic acﬁg in the spent culture supernatant was measured using the
assay of Rosenberg and Rush (1966). 0.2 ml distilled water blanks, lactic
%acid standards (prepared to contain 0.5-2 umol ml'1 lactic acid, Sigma) or
supernatants were mixed with 2.8 ;1 glycine-semicarbazfde hydrochloride
buffer, pH i0.0, and 0.6 ml NAD solution, pH 6.0, and the absorbance at
340 nm was read for all tubes Beef heart lactate dehyé&oggpase (Sigma)
yks diluted to a concentration of 2 mg protein ml"} and 0 4 ml was added to
the  tubes which were incubated one h at 37° C. After incubation, the ab-
sorbance at 340 nm was read again. "E yas determined as E,-0.9E;-B,-0.98,

N ]
where E; and E, are the absorbance readings before and after the additfon

of ehzyme and incubation respectively and B; and Byjare the initial and

final blank readings. A standard curve of "E was plotted from which the

1

concentration of lactate in the supernatant was determined. ' -

i
. . H

°
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3.8.4 API ZYI; enzyme assa;rs .
“

The enzyme_assays on EL4-1 cellg\fere performed using the API ZYM sys-
tem from Analytab Products Divi;ion of Ayerst Labor;tories Inc. A descripf
tion of the API 2ZYM kit is found in Appendix II. EL&‘-l cells were removed
from the peritoneal cavity of a mouse and cultured in vitro in RPMI con-
taining 75 ‘nM 50% Fe-saturated human Tf. After 48 h, cells were washed and
divided into two sets: one set was grown as described :above, the other was
grown in the absence of Tf or Fe for 40 h. Cells were washed in saline and
resuspended in 3 ml saline at 7.6 X 10% cells ml"l. The APl Z¥YM strips
were inoculated with Fe-sufficient and Fe-deprived kells and incubated at

& .
37° ¢ for 4 h. Reagents A and B, provided in the API kit, were added jf'fd

the strips were read by comparing the colour reactions to those in the
(

colbur chart provided. The colour intensity was estimated on a scale from

0-5. . '
\ 3

3.9 Sodium dodecyl sulfate polyacrylamide gel electrophoresis
' #

(SDS-PAGE) . : \‘\,\

2

“~
4

SDS% gels were run to assess theﬁ;urity of proteins and to look
for a decrease in molecular weight due to deglycosylation of Tf., Gels were
run in slabs of 1.5 mm thickness using tb\e system of Laemmli (1970). Run-
ning éels were 12 cm in length and were 10% (w/v) acrpdamide and 0.26%
(w/v) bisacrylamide while the sta‘cking gels were 4% (W/v) acryla_mide and
0.11% (;w/v) bisacrylamide. Gels were run at 25 mA and 35 mA for migration

through the stacking and running gels respectively in a buffer system con- .

£
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sisting of 0.025 M Tris, pH 8.3, 0.19 M glycine and 0.1% (w/v) SDS.
Samples were boiled foP 5 min in sample buffer containing 0.08 M Tris, pH
6.8, with 2% (w/v) SDS, 108 (w/v) glycérol, 0.04% (w/v) bromophenol blue
and 5% (v/v) beta-mercaptoethanol. Low molecular weight markers (Pharmacia
Fine Chemicals) wer: run along with the proteins':f interest. /zéls were .
stained with Coomassie Blue R-250 (0.125% Coomassie Blue, 50% methanol, lb%;"
aceti; acid) overnight and then destained with a destaining solution of 50% -
’methanol, 10% acetic acid, Alternatively, gels were ‘stained by the silver
staining method. For the latter method, gels were fixed overnight in 5%
trichloroacetic acid-5% sulfosalicylic acid and transferred to 5% methanol:

7% acetic acid: 88% deionized water for 3 h. Gels were then fixed for 30
min in 10% glutaraldehyde, rinsed, reduced with dithiothreitol, rinsed,
stained with AgNO; (1 ml of a 20% (w/v) solution of AgNO4 in 199 ml dis-
tilled water) for 30 min and rinsed with Qater. A Na,CO3 developer solu-
tion was added until the desired intensity of staining was achieved then

-

staining was stopped by addition of citric acid.
3.10 Bacterial studies. :
3.10.1 Bacterial cultures , §

Neigsseria meningitidis SD1C, a serogroup B strain, was obtained from
the Neisseria Repository, NAMRU, School of Public Health, University of
California, Berkeley. Neisseria subflava was the ATCC 10555 strain. The
E. coli‘strain used was AB2463pDT1-2 which was obtained from D. To;ati.

Frpozen stock cultures were prepared in Mueller-Hinton broth (MHB, Oxoid,

P
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Basingstoke, England) containing 20% .glycerol and stored 9t'-80°/C.
> o

3.10.2 Culture conditions

Frozen cultures were thawed at 37° ¢ and streaked on to.MHA platés;
MHA is MHB with the addition of 1.5% agar (Difco Laboratories, Detroit,
Michigan). Plates were incubated at 37° C with 5% CO,. After ap-
proximg;ely 18 h a colon%)was sybcultured to a new plate. To obtain work-
ing cultures for Tf binding experiments, 3 isolated colonies were inocu-

ted into 20 ml MHB and incubated for 6 h at 37° C with shaking (100 rpm).

This starter culture was used to inoculate a second MHB culture with a one
percent (v/v) inoculum which was.incubated for 16 h when cells were har-
vested (4,080 X g, 5 min, 4° ¢). At the time of harvest, cel*s were ex-
amined using phase contrast microscopy, a TMPD oxidase test was performed

®
and the optical density of the culture was recorded. Cells were washed

once (5,900 X g, 5 min, 4° ¢) in Fe-free Neisseria Defined Medium

(NDM,
Archibald amd DeVoe, 1978) containing 0.1% BSA and then were resuspended to

the desired concentration in this medium.

3.10.3 Binding assays ~

Binding assays were performed in microtiter plates as for tumor cell
studies. Four mg unlabelled diferric Tf was added to well one and serially
diluted two-fold in NDM with BSA to well 12; 9.5 ug of 125I-labelled difef-

ric Tf was added to each well and the well contents were mixed. Bactenia

a

N
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were added to each well at 4°2 ¢ at a concegtration of 5 X 109 cells per -
well. After 30 min incubation, cells were- transferred to microcentrifuge
tubes containing 600 ul of media. Wells ‘were rinsed with 200 ul of media
and this was also added to the corrésponding microcentrifuge tubes. Cells
were centrifuged (1 min, 15,000 X g, 4° C) and washed twice by resﬁspension
in 1 ml NDM with BSA. Supernatants, washes and pellets wére~counted.

.To examine Tf binding to Fe-deprived cells, MHB-was prepared contain-
ing 18 ug ml~1 ethylene-diamine-di-ortho-hydroxyphenyl acetic acid (EDDA)

(MHB-EDDA) A 50-ml culture was grown for 16 h in MHB; 10-ml volumes of

- culture were theén transferred to each of two centrifuge tubes. Cells were

centrifuged, washed once with either MHB o£ MHB-EDDA and inoculated into
MHB gr'MHB-EDDA, incubated for 4 h and harvested. .

fime course binding studies were performed using Neisseria menin-
gitidis SD1C in wells containing 70 ug Tf (69.5 ug unlabelled diferric Tf -
and 0.5 ug 125I-labelled Tf) and 5 X 107 cells. Cells were harvested after
2, 5, 10, 30 and 60 min

Competition studies were performed on Fe-sufficient and Fe-deprived
cells. Control wells contained 0.5 ug labelled and 69.5 ug unlabelled Tf.
Competitors included the following unlabelled proteins: human Tf, human Lf
and conalbumin. Compe%itors were added at an equivalent coqpentration (70
ug) or at a ten-fold concentrat#6h (700 ug). For time co&fse and compet{-

tion studies, non-specific binding was assessed by including wells which

contained 0.5 ug labelled Tf and 3500 ug unlabelled Tf.

—

b




3.10.4 Plate Assays ) : :

R, 4

The Fe concentration Of, MHB and Difco agar were measured by atomic \ab-
sorption spectrophotometry., MHB was found to contain‘ 0.96 ug ‘F": m1~1 and
the agar was found to contain 0.015 ug Fe {rlg'l. Fe-limited MHA plates
were prepared to contain 2.0, 2.5 and 3.0 umol EDDA un:ol'l Fe. Neisse;ria
meningitidis - and Nelisseria subflava 10555 were plated using the spread
plate mthod. After plates were dry, wells were punched in the agar.
The desired amounts of the Tf proteins under study were added to the wells.

Plates were incubated at ‘37% C with 5% CO,. Zones of growth éxhibition

(SD1C) or inhibition (Neisseria subflava) were measured and* plates were-

N

photographed.
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¢ - , 4. RESULTS AND DISCUSSION

2 4.1 In Vivo Experiments -

. ‘, .o
- |
4.1.1 Measuring the hypoferremic_response
A /
Initially, experiments were conducted to observe the growth pattern of
EL4 cells in vivo and to determine whether the proliferation of these cells
. .

elicited a hypoferremic response in C57 mice. Fig. 2A, a phoctograph of

' ‘tumor cells removed from the peritoneal cavity, demonstrates the morphology

° . .
. of in vivo grown cells. It can be seen that cells are fairly round and
\ uniform in size and shape compared to in vitro grown cells which are

pleorﬁorphic (Fig. 2C). T%'xe two cells photog}:aphed in Fig. 2C are repre-

sentative of the morphology of in vitro grown'cells. The.presende of Tf on

u

the surface of these cells was revealed\by fluorescent antibody studies

. (Fig. 2B).

The tumor cells grew exponentia)ly until day 10 (Fjg 3) when_ the

L]

ugh this change in growth rate did occur

.

gr.owth rate became slower.

dur;.ng “the hypoferremic response (Fig. 4), many factors other, than Fe

iin}itation could have been *involved including: crowding of the cells in

the peritoneal cavi.ty'res.ultzin'g in a limiting nutrient o;:"het than Fe,

pli'oduccion of one or more toxic x'ne(abolites, activation of the host in-
.

flammatory response or other facets of the immune system.

' ’ ) Ruddon (1981) pointed out that the growth kinetics of some tumor cells

in experimental animals resemble the growth kinetiés of cells in culture

”

o



Fig.2

wa‘b'

X

Photomicrographs of murine lymphoma cells (EL& cells were
harvested from the peritoneal cavity of tumor-bearing mice 18
days post 1inoculation. Cells were incubated with rabbit anti-

Y

mouse Tf for 30 min “at ™ 4°C then .waghed and ‘i;gubated‘ with
fluorescein-labelled goat anti-rabbit globulin for 30 min at
4°C in the dark. This temperature was used and 0 02% NaNq was
added to the medium in order to see surface-bound not internal-
ized TEf. After a final wa;hing, cells were observed and
photographed under (A) bright field and (B) UV (fluorescence)
illumination. The final magnification is 576X. (C) El4 cells
were cultured in vitro for 48 “h 1n RPMI 1640 containing 10%

F.B.S., washed once and photographed under bright field

mi;’:‘roscopy; the final magnification is 822.4X.

a4
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Fig. 3 Growth of EL4 cells in C57 mice. Each mouse was injected i.p‘,
with 1,0" EL4 cells. At the times indicated, mice weré
. sacrificed and tumor cells were removed by peritoneal lavage

i —_

and counted in a'hemacytometer with trypan blue exclusion.
Points represent the average number of tumor cells from 4
experiments; 4 mice were sacrificed per time point per experi-

ment. .
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Fig. &

L Changes in Fe metabolism during EL4 asdites tumor growth in

mice. C57 mice were injected with 10* EL4 cells and at the

times ipdicat:e)d, groups of mice were tail bled for hematocrit
o ~e

determinations ( M ) and then sacrificed by cardiac punct‘ui‘“’e‘

[3

to obtain blood for determination of serum total Fe-binding

. capacity (TIBC) ( @ ), unsaturated Fe-binding capacity (UIBC),

'( D ),'and Tf-Fe ( Q).
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with an initial lag phase of slow growth, an exponential phase of rapid
growth and then another phase of slow growth reaching a steady state of
cell growth and cell loss. Iﬁlmany types of human cancérs, however, this
type of growth pattern does not occur as t%ere may be significant cell loss
or death due to éxfoliation from the tumor and nutrient limitation in the
central -less well vascularized areas of solid tumors Also there is wide
variation in the doubling times of different types of both solid tumongund
leukemias and lymphomas (Ruddonf 1981). Growth of EL4 cells in vivo di&
not demonstrate a lag phas? (Fig. 3), but grew ek%ponentially from day 0 to
day 11 and subsequently the growth rate slowed down ’

Shortly after inoculation, the mice had serum Fe levels (fig. 4) of

-1 (20.17 uM) representing 44% Fe saturation of the serum Tf.

1.13 ué ml
By day 14 post injection, these levels-had fatlen to Q 22 ug ml'1 (3 93 aM)
corresponding to 8.1% Fe saturation of Tf, revealing a marked hypoferremjc
response The\serum;Fe leveis for normal control mice whigh remained rela-

tively constant over an equivalent time period are found in Table 1 The

drop in serum Fe in the tumor-bearing mice was more pronounced than that

found in one study of human disease (Beamish et al , 1972) in which con-
- ¢
|3
trols had a serum Fe level of 22 7 uM (35% Fe saturation). Patients

'

with stage 4 HodMkin's disease had serum Fe levels of 6.97 uM (16%

-saturation) and patients with non-Hodgkin's lymphoma were observed to have

S
serum Fe levels of 10.7 uM (17% saturation)

o

The fall in hematocrit _of the C57 mice from an initial value of 49 6
(+/- 0.76) % td 40.6 (+/- O 87) % on day 16 (Fig. 4) reveals the develop-

ment of an anemia following the onset of the hypoferremic response Anemia

might be expected to follow a prolonged hypoferremic responsexas the Tf Fe

B}
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- TABLE 1.

Serum Fe levels in normal control mice.lxil B -

@

. s —
'i'ime (Days - TIBC? Coe ~UIBC3 ) 'I:f-bound Fej % S:atuxi‘ation He\mat:ocrit:
post . (ug ml'l) (ug ml'l) (ug ml'l) ‘i
inoculation) ’
. . ' ‘ " 7’
. 0 3.04 (0.05)4 1.65 (0.03) 1.39 (0.08) , 45.6 (‘1.7) 46.7 Sl.Q)
4 3.41 (;)05) 1.85 (0.14), 1.56 (Q.10) 45.8 (3.6) 45.7 (1.0) -
8 3.22 (0.02) c]‘..52 (0.11) 1.71 (0.12) ) 52.9 (3.5) 47.9 (1.2)
‘\’ 12 3.22 (6.03) . l.l90 (0.10) " 1.31 (0.11) 40.8 (3.3),, 49.1 (0.8)
) 16 3.35 (0.053) 1.84 (0.05) 1:5& (0.06) '45.3 (1.6) 47.é (1.1)
20 .29 (0.08) 2.03 (0.06) 1.26 (0.08) 38.2 (2.0% 52.0 (0.8)

IMice were injected i.p. with 0.5 ml saline and at the in‘?ﬁcated times were

tail bled for hematocrit determination and bled by cardiac puncture for

2 3

determination of serum Z2TIBC (total iron-binding capacity), .UIBC,

L 4
‘(unsaturated iron-Binding capacity) and serum Fe. These latter determina-

tions were performed using a Becton Dickinson radioassay kit. Nine mice
were sacrificed per point; the sera from 3 mice were pooled giving 3 values
°

per point which were then averaged. ‘e

aNumbers'in p‘arentheses represent the standard error of the mean.
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supplied toi the developing erythroid cells in the b'one marrow would be'
decreased. As discussed in section 2.6 however; the ane‘inia which occurs
during neoplasia may be mor\e complex' as a decreased red cell §u1‘vival time
and an impaired marr‘ow response to erythropoietin may also be involve_d
('Lee, 1983; Zuckeri, 1985). The occurrence of hypoferremia and the fall in
hematocrit during neop.alasia have been shown in other experimental systems
Chandler and Fletcher (1973) foun‘d that chickf:ns injected with a lymphoid
tumor had serum Fe levels of 0.8 ug ml-L while controls had s‘erum Fe levels
of' 1‘.5 ug ml'l. - 'Ishe hematocrit values were approxim‘ately 13% lower in
‘tumor-bearing bix.'ds by da}'r 12 post 1inoculation. Schaded (1976) injected
mice with 2 'X.10° plasmacytoma cells and recorded that control mice had
serum Fe levels of‘ 2.87 ug' 1\nl°1 while mice bearing plasmaucymmas‘ had 1.16
ug ml"l serum Fe three Weeks after inoculation . Hematocrit values were

47.4% in normal mice g’nd'30§ in tumor-bearing mice.

‘The reduction in serum Fe levels in the mice in the present studies
. P

S

began relatively late in the course of the disemse, at a{)proximately day 8.
By this time the peritoneal tumor burden was‘quite high (an average of 2 3
X 107 cells per .mouse) with deat.h of the mice occurring 16-20 days after
inoculation.” This is in sharp contrast to the time course of hypoferremia
during bacterial infection. in one study, (Holbein, 1980) when C57 black
mice were injected with 10% Neisseria meningitidis, serum Fe levels
decreased immediately and continuously until no Tf Fe cou.ld be detected at
18-24 h post infection. Infection peakedF at 6 h and then disappeared
rapidly.after 9 h in concert with the hypoferremic response. It is not

known why the onset of hypoferremia occurred late in the course of tumor

w
growth. Hypoferremia is just one component of the inflammatory response




o

T,

/

which includes fever, synthesis of acute phase proteins and activation of

the host immune system. It would seem that the host ahgi-tumor defense is
. o ‘ )

only stimulated when the EL4 tumor burden has reached a very high level

In this study the EL4 cells were growing intraperitoneally and would,

N .

thus obtain Tf Fe from the ascites fluid which is part of the extravascular

Tf pool. The, K Tf Fe saturation of the ascites fluid was not measured in

these studies as it would have been difficult to obtain sufficienf ascites

. D
fluid from the mice. However, the extravascular Tf pool is in equilibrium

with the serum Tf pool‘and a reduction in the Tf Fe saturation in‘the serum
-Tf pool would be reflected in the Tf Fe saturation of the ascites fluid

It has been shown in‘the case of murine infection with Neisseria
meningitidis (Letendre and ﬁo;bein, 1984) that hypoferremia occurs because
Fe from senescent red. blood cells is not“reﬁurned to the Tf pool but is
stored in the RE system as ferritin. It is believed that this same
ﬁechani;m operates during mal%gnaney (Weinberg, 1984) and there may also be
a reduction in intestinal Fe agsorption (Lee, 1983).

The weiggts of the mice and of the liver, spleen aqd thymess were re-
corded and compared to that of normal controls (Tables 2 and 3). The l}ver
rand spleen were of interest as they are organs involved in Tf and Fe meta-
bolism. The thymus was of finterest as the tumor cell line used was
originally a thymoma. Ov?; a period of 20 days, the tumor-bearing mice
gainediaq average of 8.3 (4+/- 1.0) g while control mice‘gaiQsd 1.3 (+/-
0.8) g. A substantial portion of the weight gain in the tumor-bearing ﬁlce
c¢an taerefore be attributed to the tumor burden and to the ascites fluid.

Organ weights remained relatively constant in the control group. In -the

tumor group, the liver®weight increased with body weight until day 11.
- «ﬁ' \ ~ -

-
’




TABLE 2. -
- . \'
A comparison. of whole body and liver welghts of normal contrel and tumor-
y » <
bearing mice over a 20-day experimental period.1

>

2y ) 4\ N
. Whole Mouse N Liver

o
Time Tumor-bearing. Control~ Tumor -bearing Control

4

(Days) '

0 2008 (1.0)2 g 25.1 (0.4) g 1.14 (0.08) g 1.41 (0.02) g

' -—

2 21.9 (0.4) 1.30- (0.03) . -
4 217 (0.8) . 25.6 '(o.;; 1.23  (0.04) 1.41  (0.05%

6 21.9 (1.0) 1.25 (0.04)

8 21.8 (0.6) 2.3 (0.5) 1.26 (0.06) 1.39 (0.05)

11 245 (1.3) 1.39 (0 07) '

12 Q 26.5 (0.5) 1.43  (0.04) =

250 12, 1728 (0.05) - ij

16 27.2 (1.4) ~ 26.9 (0.6) 123 (0.06) 1.48 (0.03)

18 28.1 (1.8) ~ 117 (0.05)

20 29.1 (1.7) 26.4  (0.8) 1.00 (0.12) 1.40 (0.05) 7

Lo -
1

Mice were inoculated (day 0O) with 10A EL4 cells or 0.5 ml saline At the

indicated times, the whole body, 1liver, spleen and thymus were weighed.
. e J

Values represent the mean of &4 experiments (4 mice per point per

experiment) for tumor-bearing mice and the mean of 9 mice for the control
™

‘

group. 2Numbers in parentheses represent the standard error of the mean.
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, TABLE 3.

-~

» .
,

A comparison of the spleen and thymus weights of tumor-bearing and’

1

83

normal control mice. R S
Spleen B Thymus
Time Tumor-bearing Control: ( Tumor-l;earing Control
(Days)
)
0 0.08 (0.02)2 g 0.08 (0.003) g 0.05 (0.0dl) g / 0.05 (0.002) g
2 0.09 ((;.507) . 0.06 (0.006) . )
4 0.08 (0.002) 0.10 (0.006) 0.05 (0.06-5)}* 0.05 (0.003)
6 0.08 (0 008) 10.06 (0.008) _‘
8 0-08 (0.004) . 0.09 (0.004) ‘0.05 (0.009) - 0.05 (0.005)
11 0.1 (0.008) ! 0.05 (0.005) 9 s
12 0.10 (0.004) d¥05 (0.005)
14 0.09 (0.01) . v . 0.05 {0.007)
16 0.09 (0.008) 0.08 (0.003) 0.03"(0.006) 0.044 (0.003)
18 0.08 (0.012) 0.03 (0.005) !
200 0.07 (0.017) 0.09 (0.004) 0.03 (0.003)  0.05 (0.003)
i, © 3
1The experimental details were as described in Table 2. -

’Numbers in parenthese

[

o

s represent the standard error of the mean. *

rl\
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Subsequently, the liver weights decreased in the terminal stages of dis-
ease In Schade's study (1976), at three weeks post tumor cell inocula-
tion, normal mice weighing an average of 18.9 ¢ had an average liver

weight of 0.80 g and tumor-bearing mice with an average weight of 22.0 g
had an average.l—-iver weight of 1.1 g. During the acute —phaso"‘roaponso,
there are many structural and biosynthetic changes which occur in ‘t:he
liver. Tiue overall weight of tine liver increases, the ribosomal RNA 1In-
creases and the amount of smooth endoplasmic réticulum increases, also the
m;mbranes of the Golgi apparat;us proliferate and there 1s an Increase in
microtubules (Lee, 1983). This might account for some of the increase in
liver weight during the middle phase of the experiment Spleen and thymus
' ’—

weights al'so showed a decrease at the end of the experimental period
Weight reduction may be a reflection of tissue destruction which accom-
panies tumor growth and tissue invasion. It is not known how this would
affect organ function or synthesis of proteins%y the liver -

The serum ceruloplasmin (Cp) response was also followed 1In tumor-
bearing and normal mice (Fig. 5). Serum Cp activity of tumor-bearing mice
is expressed as a percentage of cantrol values Cp 1s of interest for two
reasons: it is involved in Pe metabolism by virtue of its ferroxidase ac-
tivity and serum levels have been found to increase in patients \;/ith
lymphomasJ and other neoplastic diseases (Sha\h et al., 1984; MargFrisox1 and
Mann, l98~5; Linder et al., 1981). Work has been done to evaluate the use
of Cp as a marker to monitor the course of malignant disease (Linderé et
al., 1981; Shah et al., 1984; Margerison and Mann, 1985, Mercer and ‘i‘a_lamo,
1985). .

In the present study, there was a slight rise in Cp levels on days 4



Fig

5

[N

Serum Cp activity In tumor-bearing mice. C57 mice were in-

jected with 10% EL4 cells or saline and were sacrificed by car-

diac puncture at designated times and Cp oxidase levels were

a

detefmiﬁed on the sera by tﬁe method of Ravin (1961). The Cp
values, averaged from 3 experiments, are calculated as percent-
age of control values (+ the standard error or the mean).
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and 8, however, this was not found to be statistically significant (P <

.

0.05, Student's t-test). In anothér study, (Linder et al., 1979) in rats

c
.

with transplantable mammary or hepatic tumors, OCp oxidase activity in-

creased 50-200% during neoplastic growth, This was found to be due to both
’ '

increased synthesis of Cp and increased oxidase activity Capel and

Thornley (1982) found that the plasma Cp oxidase levels ,were not w=sig-

¢

nificantly increased in C57 black mice injected with Lewis lung carcinoma.
- | .

It 1s therefore 1likely that Cp respon%e to tumor growth varies with th$
species of animal and the type of neopfasm studied. As discussed in sec-
tion 2.5 1t was found that when C57 mice were injected with N. meningituidis
serum Cp levels rose to greater than 200% of control values at 24 h post
infection (Letendre and Holbein, 1984a). These authors postulated that
the rise in serum Cp levels which‘ occurs during the convalescent phase of
infection may be a respon& which folI\ows hypoferremia to re-establish
normal serum Fe levels. Inthis tumo¥ model, in contrast to the murine
meningoceccal Infection model, the disease stat.e worsens, the serum Fe
levels become lower and the animals subsequently die. As there 1is ng

recovery phase to either the disease process or the hypoferremic response .

there may be no response on the part of the host to re-establish normal

serum Fe levels. This may provide at*least .a partial explanation for the
» ]
limited rise in Cp. activity. — .
’ . >
4.1.2 The effect of transferrin Fe administration on tumer cell growth

[y

In the next phase of the study, an attempt was made, to manipulate

-~ . .

tumor cell growth in vivo by eithér-fsupplying more Fe to the tumor' cells or

-
~—
- D
3
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depriving the cells of Fe. :In f;n initial,stuey (Fig. '6), mice were in-
jec;ed with 2 mg 100% saturated hupap Tf containing 2.§ﬁ8g Fe on several
days during the logarithmic phase 6f EL4 cell growth. This extra Fe did
not enhance growth compared to growth in control mice treated with saline

It could be argued that the murine tumor cells would be unable to utilfze
. 1S
human Tf. By this point in the work, however, the EL4-1 subline had been

estdblished in vitro and was growing well with ‘human Tf as the Fe source,
demonstrating that murine cells can efficiently utilize human Tf Fe Fur-

thermore, in vitro studies demonstrated that 1 X 105 EL4-1 cells could

[

proliferate when provided with 6 ug ml~1 10% Fe-saturated human Tf provid-

a

ing 0.00084 ug ml"l Fe (Fig. 13). Therefore 2 mg iOO% Fe-saturated Tf car-
rying 2.8 ug Fe should be adequate to provide additional ée for the larger
number of cells growing in vivo Ho}bein (1981) found that human Tf{
stimulated Neisseria meningitidis infectfoﬁ in mice. Injection‘gf 17 5 myp,
,of Tf containing 22.7 ug Fe (93% sacurated? caused’lOb% mortality compared
to no deaths ‘among the contgol infécted mice. A lower dose, 5 mg Tf bear-
ing 6.5 ug Fe (93% saturated), stim;iated and p;olonged infection In the
case of Neisseria infection, the hypoférremic response has been shown to be
inhibitory (Holbein, 1980) 'to N. meningitidis growth, injections of Tf-Fe
therefore made Fevavailabl; and enhanced growth. :
In the Neisseria meningitidis syé%eﬁ, Fe-dextran was also found to en-
hance infection (Holbein et al., 1979,; Holbein, 1980). Dosages higher than

15 mg kg‘-1 prolonged and exacerbated infection, while dosages above 125 mg

1

kg ! produced fatal infections (Holbein, 1980).

?



Fig. 6

n

The effect of added exogenous' transferrin Fe on EL4" tumor cell
growth in mice. Mice were inoculated with 10% tumor cells.
Mice treated with Tf ( A ) wete given 2 mg of 100% saturated

Fe-Tf (2.8 ug of Fe) in 0.4 ml saline i.p. on days 9, 11, 13,

»

"15 and 17 post tumor cell inoculation. Control xilice were
treated with an equivalent volume of salihe ( @ ). Points
P .

represent the average number of tumor cells from 2 mice in one
experiment. . ¢ ’
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4.1.3 The effect of desferrioxamine on tumdér cell growth

An attempt was midde to deprive tumor celis growing in vivo of Fe by
injecting mice i.p with éhe Fe-chelating drug desferrioxamine. Desferri-
oxanmine is a}kwﬂ;oxamic acid type of‘microbial siderophare which binds Fe
with high affinity in a 1:1 ratio Its meghane sulfonate derivative is
'm;re water-soluble and -is used clihically (under the Ciba-Geigy trade name
Desferal) to treat pat;ents fﬁ? Fe-;verload by the iﬁtramuscuLar,
intravenous, or subcutaneous routes (Hoffbrand, 1980). Desferal was used in
this study. Desferrioxamine 1s believed to remove Fe from the RE system
and from hepatocytes 'by chelating Fe from the low molecular weight 1labile
Fe pool. Ferrioxamine ( Fe+3 ) 1s then excreted in the urine and biie
(Hoffbrand, 1980). During hypoferremia, Fe from senescent red blood cells
is stored in the RE system and this recently acquired Fe appears to be more
.easily chelated than the remainder of the RE Fe (Hershko and‘Rachmilewitz,
1978). 1t was thought that desferrioxamine injections mikht reinforce the
hypoferremic response by removing E:_from the RE system allowing for more
FeESCOrage and a greater hypoferremic response. It is not known how much
Fe could be removed from the mice using this protocol as this compound has
a very short half-life in vivo (5-10 mingtes for an intravenous injection,
‘Summers.et alr,'l979).

Initially, (days 5-11,"Fig. 7) the growth rate of tumor cells appeared
to be slower in desferrioxamine-treated mice. Tumor cell numbers reached
the same level in the later stages of the disease, however, and the treat-

ment did not increase the survival time of the mice. 'Serum Fe levels were

measured in the two groups of mice in one of the two studies (Table &)

e ?
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Fig.

2

The effect of desferrioxamine injections on the in vive
growth of EL4 cells. Mice were inoculated with 104 cells.
Desferrioxamine-treated mice ( @ ) were injected i.p with 5
‘mg of desferrioxamine on days 0, 2, 4, 6, 8, 10, 12, 12&, 16,
and 18 or were given no fu;:ther desfer.rioxamine treatment after
day 12.( A ). Control mice ( ® ) were injected with PBS.
The points represent the average cell numbers harvested from 3

mice in each of.2 separate experi:ments' (+/- the standard ertror

of the mean). , ° o -
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TABLE 4.
Serum Fe response in control and desferrioxamine-téeated mice.l
b
Control Desferrioxamine-Treated
Time Serum Fe %.gaturation Serum Fe t saturation
(Days) (ug m1"1) of Tf (ug m1° 1) of Tf
0 1.13 44,2 '
3 1.86 55.6 2.30 64.1
i s - 1.72 56.1 2.03 64.1
' 7 1.40 45.5 1.85 °°  56.6 '
9 1.40 4.2 1.87 60.4
11 0.95 ) 29.1 1.43 42.4
. 13 0.54 Y157 0.42 11.3
"o1s 0.41 12.3 0.31 9.3
17 . 0.34 10.3 0.17 . Css
IMice were inoculated with 10% EL4 cells. . Desferrioxamine-treated mice

3

were injected i.p. with 5 mg of desferrioxamine on days 0O, 2, 4, 6, 8, 10,
12, 14, 16, and 18. Control mice were injected i p. wlch 0 5 ml phosphare-
buffered saline. Four mice were bled by cardiac puncture for serum Fe
deéermination at each of the times indicated. The serum samples from the
- four mice were pooled and serum iron was determined using a Becton Dickin-

son radioassay kit.

-




- . - 2

-There was no augmentation of hypoférfemia due to desferrioxamine treat-

flent in the early stages of the experiment, in fact serum Fe levels were
hi&her in the desferrioxamine group. On days 13, 15 and 17 serum Fe and Tf
saturation levels were lower in the desferrioxamine-treated group. On the
basis of the serum Fe levels, the slower tumor cell growth rate cannot be
attributed to an initial enhanced hypoferremic response. Perhaps desferri-
gxamine 1itself 1injected into the peritoneal cavity had an anti-
proliferative effect orr the EL4 cells. This might be due to desferri-
~ .

oxamine errtering the tumor cells and chelating Fe required as an enzyme

co-factor for ribonucleotide reductase or any of the numerous other Fe-

requiring enzymes. Lederman et al. (1984) studied the effect of desfer-

rioxamine in lymphocytes in vitro and found it inhibited(DNA synthe;is;
this drug decreased intracellular ievelé of deoxyribonucleoside triphos-
phates and blocked celﬂf in the S phase of the cell cycle The sh&rt half-
life of the hrhg in vivo due to urinary excretion might, however, argue

against this idea.

-~

In certain other disease states desferrioxamine treatment has been
’ \

found to be beneficial. Holbein et al. (1979) found that fatal Fe-dextran
enhanced infections could be reversed if mice were injected with 1,250 mg

kg'l desferrioxamine up to 3 h after infection with 103 or fewer “Neisseria
meningitidis cells. Lalonde and Holbéin (1984), studying the role of Fe in
Trypanosoma cruzi infection in mice, found that a combination of desferri-

oxamine treatment and an Fe-deficient diet reduced the pathogenicity of

this intracellular pathogen of the RE system in both susceptible C3H mice

"and moderately resistant Bg mice.

e [ O °
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4.1.4 The effect of inflammation-induced hypoferremia on tumor cell
growth \
.

_ Another attempt was made to decrease in vivo growth of EL& cells by Fe

. deprivation. In the initial in.VIVO ;tudies (Fig‘ 3 and Fig. 4), it was
noted that the onset of the hypoferremic response occurred late in the dis-
ease when the tumor burdeg was high. It appeared that the response oc-
curred too late to be of benefit to the host. The‘quescion then ﬂFO;O.
would an early hypoferremic response lower serum Fe levels sufficiently to

inhibit tumor growth? This could be answered using turpentine to create a

’

model of hypoferremia. Mice were injected subcutaneoudly in the back with

o
. turpentine and this induced a marked hypoferremic rigbonse (Fig 8). Serum

Fe levels had fallen by 12 h and reached their lowest level (0.65 ug ml'l, -

\
19.6% Fe saturation of Tf) by 24 h. The reduction in serum Fe levels be-

tween 12 and 36 h was found to be highly significant (P < 0 001, Student's

t—-test). Between 48 and 60 h levels of serum Fe had returned to normal

Twenty-four h after turpentine injection serum TIBC had risen dramatically

'

If at 48-60 h p&st inoculation serum Fe lévels had returned to normal

but the amount of Tf in the pool was increasing (shown by Increase in the
TIBC values) this would in effect result in a prolonged reJuction in Tf Fe
saturation. Therefore in the next study, mice were injected subcutaneously
with either turpentine or saline and injected one h later with tumor
cells. In the early hypoferremic response (Fig. 9), serdﬁ Fe levels
dropped to 0.62 ug m1-1 (16.9%.saturatién) at 24 h post injection, the Fe

v
kinetics being somewhat different than in the initial turpentine studies

- (Fig. 8). Serum Fe had increased by day 6 and tﬁ;re was fthen a second

.




Fig. 8

»
The hypoferremic response during turpentine-induced inflammation

in mice. , Mice werd lightly anaesthetized with ether and in-

jected subcutaneously in the back in two separate sites with

.0.05 ml turpentine. At the indicated 'time points, 6 mice were

bled by cardiac puncture for determination of TIBC ( & ), UIBC

( @), Tf-Fe ( ® ), and-Cp-oxidase activity ( O ). Values

~

shown represent the average data from two experiments.
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Fig. 9 €hanges in Fe metabolism due to turpentine-induced inflammation
~— . o7 - )
and EL4 tumor cell growth in mice. ‘Mice were injected sub-

. cutaneously in the back with 0.05 ml turpentine in two separate

sites One h-later, mice were injected with 10* tumor cells.

Q

At the indicated times, 4 mice were bled by cardiac puncture to

determine TIBC ( @ ), UIBC ( O ), and Tf-Fe ( O ).
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The influence of turpentine inflammation-induced hypoferremia on

]
the growth of EL4 tumor cells in mice.

Fig. 10
Mice were "injected
subcutaneously in the back in two sites with 0.05.ml of either
saline ( @ ) or turpentine ( 4 ). One h later they were in-
jeftea with 10* tumor cells., Cells counts were performed at
the appropriate times.

The indicated values represent average

6 N
.tumor cell numbers recovered from 6 mice in two experiments. .

¢
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hypoferremia due to the proliferation of tumor cells. After turpentine ad-

ministration, the TIBC rose and remained high thrdughout the experiment.

v

,Afthough‘Tf Fe saturation levels remained low throughout most of the ex-

periment, no inhibition of tumor cell growth was observed (Fig. 10).

,

In contrast to this, a similar study was carried out with Neisserig

meningitidis infection in C57 mice (Beaumier ec'al., 1984). Twelve h after

mice were induced to become hypoferremic with turpentine injecgions, they

were inoculated with Neisseria meningitidis. In the hypoferremic group,
-

the peak of infection was significantlw/lower. Also, the infection was

. \

.cleared in 5% h in turpentine-treated mice as opposed to 10.4 h in saline

control mice

When turpentine is injected hypoferremia is induced and the whole in-
flammatory process 1is sgiwulated, resulting in increased synthesis of
acute phase proteins. This is demonstrated in the turpentine studies by
enhancement of Cp activity (Fig. 8). Cp activity had increased by 12 h

post turpentine inoculation and reached 235% of control levels at 60 h, a

"much greater stimulatich of Cp activity thart that observed due to tumor

cell growth (Fig. 5). It is in%eresting to note that lowering of serum Fe

in combination with other facets of the inflammatory response induced by

turpentine injections had no inhibitory effect on in vivo EL4 tumor cell

growth.

Both Neisseria meningitidis and EL4 cells must acquire Tf Fe from the
host i; order tg proliferate: Howev£;§ the hypofe?%emic respon;e has a much
different effect in the two systems. In the case of mu;ine infection with
the men%ngococcus, infection can be Fe enhanced with Fe-dextran or Fe-Tf or

can be Fe-controlled e.g. by subcutaneous turpentine injection or merely by

.
®
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the naturally-occurring hypoferremic response. The onset of the hypo-
ferremic response is immediate and beneficial te the host. In the case of

EL4 cells the hypoferremic response occurs late in the disease and is of no

real benefit to the host. With the protocols used in these studiis the in

A

'vivo growth of tumor cells could not” be influenced by Fe addition or

deprivation. It would seem that EL4 cells have very low Fe requirements
perhaps due to a primarily glycolytic metaSolism and/o; are equipped to ob-
tain sufficient Fe for a%l their needs under the adverse conditions of low
Tf Fe saturation. -

3
‘In order to define the Fe requirements of these tumor cells for

growth and to asses$s the effect of a reduction in Tf Fe saturation on Fem—

acquisition and growth, we turned to an in vitro system using the EL4-1

cells.



4.2 In Vitro Growth Experiments
4.2.3 The effect of transferrin Fe saturation on in vitro growth of
) EL4-1 cells

- « .

The first in vitro experiment wasedesigned to demonstrate that EL4
cells do require Fe for growth. When EL4 cells were grown in RPMI 1640
with 10% fetal bovine serum (Fig. 11) cells grewarapidly reaching their
maximal number by day 3 (1.7 X 10% cells ml™1l). With the addition of 50 ug
ml"l desferrioxamine growthjwas significantly inhibited. ° When the des-
ferrioxamine was saturated‘%ith Fe, growth was identical to that of the
control indicating that the growth inhibition was directly due to Fe
deprivation.

<LA11 further in vitro work was carried out using the EL4-1 subline;
these cells were adapted to growth In RPMI 1640 synthetic medium and human
Tf. The subline was developed by culturing the(original EL4 cells in RPMI
containing human Tf onl& and repeatedly pas;aging the cells in this medium.
The growtg of the cells in the absence of serum was initially poor with a
cell doubling time of 72 h but repeated subculture in this medium yielded
the EL4-1 subline with-an average doubling time of 24 hY The qriginal EL4
cells growing In serum containing medium demonstyatéd an average doubling
time of 12 h. The two cell lines showed an identical time course of
tumorigenesis in mice. Even after passage through a mouse, the EL4-1 cells
retained their ability to grow in the absence of serum. These cells grew

well (Fig. 12) on 100% saturated human Tf (50 ug ml'l) It was found that

the additfon of 50 ug m1-! apo-Tf enhanced growth by binding medium Fe
5




a

Fig. 11 The effect of désﬂfe‘rrioxamine on fthe in vitro growth of EL4

cells. EL4 cells were inoculated into RPMI 1640 containing 10%

F.B.S. at an initial level of 1 X 10S cells ml'1 with no fur-

L

ther additions ( A ) or with the addition of 50 ug m1'1 des-

ferrioxamine ( @ ) or with 50 ug ml"l Fe-saturated desfer-

rioxamine‘( B ). Cell counts were performed at the times in-

#

dicated 'in a Hemacytometér using trypan blue exclusion,

"
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Fig.

12

a

Grc;wth of EL&-l‘ cells in vitro on human transferrin. EL4-1
cells w;ere inoculated into RPMI containing 50 ug ml"1 100%
saturated human Tf ( m ), 50 ug m1~1 apo-Tf ( A ), 50 &'g ml-!
boiled apo-Tf ( O ), 50 ug ml'l human serum albumin ( Q )
or into RPMI containing no additions ( ® ). Cells were

enumerated at the appropriate times as described in Fig. 11.

®
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while boiled gpo-Tf or human serum albumin had no growth-enhancing effects.

It was, found using atomic absorption spect@ophotometry, that RPMI 1640

contained 0.019 +/- 0.009 ug ml'l (0 33 +/- 0 16 uM) total Fe Theareti-

cally, this is enough Fe to 27% Fe saturate 50 ug m1L apo-Tf. Therefore
for all subsequent in vitro studies RPMI was ¥ extracted by incubating it
in the presence of a two-fold molar excess of apo-Tf for 2'0 h at 37°, 5%
CO,. Ferrated Tf was 'then removed‘by Amicon ultra-filtration as discussed
in section 3.4.1.

.

The question of the effect of a decrease in Tf Fe saturation on EL4-1

1

cell growth was then directly addressed. Cells were grown in RPMI contalin-
ing 6 ug ml'l (75 nM) human Tf at 100%, 50% and 10% saturation and with no
Tf (Fig. 13). The media thus contained 0.0084 (0 15 uM), 0 0042 (0 075
uM), 0.00084 (0.015 uM) and O ug ml-l Fe respe\ftively Fig. 13
demonstrates that the cells do not proliferate in the absence of Tf-Fe and
that cells can grow with very little Tf-borne ‘Fe present. In this experi-
ment, the cells did grow better on 100% and SO:% saturated Tf than on '10%

saturated Tf. However, this may have been a function of the low con-

centration of Fe available at the 10% saturation level rather than a func-

’

tion of Fe availability due to low percent saturation. In fact in this
éexperiment, at the low level of Tf Fe provided, ‘at each saturation level
\ -

peak growth of the cells was directly proportional to the amount of Tf Fe
available. In the next experiment, the Tf concentrations were raised to 50
ug m1" 1 (Fig. 14). Growth was good in all cases with virtually no dif-
ference between 100% and ‘50% Fe saturation <(1.25 and 0.625 uM Fe
respectively). By day 4 when peak. growth was xl"eached at both these satura-

1

tion levels cell density was 1 X 10% cells m1°1 representing the maximal
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Fig. 13 Equéﬁ of ElL4-1 lymph;ma cells on serum-free RPMI 1640 with . -
75 nM human transferrin atAIOO%, 50% and 16% saturation. EL4-1
cells were removed from the peritoneal cavity of a mouse and
grown for 48 h in Fe-extracted RPMI containing 0.3 YuM 50% Fe-
saturated human Tf. Cells were washed and incubated for 24 h
(37° €, 5% €0p) in RPMI containing no Fe or Tf. Cells were .
then washed and inoculated at an ih;tial level of 1 X 10° cells
ml"1 into Fe-extracted RPMI containing 75 nM (6 ug m1-1) husaatt”
Tf of 1008 ( m ), 50% ( @ ) and 10% saturation ( & ) or into
media'contﬁjming no Tf ( O ). These conditions represent

0.15, 0.075, 0.015 and 0.0 uM total Tf Fe respectively. Growth

was assessed as Iin Fig. 11.

+
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Fig 14 Growth of EL4-1 lymphoma cells on serum-free RPMI with 0 625 uM °

*

or 37.5 uM human transferrin at various saturation levels. The

)
experiments were performed as described in Fig. 13 but media

contained 0.625 uM (50 ug ml™l) Tf at 100%.( m ), -50% ( @ )

and 108 ( A ) saturation or 37 5 uM (3.0 mg ml- 1) Tf at 50%
( O) and 10% ( A ) saturation. These trials contained 1.25,

2]

0.625, 0 125, 37 5 and 7.5 tM Fe respectively.
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saturation density for these cells. Thus growth was not Fé\%jmited.
Growth at 10% saturation (0.125 uM Fe) was good but slightly lowér. If
available Tf concentrations were raised to the physiological level .of 3 mg
ml"1 (37.5 uM Tf) there was no differénce in growth between cells grown
with 50% saturated f 21 ug ml"l or 37.5 uM Fe) and eells grown with 10%)
Fe saturated Tf (0.42 ug ml-1 or 7.5 uM Fe). This decrease in Fe satura%
tiof from 50% to 10% mimics the decrease in Tf Fe saturation which would
occur during the hypoferremic response in vivo. At 10% saturation and
physiological Tf levels cells demonstrated excellent growth, at 10% satura-
tion and Tf concentratiﬁﬁ§;l/60 of physiological levels, cells demonstrated
good growtﬁ indicating that even at very low saturation levels Tf Fe is
readily available for tumor cell proliferati;;.
When'cells were inoculated at a lower initial level of 1 X 10% cells
ml'l cells grew only slightly more slowly on 10% saturated Tf than 50%
satura}ed Tf at physiological Tf levels and cells reached the same final
saturation density (Fig. 15). This figure also demonstrates that these
cells can grow on bovine hemoglobin providing 17 9 uM Fe although growth is’

’
noticeably poorer than growth on 10% saturated Tf providing 7.5 uM Fe.

o

4.2.2 Growth of EL4-1 cells on non-transferrin Fe sources

Figure 16 shows that EL4-1 cells can grow on bovine hemoglobin, horse
spleen ferritin and the inorganic Fe salt ferrous ammonium sulfate. The
cells grew better on this latter source of Fe when 50 ;g m1-1 apo-Tf was
added to the medium as “apo-Tf is able to bind the Fe and render it

<
directly available to the cells. The cells grew better on bovine

\

\ s




Fig. 15

Growth of Eal,a-l %glls on physiological transferrin levels and
“bovine hemoglobin. EL4-1 cells, prepared as described in Fié
13, were inoculated at an i}\itial level of 1 X 10% cells ml'1
into RPMI containir;g 37.5 uM ( 3.0 mg m1°1 ) human TE at 50%
( A ) and 10% saturation ( W ) and containing 1:10 f ( 0 ).
Cells were also inoculated into a flask containing bovine

3

hemoglobin containing 17.9 uM Fe ( @ ).
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Fig. 16 Growth of EL4-1 cells on various Fe complexes. EL4-1 cells,
prepared as described in Fﬂ‘;ig. 13, were inozulated at a start-
ing level of 1 X 10° cells ml™! into RPMI containing bovine
hgmoglobin ( ® ), horse spleen ferritilix ( O‘3 ), ferrous fr)am~
monium sulfate ( A ) and ferrous ammonium sulfate with 50 ug

ml™l human apo-Tf ( ® ): All Fe sources were added to give a

final Fe concentration of 17.9 uM (1 ug ml'—l).

4
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hemoglobi# when started at a higher initial number of 1 X 10 cells ml'}
than when they were started at 1 X 104 cells ml'1 (Fig. 15) It is not
known whether inorganic Fe was directly available to the cells or whether
it was made available by traces of Tf which cole have been transfervred
with the cells. Attempts were made tp minimize this by washing cells and
incubating t;em in Fe and Tf-free media for 24 h then washing the cells
againm before using them'in an experiment.

These results are interesting for two reasons. First, the results
demonstrate that EL4-1 cells can utilize Fe sources other than Tf Eor
growth. Titeux et af. (1984) also found that Fe salts, hemin or hemoglobin
could replace Tf for se;um-free culture of 3 human leukemic cell lines
Hemoglobin would prob&bly not normally be available in vivo as free - heme or
hemogfobinu§%om lysed erythrocytes 1is normally bound by hemopexin or hap-
toglobin and removed from the circulation. During the tissue destru?cion
which may accompany neoplastic disease, however, hemoglobin Fe might become
available to the tumor cells Secondly, these studies deﬁonstrate that Tf

o

is a much more efficient Fe donor to the cells than the other Fe sources

\ .

studied. If Fig. 14 and Fig., 16 are compared it chn be seen that the lym-

phoma cells grew almost as well on 50 ug mk'l 50% saturated Tf (0 035 wuyg
m1t Fe) as on hemoglobin providing 1 ug ml"! Fe and better than on fer-

ritin or inorganic Fe donating 1 ug ml'~1 Fe.

%

.

4.2.3 Determination of cellular Fe, respiration rate, cellular heme,
L]

lactic acid production and enzyme profiles of the lymphoma cells

The fact that the lymphoma cells could grow on such low levels of Tf-

<
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Fe as 6 ug ml-l at 10% saturation providing 0.00084 ug ml7l Fe suggested
that the cells have a primarily {élycolytic metabolism as in this case
}ittle Fe would be required for the synthesis of éytochromes andflthe other
Fe-containing compounds of the respiratory chain. In order to investigate
this, various aspects of the cellular physiology of the lymphom; cells were
examined. Cellular Fe levels were measured by -atomic absorption
spectrophotometry; the presence 9f cellular hemes was inveséigated by look-
ing for a heme Soret peak at approximately 417 nm when scanning a
homogenized cell preparation spectrophotometrically. The cellular respira-
tion rate was also measured (Table 5). The présence of hemes was not
detectable (Table 5); the cells must, however, possess low levels of hemes
as the cells demonstrated a low level of cyanide—sensitive respiration.
The addition of cyénide eliminated respiration completely.

The Fe content of EL4-1 cells (Table 5) can alternatively be expressed
as 22 ng Fe per 106 cells or 39.3 nmol per 108 cells., Smit et al. (1982)
measured the Fe content of several tissue culture cells and found that DON
Chinese hamster fibroblasts, Chinese hamster ¢vary cells (CHO) and BW 1
mouse hepatoma cells contained 35:2, 42 .6 and 38;6 nmol Fe per 108 cells,
levels which are very similar to those found for EL4-1 cells. It is inter-
esting to note that normal and malignant cultured cells such as the EL4 and
mouse hepatoma cells contain relatively equivalent amounts of cellular Fe

This implies that there is no enhanced storage of Fe by malignant- cells
grown in vitro. A similar observation was made by Schade (1976) in in vivo
studies in plasmacytoma-bearing mice.

To further examine the gl{?olytic capacity of EL4-1 cells, these cells

were grown in RPMI with 0.3 uM 50% saturated human Tf for 72 h after which
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TABLE 5.
. (T

Cellular Fe, O, consumption and heme Fe of EL4 cells.

Cellular Fe ! 0, Consumption3 Heme Fe®
Cells Grown ug Fe mg'l protein2 nmol/min/lo6 cells 00417/ 10°
(+ cyanide) . cells
EL% in vitro 0.108 (0.042)° 0.62 # not

(cyanide sensitive) detectable-

-

EL4 {p vivo 0.075 (0.021) 0.52 not

(cyanide sensitive) detectable
°

*»

s ° P
EL4-1 in vitro 0.168 (0.016) not done not done

V)

lcellular Fe was determined on homogenized cell preparations using atomic
absorption spectrophotometry in the graphite furnace mode.

2Protein assays were performed according to the method of Lowry et al.
(1951).

3Respiration studies were performed using a Ciark polarographif 0,
electrode. Determinati€;§ were done with 3 ml samples of celI; (1 X 10°
cells ml'l). After initial O, ﬁpéake rates were established (apérox;mately

10 min) 10 ul of 300 mM KCN was added and uptake was followed for 20 min.

4To detect hemes, cell homogenates were scanned ftom-450-350 nm (Perkin El-

(Bopkin B
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.

mer 555 UV-Vis spectrophotometer). Horse heart cytochrome c was used as a
IJ .

W -

————
standard. For Fe and heme analysis of in vivo cells, mice were bled com-

plétely from the retro-orbital sinus before the tumor cells were harvested.

Any contaminating erythrocytes were lysed. The cell suspension was washed

twice and resuspended in saline.
»

Numbers in parentheses represent the standard deviation.
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time both the residual glucose and the lactic acid concentratjon of the ® \
|

ffffﬁy, were measured. It was determined that of the original 111 umor//’—‘\w
ml-1 glucose present, 4.45 umol of glucose was utilized. This could
theoretically give ‘rise to 8.91 umol ml™! lactic acid. The actual value of
lactic “acid measured was 6.63 umol ml'l, 74 .4% of the nmx£;81 theoratical
value. Thus a substantial proportion of the glucose ‘utilized was metabo-

lized to lactic acid suggesting tﬁat these cells_'do indeed have a highly
glycolytié metabolism and this may at least in part account for the low Fe
requiremenss for growt%.

Finally, in this phase of the study, the enzyme profiles of Fe-
deprived and Fe-sufficient <cells were compared (Table 6) The only
qualitative differences in the en;yme ontents of the cells were that the
Fe-deprived cells demonstrated a very, slight positive reaction for alpha-

mannosidase and alpha-fucosidase. There were also several quantitative dif-

ferences. Quantitation was, however, crude being by visual comparison of

I

control and test color development. (The API ZYM system used for the en-

zyme analysis is fully described in appendix II.) '\
R 4.2.4 Growth of EL4-1 cells on various transferrins -
\}

The next aspect of the study involved performing growth experimeﬁts to
determine whether cells could grow on other forms of Tf Besides human Tf:
these included murine Tf, bovine Tf, 1actofe;rin (Lf) and conalbumin
Figure 17 demonstrates that EL4-1 cells grow equally well on 50% Fe-r

i daturated mouse or human Tf at the low levels of 3 and 6 ug m1“1 (37.5 and

75 nM Tf and Fe respectively). Figure 18 reveals that the cells grew less

Q o




. TABLE 6.

Enzyme profiles1 of Fe-sufficient?

and Fe deprived3 EL4-1 cells.

Number Enzyme Fe-sufficient0 Fe-depriyed
1 alkaline phosphatase 1/2% 1
2 esterase (C4) h 1 l 2
3. AN esterase 1;;§5§ (C8) 2 - . 3
4» lipase (Cl4) 1/2 1/2
5 leucine g;inopeptidase 5 3
6 valine aminopeptidase 1 '1
7 . cystine aminopeptidase 2 2
8 trypsin - -
9 ‘ chymotrypsin - -

> 10 acid phosphatase 2 4
11. T phosphoamidase T 2 2.5
12 alpha-galactosidase - -
13 beta-gglactosidase 1 . 2
14 beta-glucuronidase 2 3
15 alpha-glucosidaée 1/2 1
16 beta-glucosidase - 1/2 1
17 N- acef};'l -pegta-; \ R ‘. .

glucgsaminidase 1 2

18 alpha-mannosidase \ - . 1/2
19 alpha-fucosidase - 1/4
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lThe enzyme profiles were done using the API ZYM system from Analytab
Products Division of Ayerst Laboratories. Cells were washed in saline and
resuspended in 3 ml saline at 7.6 X 108 cells ml'l. The API zwM strips were
inoculéted and incubated at 37° C for 4 h. Reagents A and B were addeé and

the strips were read by comparing the colour reactions to those in the

¢ -colour chart provided. G

2'3ELA-1 cells were removed from a mouse and cultured in vitro with™75 nM
50% Fe-saturated human Tf. After 48 h cells were washed and split into 2

- sets: one set was grown as above, the other was grown without Tf or Fe for

[y

40 h, _ J
%The colour intensity was estimated on a scale from 0-5 as determined by

comparison to a colour chart provided with the API ZYM system.

1



Fig. 17

-~

A comparison of grgwth of EL4-1 cells an and murine
- .

transferrin. The lymphoma cells, prepared as in Fig. 13, were

inoculated into media containing Bf: { 3 ug ml'l) ( m ) and

75 ( O ) nM (6 ug'ml’l) murine Tf o¥ 37.5 ( @ ) and 75 ( O ) °

nM human Tf at 50% Fe saturation. i \

- @ e
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A comparison of growth of EL4-1 cells on human and bovine

Y

transferrin. Lymphoma cells, cultured and prepared as
described for F;g. 15, were inoculated into media containing 75
nM (6 ug ml'}) ( @ ) or 250 nM (20 ug m"!) ( O ) human Tf
and 75 nM ( W ) or 250 nM ( O ) bovine Tf at 50%4Fe satura-

tion.
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weil on 50% Fe-saturated bovine Tf at both 6 and 20 ug ml™ ! than

Tf (this represents 75 and 250 nM Tf and Fe respectively). Figure

117

on human

19 shows

that these lymphoma cells could not utilize Fe from 50% Fe-saturated conal-

bumin or Lf. These result% are similar to the findings of others using

different cell lines. For example, Messmer (1973) showed that Chinese

hamster V79 cells grew well with human and rabbit Tf's but poorly with por-

4
cine and bovine Tf's and conalbumin. Furthermore, Chinese or Syrian

hamster serum and human serum were found to be better Fe sources for the

cells A than were rat or mouse sera. Bartek et al. (1985) found that MOLT-3

human T-leukemic cells could grow on human, porcine or rabbit Tf at a con-

centration of 5 ug ml°! but could not grow on bovine Tf at this concentra-

tion. Tsavaler et al. (1986) recently found that human K562 cells grew

equally well on bovine or human Tf at the relatively high concentration of

0

300 ug ml'l. Penhallow et al. (1986) found that for in vitro culture of

HelLa cells a higher concentration of bovine Tf was required than

of human

Tf. Thus, as is particularly apparent at low Tf concentrations, cells have

Tf species preferences for growth. EL4-1 cells grow better on
murine Tf than on bovine Tf and cannot use Lf or conalbumin

however, would not be expected to be a good Fe source as it

LS

-

human or
Fe. LE,

does not

release Fe at low pH as Tf does; therefore it would not relinquish Fe

intracellularly>within an acidic endocytic vesicle.




Fig. 19 ) Growth of EL4-1 cells on Fonalbumin and lactoferrin. EL4-1
cells, prepared as in Fig. 13, ;ere inoculatéd into media con-

~taining 75 nM (6 ug ml°l) human Tf ( @ ), 1000 nM (80 ug ml™l)
conalbumid ( m ) and 1000 nM Lf ( A ). All proteins were

prepared to 50% Fe saturation.

7.
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4.2.5 Uptake of 3%Fe from 50% Fe-saturated humg; transferrin by EL4-1
cells and the effect of the hypoferremic response

[} -

The rate of Fe acquisition by EL4-1 cells was determined by measuripg
uptake of 39Fe Ffrom 50% saturated Tf at concentrations from 12.5 to 600 nM
Tf and Fe. A plot of uptake velocity (Fig 20A) as a function of medium Fe
concentration at a constant Tf concentration demonstrated that uptake
velocity was approaching maximal at 150 nM Fe and Tf Saturation of the Fe
uptake system occurred at'!1/250 of 'the physiological Tf levels Sub -
sequently; the "effect of the hypoferremic response on Fe uptake was ex-
amin;d. Cells were incubated in aliquots with 75 nM 50% saturated 29e. TF
plus sufficient added apo-Tf to reduce the per cent Fe saturation from 50%
to 27, 15,  and 4% (Fig. 20C). It is evident that, this substantial
decrease in saturation does not effect a proportional decrease in Fe uptake
by the cells. This same data was plotted as uptake velocity versus in-
crease in medium UIBC (Fig. 20B). The gradual increase in UIBC from 75 to

1635 nM mimics the decrease in Tf Fe saturation and corresponding rise in

UIBC which would occur in vivo during the hypoferremic response. The

. results demonstrate that the Fe uptake velocity is relatively insensitive

to large increases in UIBC.

In a subsequent experiment, uptake of SgFe from Tf was measured by

¢

cells in the presence of 24 ug m1"1 (300 nM) 50% Fe-saturated Tf and by
cells in which this effective Tf saturation was reduced to 10% by the addi-
tion of apo-Tf (Fig. 21). With this five-fold reduction in Tf Fe satura-

tion only a 34% decrease in Fe uptake was observed In contrast?, when |

studies were performed in which unlabelled 50% Fe-saturated Tf was added to

e




Fig.

20

Evaluation of Fe uptake from transferrin under various condi-
1 . ,
tions. (A) The relationship between the steady state velocity

of Fe uptake by EL4-1 cells and the concentration of 50% Fe-
59

-

saturated Tf was determined.
was added to EL4-1 cells (1.5 X 10° m1°l) at the indicated
concentrations at zero time. Uptake is calculated from total;i

~Fe taken up after one h incubation. Data are averages of 4

)
.

replicates. (B) An-examination of the relationship between the
steady state uptake velocity and the per cent Fe saturation of
Tf at a constant Fe concentration of 75 nM. Uptake 1is calcu-
lated from total Fe taken up after. one h incubation of EL4-1
cells (1.5 X 106 ml'l) with ngFe-labelled Tf. In eath case,
the 75 nM Fe was added as monoferric Tf and the UIBC progres-
sively increased by addition of apo-Tf. Tf Fe saturation
values for UIBC Jlevels of 75, 198, 415, 816 and 1635 nM are 50,

]

27, 15, 8 and 4% respectively. The results are determined fr’om

. data obtained in Fig. 20(C).

Fe-labelled 50% saturated Tf

3
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Fig. 20C The effect ;)f the addition of increasing concentrations of apo-
Tf on Fe uptake was examined. Seventy®five nM (6 ug ml'l)
50% Fe-saturated 59Fe-1abe11;d Tf was added to each of 5 flasks
containing 1 5 X 10% cells ml"l.  The control flask contained
no further additions ( @ ). :I‘o the remaining f1a§ks increas-
ing concentrations of apo-Tf were added to give the final total

S
1
Tf concentrations 136 nM ( A ), 240 nM ( = ), 445 oM ( O )

9

and 855 nM ( A ). Duplicate one-ml samples were

I3

rgoved at &e specified times and Fe uptake was measured.

Data poInts represent the average of 4 experiments.
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The effect of increasing the concentration of apotransferrin .

(raising the UIBC) on the Fe uptake rate by EL4-1 cells. The

lymphoma cells (1.5 X 106 ml'l) were incubated-:with 59Fe-'I’f at

N 3

50% saturation (3OOFnM Tf, 300’nM Fe) ( @ ) and at 10% satura-

e

‘tion (1500 nM TE, 30'0 nd Fe) ( A ). Duplicate ope-m-l samples .

were removed at the indicated times and Fe uptake was measured.
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Duta points represent the average of two experiments.
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assays in ratios of 1:1 and 1:3 with radiolabelled Tf, uptake ggjlabelled
Fe was reduced by 50% and 62% respectively at 1, 3 and 6 h. Fe-containing

Tf has a much greater inhibitory effect on uptake than apo-Tf.

» - »

In order to explore the reason fgr this slight inhibitiqg by ‘apo-Tf on
Fe uptake, control microtiter wells of EL4-1 cells were incubated with 24
ug'ml'1 50%" Fe-saturatea 39Fe-Tf at 4° C; test wells alsc contained un-
labelled 50%-saturated Tf or apo-Tf at ratios of 1-1, 1.10, 1:100 and
1:1000 to radiolabelled Tf This assay was performed at 4° C in order to
examine bindlng of Tf to cells as opposed to uptake of Fe. It can be ‘seen
(Fig. 22) that relative to ferrated Tf, apo-Tf offered very little competf-
tion to labelled Tf f%r binding to the cells. As apo-Tf has very little
binding affinity for tﬁe cellular Tf receptors the addition of'apoin to
uptake assays, to mimic the hypoferremic response, caused little inhibition
of Fe uptake from Tf. These results égpcur wigh those of Dautry-Varsat et
al. (1983) and Klausner e% al. (1983a) who found that eucéryotic Tf recep-
tors have high affinity for ferri-¥f and a lower .affinity for apo-Tf at
neutral pH. At acidic pH, however, the Tf receptor has a hfgh‘affinity for
apo-Tf. It 1is this differential response of the receptor to _ferri- and
apo-Tf which enables the cellular Tf cycle to function. |

In~Fig. 21 it was demonstrated that a 1-5 dilution of 50% Fe-
saturated ff with apo-Tf decreased Fe uptake by 34%, In' Fig. 22 apo-Tf
added at a ratio of 1:100 to radiolabelled ferri-Tf did not affect binding
of férri-Tf at 4° C. It should be pointed out, however, that in one case
uptake at 37° C over a 6 h period was being measured and in the other cag
binding at 4° C after 60 min was being examined. Fig. 21 demonstrateg/fgfj

the difference in uptake at 50% and 10% saturation after 60 min was very

¥




Fig.

22

/

Binding of 50% saturated >9Fe-1abelled human transferrin to

El4-1 cells in the presence of unlabelled 50%-saturated trans-
EL4-1 cells were added at a level of
6 -1 7 1
3X10° ml to 24-well microtiter plates containing 24 ug ml~

ferrin or apotransferrin.

SgFe-labglled 50%-saturated human Tf (control wells). T

wells also contained unlabelléd 50%-saturated human Tf (/@ )

or apo-Tf ( ®m ) in ratios of 1:1, 1:10, 1:100 .and 1:X000 to

labelled Tf. Binding proceeded at 4° C for 60 min.
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slight. The apparent difference between the data in Fig. 21 and Fig. 22 do

not suggest that some of the 39Fe was non-specifically bound to the Tf as

gh; Tf was Fe loaded with ferric citrate which delivers Fe specifically to

the Tf Fe binding site. Also, Tf preparatigns were checked for specific
‘ 1

Fe binding by determining the absorbance ratio at 465/280 nm (J%ction‘

3.5.1) which demonstrates that Fe is correctly bound to the Fe binding site

of Tf.
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4.3 Transferrin binding studies

A

4,3.1 Enumeration of ‘surface transferrin binding sites ;n EL4-1 cells
The results of section A.Z.AHWere interesting as they suggested that as
the EL4-1 cells grew better on sQ:fific types of Tf, the cellular Tf recep-
to; might preferentially bind certain types of Tf over others. Before ex-
amining Tf-receptor binding specificity, several other aspects of Tf bind-
ing to El4-1 cells were examined. Initially, binding studies at 4° C were
performed in which ELA-l(cells were incubated with various concentrations
of 1251.1abelled Tf in RPMI 1640 media containing 0.1% BSA to minimize non-
specific binding. The amount of Tf bound at each concentration was
measured (Fig. 23). From this data, Scatchard plots were ;rawn -and the
number of surface binding ;1tes were determined from the abscissa intercept
(Inset, Fig. 23). " In these studies non-specific binding wds corrected for
using the method of Chamness and McGuire (1975). The cells were found to
have an averaée of 1.1 X 10° surface binding sites per cell. The dissocia-
tion constant (K4), determined from the slope of this graph, was 5.9 X
1079 M representing the ligand concentration at which half the receptors
gre occupied. This concentration is far lower than the mean physiological
Tf concentration in the serum, 37.5 uM, indicating a very high receptor-
ligand affinity. Many similar binding studies have been performed on
human: mouse and rat cells and a few of these studies have been summarized
in Table 7 for a comparison with EL4-1 cells. It can be seen that EL4-1
cells are very similar go other cultured cell lines in both the number of
binding sites and the Kd. Ciechanover et al. (1983) found that HepG2 human

m N




Fig.

23

Binding of radiolabelled diferric human transferrin to EL4-1
¥ o

cells at 4° C as a function of mgﬁium transferrin concentra-
tion. EL4-1 cells were cultured j_nﬁ vitro in RPMI with 0.3 uM
human diferric Tf. Cells were harvested and incul;at:ed (37° ¢,
90 min) to eliminate internalized Tf. The cells were washed
and 1.5 X 10% cells were added to microtiter wells prepared as
follows. Ten ug of 1251 1abelled Tf in RPMI with 0.1% BSA was
ad;ied to well one of the microtiter plate then diluted serially
two-fold to well 11. The final volume in each well was 200 ul.

Binding proceeded for 90 min at 4° Cc. Data points represent

the average of 4 gxperiments. Inset: A Scatchard plot of the

above data.
BSA (O.lfi;) was added to the medium to minimize non-specific
binding. For the Scatchard analysis, any non-specific binding

which occurred was corrected for using the method of Chamness
and McGuire (1975). ' %

14
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TABLE 7.

128

A comﬁarison of cell lines with respect to number of transferrin binding

sites per cell and transfer;I;\binding affinity.

Cell~line and type. (Reference) Temp. Binding sites Ka--M'1
° o per cell Kyq-M ’
K562-human erythroleukemia(l) 4 1.5 X 10° Kq-2.1 X 1079
.HGC-25-human pancreatic carcinoma(2) 37 0.37 X lO5 K,-2.58 x.1o‘§g
Human fibroblasts(3) 37 3.9 X 10> K45 1 X107
A431-human epiéermoid carcinoma(4) 5 1.2 X 105 .
HepG2-human hepatoma(5) 4 5.1 X 104 Ky-4.4 x 1077
L1210-mouse leukemia(6) 37 6.4 X 10° - "
Mouse teratocarcinoma(7) 4 5.7 X 103 K4-6.7 X 1079 -~
RILQ mouse thymic lymphoma(8) 15 1.2 x 10°  K,-5.1 X 1p8
Mouse spleen(8) 15 5.5,;X 10& K,-6.3 X 108
Mouse thymus(8) 15 <5.0 x 103 .
Mouse reticulocytes(8) - 15 6.1 x 10  K,-5.9 x 108
_Rat erythroblasts(9) 0 5.0 X 10> K,-2.5 X 107
e -
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hepatoma cells contain 5 X 104 surface Tf binding sites and 1 X 10° inter-

nal sites. Thus the majority of Tf binding sites are inte;nal. The_ total

number of binding sites can be determined by performing birﬁ?ng studies at

37° € but this was not done in th study. The majority of experiments

were performed at 4° C in order to :i;;zsg'ﬁ{nding as ;pposed to uptake of
&

TE.

4.3.2 . Time course binding and uptake studies

/
! -

\
.The time course of the binding and uptake of l251-Tf by EL4-1 cells
was performed at 4° C and at 37° C respectively (Fig. 24). Binding was
rapid and a plateau was reached by 30 min at both 37° C and at 4° ¢ " The

curve at 37% C represents both binding and uptake of Tf. Numerous reports

indicate that at 37° C bound Tf is internalized and the internal pool ot

+° receptors is recycled to the surface of the cells for more binding to occur

(sectian 2.9.2.3). 1In a subsequent experiment, cells were incubated at 379

C for one h with 0.5 ug 1257 r¢. They were then centrifuged, washed 3

v

times and bound Tf was determined. Cells were then re-incubated at 37° ¢C

with 50 ug of unlabelled diferric Tf for 10 min and 40 min. After 10 min

-

incubation, 34% of the label had been released into the medium; after 40
min, 82% of the label had been released indicating that Tf is taken up,
presumably the Fe .is removed and subsequenély the Tf is released from the
célls. Karin and Mintz (1981) studying murine teratocarcinoma cells found
that 80% of cell-associated 1257 1¢ Qas released after one h of incubation

and waf trichloroacetic acid insoluble indicating that there had been no

gross degradation of ligand.




Fig. 24 Time course of transferrin binding by EL4-1 cells. EL4-1
cells were cultures and prepared.as described in Fig. 23,
Cells were added to. microtiter wells containing 0.5 ug
radiolabelled human' Tf in REMI.With 0.1% BSA at 37° C (m )

and 4° ¢ ( ® ). Binding was terminated at the indicated

c

times.

o
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4.3.3 Competitive binding Qﬁjays
In section 4.2.4, growth of EL4-1 cells on se®pral different types of
B \ +
Tf was examined and it was found that of the Tf's ‘tested human and murine

Tf were the optimal Fe sources. Conalbumin and Lf could not be used and

bovine Tf was not as good as human or murine Tf. In order to determine if

- °

this was because these compounds had a lower binding affinity, competitive
binding studies were performed at 4% C (Table 8). In these studies, cells
were added to control wells containiﬂg 0.5 ug of 1251 1abelled Tf and t;st
wells containing labelled Tf and 0.5, 5, er 25 ug of a c;mpeéing unlabelled
protein. It can be seen (Table 8) that when unlabelled human Tf was added

-

to cells in an amount equal to radiolabelled Tf approximately 50% inhibi-
tion of binding occurred demonstratiné that theliodination procedure did
not alter the biéding sites on the Tf or Tf binding to the réceptors. Lf,
conalbumin, and bovine Tf were not competitive with human Tf even when
present at 50 times greater concentration. Zapolski and Princiotto (1976)
found that human Lf and conalbumin could’not supply rabbit reticulocytes
with Fe for heme synthesis. Moreover, neither Lf nor conalbumin interfered
with reticulocyte uptéke of Fe from Tf. Messmer (1973a) studied the bind-
ing of human 125I—Tf to V79 Chinese hamster fibroblasts and found that it
required 120 times as much bovine Tf as human Tf to achieve 50% inhibition
of labelléd human Tf ?inding. It was ;lso found in these s?udies that
Oconalbumin diqd not compete significantly with human Tf for binding to these

cells. 'The EL4-1 cells used in this assay had been grown in vitro in human

Tf. To determine whetgfr cells grown in fetal bovine serum and thus on

bovine Tf responded in a similar manner, binding studies were performed
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TABLE 8. \
Effect of competition with unlabelled human, murine and bovine
transferrin, lactoferrin and conalbumin on the binding of
radiolabelled human transferrin to EL4-1 cells.1
*Ratio of labelled
human to unlabelled ‘ 'Y
B TE 11 1:10 1:50
Competing Ligand2 o : ”
Human Tf 53.9 (3.1)3 -13.7 (3.0) 1.0-
Murine Tf . 94.5 (1.5) "82.0 (2.0) 64.0 (8.0)
Bovine Tf ) 190:5 (2.1) 97.3 (2.8) 90.2 (2.1)
" Lactoferrin 119.9 (3.4) 96.9 (3.9) 94.0 (12.0)
> Conalbumin ’ T 127.4 (25.5) 96.0 (0.0) 101.0¢(5.0)

lE14-1 cells were cultured in witro in Fe-extracted RPMI with 0.3 uM difer-
ric human Tf.r Cells were harvested by centrifugation, washed once and then
incubated ‘for 90 min in Tf-free RPMI at 37° C to eliminate any internalized
Tf. Celis were harvested and washed again at 4° C and'added to wells con-
taining 075 ug radiolabelled human Tflor labelled Tf and QfS, 5 or 25 ug o;
an unlabelled ligand. Binding (4°,C) was terminated after 60 min.

2Numbers represent labelled Tf bound in the presence cf unlabelledTTf as a
percent of labelled Tf bound i; the absence of unlabelled Tf.

°

v B %
3Numbers in parentheses represent the standard error of the mean. !

[N
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using the original EL4 cell line whichAhég been cultured in RPMI 1640 wit_h

10% F.B.S for two months (Table 9) Simila;: results were obtained Tf;us
even though cells had been cultured in bovine serum for a prolonged period
of time the cells preferentially bound human-Tf over bovine Tf.9 This
demonstrates that this Tf receptor preference is not unique to the EL4-1
line or produced by the selection for a serum-independent cell line.
/ff%avaler et al. (1986) performed 4° binding studies with K562 eryth-
‘k)‘rolex_xkemia cells and found that it required 2000 times as much bovine Tf to
btain 50% i’nhibition of binding as for human Tf. Penhallow et al. (1986&)

" &ported that a ten-fold excess of ovoTf (conalbumin) or bovine Tf did not
‘compete with human Tf for binding to human Hela cells. *These authors also®
performed a soluble receptor assay Qsing’ 5 nM labelled human Tf and various
co:g;-cing le:r},\s of homologous and heterologous sera. With human seru,m,

&

one-half 12&4‘1'.mal binding occurred at 6.5 nM Tf and with fetal calf serum
) dne-half maximal binding occurred at 3000 nM TE.

An interesting finding was that murine Tf did not compete as well as
human TE for binding to t'he receptors of these mouse cells although the
cells grew well on murine Tf (section 4.2.4) The cells used f;); these
initial binding studies were grown in vitro with human Tf. To rule out the
fact that this might have had some effect on binding, cells were removed
from the peritoneal cavity of a mouse and then cultured in either human or
mouse Tf before binding studies were performed (Table 10). Virtually the
same results were obtained as in Table 8; therefore the apparent preferen-
tial binding of human Tf was not due to pre-growth in media containing
human Tf.

EL4-1 cells had originally been selected- because they could grow in
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TABLE 9., ° J
~

Effect of human, murine and bovine transferrin

on the binding of radiolabelled human transferrin

g ~ to the’ original EL4 cells.l
Ratio of labelled
® to unlabelled Tf 1:1 1;10 .
s

Competing Qgirgz

Human T£ V 49.5 (4.0)3 5.1 (1.8)
Murine Tf 100.Y (0.9%5) 88.8 (0.4)
Bovine Tf . 104.2 (2.4) 109.0 ZO.S)

1

lEl4 cells were cultured in vitro t:or two months in RPMI 1640 with 10%
F.B.S. Cells were prepared and binding assays performed as in Table 8.
2Numbers represent labelléd Tf bound in the presence of conpeting Tf as a
percent of labelled Tf bou.d in the absence of competing ligand.

3Numbers in parentheses represent the standard error of the mean.

-

H
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TABLE 10.,

o

Effect of human and murine transferrin on the binding of radiolabelled

human transferrin to EL4-1 cells cultured with human or murine transferrin

as their Fe source.1
° Murine Tf Human Tf
\ i ' grown cells ) grown cells

— - .
Ratio of labelled ,
o unlabelled Tf ‘1:1 1:10 1:1 1:10
Competing [,‘J,gamd2
Human Tf 48.2 (2.2)3 13.6 (1.8) 52.1 (1.5) 9.1 (1.1).
Murine Tf 101.8 (O./;)' 84.9 (4.0) 100.6 (0.2) 81.7 (1.3)

A

B

1ELl&-l cells were removed from the peritoneal cavity of a mouse and were

3

!
‘cultured in vitro in RPMI 1640 containing 0.3 uM diferric human or mouse Tf
for 48 'h prior to the binding assay. The growth during this time repre-
sented 2.5 doublings. Details for the binding experiment were as in Table

8.

ZNumbers represe\?t labelleM Tf bound in the presence of unlabelled
)

(competing) Tf as a percent of labelled Tf bound in the absence of un-

labelled Tf.

3Numbers in parentheses represent the standard error of the mean.
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RPMI synthetic medium and human Tf in vitro. For the results to be
generalized it was necessary to know if the receptors on these cells were
somehow different from other murine cells. Therefore competitive binding
experiments were also carried out using YAC-1 cells, P815 cells and normal
bone marrow cells from adult CS7I black mice (Table 11). The velative
response of all these cell types to murine and human Tf was similar » |

Rich et al. (198l) compared the effect of human and mouse Tf's on_ in
vitro growth of eagly BFU-E and late CFU-E‘ erytiffopoietic precursers in
murine bone marrow. They found that mouse bone marrow cells have greater
specificity for mouse Tf than human Tf as 9505%&J-E. colonies/105 cells w::re
obtained using mouse Tf and 650 CFU-E co].orxies/lOS cells were obtained with
human Tf. Lappin et al. (1985) *also found that mouse Tf was more
stimulatory than human Tf in the mouse spleen cell microassay for estima-

tion of erythropoietin, Rich et al. (1981) suggested that mouse Tf 19

°

better able to bind cell receptors and transfer Fe to proliferating and .

differentiatinglmurine erythroid cellrs than human TEf. It is difficult,
hoveverc, to compare growth.studies in which only one type of Tf 'is present
over a re]‘.ati‘vely long period of time ;lith competit\ion studies at 4% C in
which two types of Tf are present simultaneously for a  short period of
time. In the present studies, EL4-1 ce‘lls grew equally well on human and
murine Tf but when both were present in binding 'studies human Tf was

Q

preferentially bound. Also, it is .difficult to compare tumor cells with,
erythroid cells as erythroid cells have a much higher Fe requirement for
hemoglobin synthesis. Lane (1972) fgund that only half as much human Tt

was bound to rabbit reticulocytes as rabbit Tf and suggested. that fewer

receptors can bind human Tf because the molecule is larger and when bound

I
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TABLE 11.

Effect of unlabelled human and murine#transferrin on the

binding of radiolabelled human transferrin to EL4-1,

P815, YAC-1 and normal murine bone marrow cells.1

" T '

Human Tf as ‘the -competing ligand

Ratio of labelled

to unlabelled Tf 1:1 1:10 1:50
Cell type ’
a
’ EL4-1 2 49.4 (1.5)3 10.9 (2.5) 2.0 (0.6)
P815 45.6 (2.0) 1079 (0.8) 2.4 (0.5)
YAC-1 60.2 (1.8) 15.5 (2.3) 3.8
. Bone Marrow 48.1 (3.0) 19.1 (2.9) -

A ] o ® ° N
>

Murine Tf as the competing ligand

Ratio of labelled

to unlabelled Tf ©1:1 ' 1:10 1:50
Cell type
EL4-1 101.8 (3.0) 91.0 (2.6) 62.9 (4.2) ~
’ P8lS . 93.8 (1.4) 84.9 (5.2) 63.9 (6.1)
CYAC-1 100.0 (2.0) 91.3 (1.8) 71.2 (2.5)
‘:’ Bone Marrow 98.% (2.5) 100.6 (4.4) 65.7 (6.6)
T
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EL4-1 cells were cultured as described ‘m/ Table 8. P8%5 and YAC-1 cells
v

M

were maintained in’ RPMI 1640 with 10% F.B.S Murine bor® marrow cells were
"B - .
obtained from adult «C57 mice as described in section 3.2. Cells were

prepared for the assay and the assays performed as described for Table 8. |

2Numb°ers represent labelled Tf bound in the presence of unlabelled  p
N , a

(competing) Tf as a percent of labelled Tf bound in the absence of un-

&

labelled Tf. q}

3Numbers in parentheses represent the standard error of the mean.
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inhibits binding of other molecules to adjacent binding sites. The results

from the present study might be unique to the [articular mouse Tf used 1i.e.

v

to ite murine source or purification procedure. However, the protein was

pure as determined by SDS-polyacrylamide gel electrophoresis, bound Fe like
human Tf, as determined by absorbance at 465 nm, and the EL4-1 cells were
able to grow well on it. Perhaps human Tf binds more readily to murine

receptors because of its molecular weight and/or conformation but does not

release Fe as readily intracellular}y. Thus mouse Tf might remain a better

* Fe source for growth and differentiation of murine erythroid cells with

their high Fe requirements. There is at present no evidence for this.

!
4.3.4 The effect of deglycosylation of transferrin on binding

1

Traqsferrin is a glycoprotein and human Tf coAtains 6% carbohydrate.
The‘molééule contains two branched carbohydrate chafns which terminate in
siali& acid gésidues; the carbohydr;te chains are found in the p—terminal
half of the molecule attached to asparagine residues 413fand 611
(MacGillivray et al., 1983). The pro;ortio; N;; carbohydrate varies,
however, among the different species of Tf's. Hatton et*al. (1974) deter-
mined the carbohydrate co;tent of bovine, porcine, rabbit and dog Tf's and
found that humean Tf has twice the amount of carbohydrate as -these species.
Conalbumin has only one carbohydrate chain consisting of 4 residues of man-
nose and .8 of N-acetylglucosamine. Chicken serotransferrin, on the other
han@ also contains one carbohydrate chain but consists of two galactose,

two mannose, 3 N-acetylglucosamine and one or two residues of sialic acid

(Williams, 1968). Carbohydrates on proteins are postulated to have several
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ft(xynctions including: labelling of secreted proteins for export, recogni-
tion of proteins by target cells or protection against proteolytic damage
(Olden~ et al. 1982). -
Since the carbohydrate content of I’Tf varies among species and since
. there are definite differences in the b;ding of wvarious speciles’of 'I;f to
cell receptors the importance of the carbohydrate chain of the Tf molecule
in receptor recognition of the ligand was examined. Human Tf was
deglycosylated using the enzyme N-glycanase, obtained from Genzyme Co’rp and
the deglycosylated Tf was used in competition binding studies (Table 12A )
That‘ the carbohydrate had been removed was ascertained by running native
and deglycosylated Tf's on an SDS-polyacrylamide gel, silver{ staining the
gel and looking for a single band of decreased molecular weight (Fig 25A).
. Examination of the gel revealed that the majority of the proteln was
deglycosylated. On the gel in the lanes in which deglycosylated Tf was run
. ’ thg'ee bands are apparent The faint band &f highest molecular weight {sg
believed to be a smal’l} quantity of native non-deglycosylated Tf The two

0 .
e lower molecular weight bands are thought to represént mono and di-

.deglycosylated Tf, that 1is, Tf from whichgone andltwo oligosaccharide

chains have been removed. Deglycosylation was further examined by Pardo

. Pannunzio of t’his department using a Western blotting procedure. The Tf's

. were run on a SDS-polyacrylamide gel, were blotted onto nitrocellulose
paper and probed with concanavalin A c0L1~p1ed to horseradish peroxidase

‘The results in Fig. 25B, confirm that the enzymatic deglycosylation was

successful. The deglycosylated protein was as competitive as native human

Tf when added in concentrations equal to ‘?:abehlled ligand but was somewhat

0

less competitive when a LO-fold excess was used. The results of the 1:1



Fig 25A A comparison of native and deglycosylated human transferrin by
sodium dodecyl sulfate polyacrylamide gel electrophoresis. Na-

tive and deglycosylated human Tf were run on SDS-PAGE :Z/

described in section 3.9. The gel was, subsequently stain
}
using the silver staining method. ) /fﬁ
Larle 1-deglycosylated human ‘Tf (2.6 ug) ¢ “
< Lane 2-deélycosy1ated human Tf (1.3 ug) .
Lane 3-native human Tf (2 ug) . \

Lane 4-native human Tf 1l ug)

#

Lane M-low molecular weight marhe;i;\h\




< 94 K

<67 K

< 43 K

< 30 K

<« 201 K
* 14 4K
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Fig. 25B A comparison of ‘native and deglycosylated human and murine
~ .
transferrins by Western blotting. The Tf's were run on SDS-
" PAGE, blotted onto nitrocellulose paper and probed with con-
canavalin A coupled to hqrseradish peroxidase.
Lane l-deglycosylated murine Tf
’ Lan® 2-native murine Tf
Lane 3-deglycosylated human Tf
Lane 4-native human Tf.
-~ '

~
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TABLE 12A. . ,
Effect of native human and deglycosylated human transferrin

on the binding of radiolabelled human transferrin

L4

] to EL4-1 cellsl,
”
Ratio of labelled to
unlabelled Tf* ‘ "1 1:10 ‘
2 L)

Competing Ligand
Human Tf 61.5 (2.5)° 14.8 (0.4)
Deglycosylated

' bl
human Tf C67.4 (2.4) 35.3 (3.5)

A . ‘

1ELA-l cells vere c&ltured and prepared for tﬂq as;ay as described in Table
8. Control wells contained 0.5 ug labelled Tf, test weils contained
labelled Tf and 0.5 or 5 ug of either native or deglycosylated Tf. Binding
proceeded for 60 min at 4° C.

2yalues represent 1abe11eq Tf bound in éhe presence of competing Tf as a

percent of labelled Tf bound in the absence of competing ligand.

3Numbers in parentheses represent the standard error of the mean.
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competition suggest ’tha't: the deglycosylated Tf binds as wyell as native Tf.

At a 1:10 ratio the deglycosylated Tf demonstrates good campeltitis‘but is

°

not as competitive as native Tf. The six per cent decrease in molecular

weight may make it somewhat less competitive with the larger native

molecule, this being more evident at higher competitive ratios: Alterna-
tivéiy, removing the cat}ohydr%:,e_ from the molecule may affect the charge
of the molecule causing it to adhere to non-receptor sites or other protein
molecules. Similar studi;as were performed using murine Tf (Table 12B).

There appeared to be no difference in molecular weight between native and

o
a

deglycosylated murine Tf on an 35DS-polyacrylamide gel (data not shown),

]

This suggests thatrmurine Tf has a lower carbohydrate content and therefore
the decrease in molecular weight dule to d‘eglycosylation was not enough to
be seén on a gel. Western blotting, however*‘ (Fig. 25B), revealed that
murine Tf was successfully deglycczsyle}ted‘ Deglycosylation of the mouse TI
did not improve its binding to EL4:1 cells; it was still -notl competitive

yith human Tf in competition assays (Table 12B).

L) .

These results suggest that the carbohydrate chain does not have a

role in either receptor recognition or binding of Tf to the tumor cell

-
.

receptors. The carbohydrate chain may have a role in labelling Tf for
secretion from hepatocytes or in protectimg the molecule from proteolytic

degradation. Urushizaki et al. (1984) found using Scatchard plot analysis

that there was no difference in binding of siLlo- and .asialo-Tf to the Tf

Leceptors of K562 cells. Kornfeld (1968) removed all -the sialic acid

residues from human Tf and found that this treatment did not affect the up-

take of Fe by rabbit reticulocytes. The carbohydrate was further removed

.

-

/enzymatically using beta-galactosidase, alpha-manhosidase, and beta-N-
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TABLE 12B.

~  Effect of native murine and deglycosylated murine transferrin

¢
A}

on the binding of radiolabelled human transferrin

\ A
\

to EL4-1 cellsl.
- -
T . o .

Ratio of labelled to ‘
unlabelled Tf : 1:1— ‘ 1:10 -
. .
Competing L;ggggz l
Native human Tf 65.9 (879)3 14.9 (1.8)
Native murine Tf 103.0 (1:5) 92.4 (0.4)
Deglycosylated -

102.2 (0.7) 102.3 (1.5)

murine Tf

lp14-1 cells were cultured and prepared.fér the assay and the assay was
carried out as described in Table 12A. . - .
2yalues represent labelled Tf bound in -the presence of competing Tf as a
percent of labelled Tf bound in the absenc; of cqmpeting ligand:

3Numbers in parentheses represent the standard error of the mean.
|
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-acetylglucogahinidase. Tf preparations which had 39 and 47% of their

- —s . .

remaining sugar residues removed were able to.donate Fe to reticulocytes in
a'normal fashion? It was _also found that iso‘late,d vheterosacchari:de chains
did not inteffere 'with the ability of Tf to domate Fe to reticulocytés.
Hemmaplardh and Morgan k1976) treated rabbit. reticulocytes with
neuramiriidase in order to release 30-50% of the mehbrane sialic acid. This
treatment had no gfi"ect on Fe or Tf—_uptake or incorporation of Fe into
heme., - The authors concluded if sialic acid is present on the Tf receﬁtor

Q

it is not important ineits interaction with the Tf protein.

In very recent studies, Re’c‘:khow and Enns (1987) incubateﬁ 1}431 human
carcinoma cells ‘with tunicamycin, an antibiotic which—inhibits
gu]:ycb"'s'yfation; this prevented formation ¢f disulride bonds between the two
réceptor subunits. The resulting monomeric unglycosylated receptor could.
not bind Tf and was h;t transport;ad to the cell sdrfac_:e‘. Thus ‘removal of
receptor carbohydraté from receptors alrgaay in situ and preventing _initial

glycosylation have very different effects. The results of Reckhow and Enns

suggest that the carbohydrate labels the receptors for translocation to the

cell Q’surface and that the carbohydrate chains are important in inserting

the  receptor in the membrane in the correct orientation. The” disulfide

bonds are probably important in stabi&.izing the proper receptor conforma-

PO

tion.




4.4 " Binding of transferrin to Neisseria meningitidis o,

¢

4.4.1 Rationale for binding studies -

>3
- -

The pathogen Neisseria meningiéidis can obtain Fe from .Tf, not by the

production of sideropﬁores and outer membrane. sider@phore receptor proteins
( .
but by binding Tf directly (Archibald and DeVoe, 1979). Holbeip (1980), in

2
the mouse model of meningococcal infection,: demorlxstrat:ed that thé hypofer-

remic response was important in controlling N. meningitidis infection.

»

Subsequently, Simonson et al. (4982) demonstrated that when N. meningitidis
was presented with 30% saturated Tf or apo-Tf at physiological concentra-
tions the same number of Tf molfcules were bound. These authors also

showed that a twenty-fold excess of apo-Tf inhibited Fe uptake from 30%-

[3

saturated Tf by over 90%. .

The results of :these authors together with the results obtained in

Al

this- work which suggest that the hypoferremic ' response has 1fttle in-

hibitory effect on tumor cell Fe acquisition led to the following

3
R 4

hypothesis. _The hypoferremic response is effective in limiting infection”
N ,

with N. meningitidis and has- little "effect on the growth of eucaryotic

o

tumot cells because of the difference in the c3abilit:y of the two receptor

| ‘ .

systems to distinguish between ferric and apo-Tf—. This ability is very im-

portant in the case of tumor cells which have ‘a very high affinity for

3

{ \ '
diferric Tf and a much lower affinity for apo-Tf and it 1is suggested that
the procaryotic neisserial redeptors are less able to discriminatesbetween

Fe-bearing and Fe-free Tf. Thus &in the case of -meningococcal infection
. - é o -

5

host hypoferremia is beneficial in o‘ppofing the pathogen.

-3

@




- v 149

°

E
~

+ In the next phése of the work, several aspects of the binding of Tf to

the pathogen N. meningiticfis were examined.

~

4.4.2 Plate assays
@,

9

Initially, it vas verified that this bacterium could utilize Fe from Tf
when Fe-starved and that the non:pa{:hogen Neisseria subflava could not.

This was do&%ﬁvusing plate assays in Mueller-Hinton agar (MHA) containing’

1 13

ethylene-diamine-di-ortho-hydroxyphenyl acetic acid (EDDA) to sequester
- 4

medium Fe. The cultures were pldted by the spread plate mﬂetho—d. Hells
were made Iin the agar and chargéd Arith .‘variogs amounts of Tf havir;g 100%,
50%, 25% or 0% Fe saturation and then plates were incubated‘._ The results
are shown ’in Fig. _26t; an,dAB and Table 13. 1In Table }3, results are}

expressed as the area of the 2zone of growth or grov}th inhibition. N.

-
o

Q
meningitidis was able to grow on unsaturated Tf (50%, 25%) while these un-
. . 5

saturated Tf's caused growth inhibition of the non-pathogen N. subflava,

-

the area of growth inhibitipn being proportional to the degree of unsatura-

0 .
tion of the protein. It was also found, using similar plate assays, that

the meningococcus could obtain Fe from 50% ~saturated Lf but not from 50%

saturated conalbumin. Oh the_other hamd, N. subflava was growth inhibited

-~

by both unsaturated proteins. N, méningitidis could utilize bovine Tf Fe
but only at higher .Tf leve}é than ‘for human Tf suggesting that N. menin-
gitidis, a human pathoggn,, has a preference for human Tf. ‘ R

Mickelsen and Sparling (1981) examined 21 strains of N. meningitidis,
Y

29 strains of_ N. &onor}hoeae and '4\ commensal r)eisseri'al strains and found
v » 4

-

that all oftthe strains of pathogenic neisseriae could ob\t,&'in Fe from 25%-
< . ” . [ N

ﬁ <
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Eig,‘EGA Photographs of plate assays demonstrating the nutritiona

availgbility of Fe from various. transferrins. for N, menin- \

- gitidis. Mueller-Hinton agar plates contained 3 TUmol EDDA ¥
: ) = ' . . N
umol~! Fe.
foﬁ: . :

-

Well
-
Well

Well

Well

" Bottom:

Well
. Well
Weil
Well

Well

1-286
2:571
3-571
4-571

5-571!

)

1-286
2-286
3-143
4-286

5-143

-

!
ug human Tf 100% saturated
ug human Tf 100% saturated
ug human Tf 50% saturated *

ug human Tf 0% saturated

ug human Tf 25% saturated

ug human Tf 50% saturated
ug conalbumin 50% saturated
ug conalbumin 100% saturated
ug human Lf 50% saturated

ug human Lf 100% saturated

&

.
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"+ Fig. 26B Plzxotdgraphs of plate assays de—mc;nst:rating the nutritional
availability of Fe from ,various‘t:ransferriné for N. s'ubf_lqva,:

- Mueller-Hinton agar plates contained 2-tmol EDDA umol™! Fe.

B ¢ fa
Top: ) /
Well 1-286 ug human Tf 50% saturated
Well 2-143 ug human Lf  100% saturated -
Well 3-286 ug human Lf 50% saturated A
Well 4-143 ug conalbumin 100% saturated .
Well 5-286 ug conalbumin 50% saturated
.ﬂ
' Bottom: /.

et

Well 1-286 ug human Tf  100% saturated
Well 2-571 ug Human Tf 100% saturated

Well 3-571 Aug human Wf 0% saturated

Well 4-571 ug human Tf 25% saturated

Well 5-571 ug human Tf 50% saturated

AN
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TafLE 13,

Nutritional availability of “Fe bound to various transferrin proteins

to N. meningi}id.is and*N. subflava.

9

£

Type of . total % F—e ) total ‘ K growth respoﬁse (area mmz) -
'!.‘.f used | i;g pr_otein satur- = ug Fe N. meningitidis ‘N.— subflava -
per well ation “ pex Wehl_\l ' .

- - . ° [
Human Té‘ - 286 100 0.6 170-E2 o
Human-Tf . 571 . - 100 " 0.8 200-E e 0
Human Tf 571 ° 50 0.4 . 200-E ~ 90.13
Human T 571 - 25 0.2 200-E . 180-1
Human Tf 571 o ® 0.0 0 . 20-1 - ]

' - . ‘ - ;

Human T - 286 50 . 0.2 . 140-E 240-1
Human LE 143 100 0.2 . ., .40-f S0
Human Lf 286 50 0.2 40-E 160-1
Conalbumin 143 100 0.2 BO-E 0
Conalbumin 28§ 50 0.2 0 240-1
Human Tf 286 50 . 0.2 . -260-F

Bovine Tf 286 50 — 0.2 0 " )

Bovine Tf - 571 - _ 50 0.4 160-E -

Bovine Tf 1142 50 0.8 . 130-E

¢

lcells from cultures grov;m on MHA plates were suspended in MHB containbig 7

-
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) ! ' ‘ ’ - ¥ * - A -
ug l'nl'1 EDDA and plated on MHA "plates containing 2.0 umol EDDA umol 1 pe

for N. s;bflava and 3.0‘umol EDDA umol™! Fe for N. meningitidis. Cuftures
were plated by the spread plate method.é‘Wells of approximately 5 in
diameter were made‘in the agar,” then  the desired amount of Tf was ;ddeé.
"Plates were incubated at 37° C with 5% C0,. N, meningitidis.plates vere
in&ﬁpagéd for 18 h, except for the plate with b;vine Tf which was incubated -
46 h, N. subflava plates were incdb;ted 30 h.

2G:owth enhancement, A

3Growth inhibition, - | . . o
. ) l

P~
t ]
>




Fe from 30%-saturated
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saturated Tf but only 22% of' the non-pathogenic néisseriae could do so.

Simonson et al. (1982) foun-d that N. sicca and N. flava could not take up
’5§Fe-Tf even when these c;ltures were starved fou
Fe. Mickelsen and Sparling (1981) also found that none of the neisseriae
strains tested cpuld obtain Fe from 25% Fe-saturated conalbumin. Mickelsen
et al. (1982) found. that all N. meningitidis st;ains tested could utilize
Lf Fe for g;owth but only 53% of N. gonorrhoeae strains and 24% of commen-
sal strains tested could do so. An important question arose From the
results of the plat:a assays: can Neisseria subflava not utilize Tf-Fe be-

cause it cannot bind to Tf or because it i§ unable to remove Fe fr;;)m the

. y
protein? ’ ° . ’# . o
\ . v -
4.4.3 Enumeration of Neisseria meningitidis transferrin binding sites

- . \

In this phase of the work, 4° C binding studies were performed with

N. meningitidis in order to determine the number of cellular '1f binding
- )

sites and their Tf dissociation constant (K4) as was done for ;She EL4-1
cells (section 4.3.1). In an initial experiment, this was done in a manner
identical to that used for the EL4-1 cells using very low ligand concentra-
tior}s. A Scatchard, plot revealed 14 mo\lecules of Tf bound per cell (Flig.
27). This value for the number of binding sites seemed extremely low If
the affinity of tI;e neisserial receptor is not as high as in the eucaryotic
system perhaps higher concentrations ojf Tf are r‘equired to obtain sig-
nificant binding. The experiment was repeated using higher available Tf
The average linear rz;nge for thesc; Scatchard

concentrations (Fig. 28).

plots was from 2 to 63 ug. The number of binding sites per cell was 252
; »

-
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Fig. 27 A Scatchard plot of binding of radiolabelled human diferric ’

transferrin to N. meningitidis cells at 4° C. N. meningitidis
" cells were grown in MHB then harvested and resuspended in RPMI

with 0.1% BSA. Cells (2.6 X. 109) were added to microtiter wells
/ .

containing various levels' of 125I-labelled human Tf as

described in Fig 23 for EL4-1 cells. Binding proceeded for 30 g

min at 4° C,
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Binding of radiolabelled d#ferric human transferrin to N.

meningitidis cells at 4° C as a function of available transfer-
rin concentration N. meningitidis cells were grown in MHB,
harvested and washed in NDM with 0.1% BSA. Cells (5 X 109)
were added to microtfter wells containing different amounts of
Binding proceeded for 30 ~

¢ " ~ 5

Data points’ represent the ajerage of

labelled Tf in NDM with BSA at 4° C.
’ ]
min at this temperature.

4 experiments. The Tf concentration on the X-axis r¥presents

Tf available in pmol in a final volume of 200 ul. This would

represent 0-4000 nM available Tf. Inset: A Scatchard plot of

the above data. °.

i
.
a1
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a'.nd the K4 was 7.5 X 10’8 M. Most.of the experiments with N. meningitidis

P

were performed at 4° C in order that comparisons with the tumor cell work

could be made. Also in these studies a relatively hfgh cell number was

’ _'used (5 X 107 cells per well); by performing assays at 4° ¢ problems due

to cellular autolysis and production of metabolic acid by the cells were
) )

prevented, . ] - ’ .
« - - . ¢

In order to evaluate the effect of Fe deprivation on Tf binding to the
P “
o -4
meningococcal cells, similat. studies were carried out comparing Fe-

sufficient and Fe-deprived cells grown in MH-EDDA 'for 4 h (Table 14 and
Fig. 29). It was found that the number of binding sites was significantly
higher in Fe-deprived as compared to Fe-sufficient cells (Student's t-test

t=-3.54, p < 0.05). The Ky's of the two groups were not, however, sig-

*

nificantly bdif.ferent .

Although 356 Tf binding sites is significantly higher than 135 it

[+

might be questidned whether 356 is signific3ntly higher than 252 biﬁdiﬁg

sites. There is a certain degree of variation in the number of Tf, binding

sites l;ei cell fron; experiment to experiment. = This results from’ some
va:riation in the cells themselves and amount of hinding varies with the age
of‘them}abelled Tf used. Thus only Fe-deprived 4nd Fe-§\.1't?fic§ient cells
which have been prepared and assayed at the same. time can be c.ompafed.
This was done .in the above\experiments a\nd it —wnas demonstrgted that there
was a signi‘fic:mt éifﬁerence in the number of 'Tf bind}ng sites bepween F;%_
deprived and Fe-sufficient meningococcal cells. T v

Simonson et al. (1982) measured b‘i.ngiing of 1251-1abe11eci‘303; Fe-

saturated Tf at a concehtration of 2.5;mg ml"! under Fe-sufficient and Fe-

deprived conditions and found that 4.5 X 10% and 4.6 X 10%* molecules of Tf
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) TABLE 1&.'

i

‘Binding of human transferrin to Fe-sufficient and

Fe-deprived N. meélngitidisl. .

:\’

Fe-Déprived Cells

Fe-Sufficient Cells 0

Binding Sites per Cell Kq Binding Sites per Cell Ky

136 - (11.5)2 9.7.% 10°8 356  (61.0) 7.0 X 10°8
4

o

Iy. meningitidis was cultured in MHB for 16 h. kliqdots of this culture
were centrifuged and washed once, in either MHB or MHB with, 3.0 umol EDDA

umol™! Fe before inoculation into these same media. Cells were incubated

for 4 h at 37°'C’ (5% CO,, 100 Ypm) then harvested by centrifugation. Sub-’

sequgntly, the cells were washed in NDM with 0.1% BSA (4° C) and

{

tesuspended in this medium at the same Eemperature. Cells wére added to

o

I kY
microtiter wells prepared as follows. Four Wmg unlabelled diferric Tf was

.

v ) { '
added to well one in NDM containing 0.1% BSA. This was serially diluted

two-fold in this same medium to well 12. 0.5 ug 1251 1abelled diferric Tf

-

was then added to each well and the ‘contents were mixed. ~ Binding proceeded
_at 4° C for 30 min; cells were harvested as described in section 3.10.3,

ZNumbers in parentheses represent the standard error of the mean. Values

o
®

are the average of three separate experiments.

o

v
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Fig. .29 ' Scatchard plots of binding data for je-sufficient éﬁd\Fe-
deprived_N. meningitidis cells. N. meningitidis was cultured
.forwt’;_h In MHB or MHB containing 3 umol EDDA: ggx. umol Fe to ob-
\tain Fe-sufficient ( W )tand Fe-‘deprive? ( O )tz:ells respec-
tively. Cells were harvested apd binding-was'pérformég as i;

) Fig. 28. The abscissa inEercepts’represent pmol Tf bound b;r 5

x 10° cells. The data is averaged from 3 experiments,

1 ~
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respectively were bound per cell. This is a much higher level.of binding
. 4"
than obtained in the prqfent stud: as but the linear Tf concentration“%ange

for the Scatchard plot was mhch lower 3.9-0.13 uM as opposed to 31.25 uM.

3

This further suggests that the amount of Tf bound is dependent on the

v

available ‘Tf concentration. There are two possible explanations for the

.

differing results concerning We-deprivation.in these ,two studies. Perhaps

il

the enHanced effect on binding is evident ohly at the lower ligand con-

cephtrations ‘used in the preseﬁt stud;ﬁft Also in these studies;‘18 ug

ml'1 EDDA was added to the medium while 7 ug ml"! vere used in the studies

df Simonson et al. (1982).- The higher concentration of EDDA used in the

present studies may have caused increased Fe:deprivation which resulted in

°

enhanced binding.

Tf binding to the meningococcus was subsequently examined at
physiological Tf levels in-a microassay at‘both 4° ¢ and 37° C to ascertain
whether temperature had an effect on the amount'of Tf bound. Cells (1.2 X
109) were addéd to either 200 ul NDM or 200 ul NDM with 0.1% BSﬁ\bontain-
ing 500 ug Tf. Binding was terminated after 30 min incubation of cells
(100 rpm)sby adding the cells to a‘20-fold excess of unlabelled diferric Tf
(Table 15)  Fewer molecules of Tf were bound at 37° C than at 4° C; per-

haps at the higher temperature Tf leaves the receptor more , rapidly. The

addition of 0. 1% BSA to the medium resulted in a substantial decrease in

the number of molecules of Tf binding to the cells. This suggests that in\

-

the absence of BSA there is a component of non-specific binding of Tf to

the cells. ‘Compared to the results obtained with Scatchard analysis,
roughly ten times more Tf was bound using the higher physiological levels

of Tf. This higher level of total binding probably represents the sum of
. . g ' 4
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TABLE 15.
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4

Binding of transf%rrin to N. meningitidis at 4° C and at 37° ct.

Q

L]

4° ¢

pmol Tf bound

bindfng sites

“37° ¢

pmol Tf bound- binding sites

per 1:2 X 107 cells ' per cell per 1.2 X 10° cells per cell
. NDM 8.6 (0.4)2 4330 (221) 6.7 (0.4) 3512 (175)
/ \
NDM 8.5 (0.9) , 4228 (439) 5.7 (0.4) 2860 (192).
. NDM+BSA _ ]
N . 5.2 (0.7) 2662 -(353) 3.8 (1.6) 1879 (822)

o

_— 1N. meningitidis was cultured in MHB for 16 h., Cells were harvested and
wched as described in section 3.10.é and resuspended in either NDM or NDM

with 0.1% BSA. At zero time 1.2 X 10° cells Arere added to vials‘containing

s

physiological levels- of radiolabelled human Tf in a final volgﬁe of 200 ul

. of NDM or NDM with BSA. Cells were incubated for 30 min at either 37° C or

4° ¢ (100 rpm). Binding was términated by adding the cells to micro-

" centrifuge tubes containing a 20-fold excess of unlabelled diferric TE.

ZNumbers in parentheses represent the standard error of the mean.

Ve




[ &

o

162

- . -
high affinity binding sites revealed by S.c'atchard analysis and &pe'rhaps ad
population of lower affin;.ty binding sites. %)t is possible t_:hat: Tf may.
bind with a lower affinity.to other :elluiar binding sites, for example,
there might be a c:ertain degre'; of ?ross-reac}:ivity with the cellular Lf
binding sites (see Table 16). Th‘is would only be evident at higher Tf coﬂn-
centrations as Scatchard analysis reveals only high affinity binding\fite.s.
In performing the Scatchard analysis (Fig. 28) non-specific binding was

'

corr'ected for usging the method of Chamness and McGuire (1975). However,
*,-4 P

wit:h physiologimi Tf devels even in the presence of 0.1% BSAZ there is

probably some degree of non-specifiec binding of -Tf to the cellsg‘h‘ the ab:

sence of the many other serum proteins found in vivo which may further

compete for non-specific binding to the cells. This number of binding

sites 1s still lower than ithat found by Simonson et al. However, several

I'd

aspects of the present experiments and those of Simonson et al. were dif-
L4

ferent and might account for the differences in the number of binding

sites. The degre¢e of Tf Fe saturation was 100% in these studies and 30% in

....the earlier studies of Simonson et al. The method of iodination was dif-

ferent im the two studies and the iodinated)proteins were prepared to dif-
ferent specific activities. In the studies of Simonson et al., ’BSA or
other serum proteins were not included in the medium to mini}_nize non-
specific binding. Therefore some of the binding observed may have been

»

non-specific. The possibility that the organism itself had changed some-

what by subsequent in vitro passage also cannot be ruled out. The impor-

tant point is that both studies indeed‘ demonstrate that Neisseria menin-

gitidis does directly bind Tf and this is how Fe is obtained.

N

Similar binding studies were performed with both N. subflava and E.

;J’-w'n"’\, “

v Cl .
s FR S
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coli. In both cases there was no specific binding of Tf to the cells as
there was for N. meningitidis. With both E. coli ‘and N. subflava binding

studies were performed 'a;s'for N. meningitidis in, microtiter wells in NDM

containing 0.1% BSA by adding 4 mg unlabelled diferric\ Tf to well one and

-

performing serial two-fold dilutions to well 12. Subsequently, 0.5 ug
1231.1abelled diferric Tf was added to each well and mixed with -the un-

labelled Tf. With both E. co._li and' N. subflava the number of counts bound

-

to the cells in each well varied randomly from well to well. There was no

increase in binding of radiolabelled Tf with dedreasing concentrat'ign of
unlabelled ligand suggesting no competition for a common binding site @as
there was for N. meningitidis. 1In the case of N. subflava, the number of
counts per well ranged from 44 to 82 cpm above the counter background
(approximately 30 cpm). For E. coli, counts varied from 58 to _25(') cpm
above backgroundi With both these organisms this small ~degree of binding

was® interpreted to represent non!specific binding to the cells. It would

3
not be chected that E. coli would be able to bind Tf as this organism has

~evolved other high-affinity Fe acquisition mechanisms involving the syn-

thesis of siderophores and corresponding ‘outer‘ membrane siderophore-

receptor proteins. As discussed in section 2.,9.1, siderophores have a high

8

affinity for Fe and are thus able to remove Fe from Tf and transport it

to the bacterial cell.
These findings are interesting‘as they reveal a major difference be -
tween the pathogenic Neisseria meningitidis and the commensal Neisseria

subflava, the ability to bind and obtain Fe from the serum px:OCein TE.,

‘Presumably, this is because the pathogen has the ability to synthesize

outer membrane Tf receptor binding sites and the non-pathogen lacks this
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ability. This might therefore be an important characteristic of virulence

for N.4meningitidis. )

4.4.4 .Time course binding \ .
- &
Time coursé binding studies were performed with the meningoco.c;:us at
4° ¢ only (Fig. 30). Binding was found to be rapid as maximal binding was
achieved after 5 min., A zero time point was not included; it was not pos-

8 1
sible to accurately measure zero time binding as cells had to be removed

from the .wells into microcentrifuge tubes, centrifuged and washed. The ~
>

. ..garliest time point that could accurately be measured was two min.

¥

4.4.5 Competitive binding assays

‘l

Competitive binding assays were performed on the meningococcus in a
manner similar to that used for the tumor cells except that in the control '

wells 0.5 ug of labelled diferric Tf was mixed with 69.5 ug of unlabelled
_ - , .
diferric Tf. This concentration of ligand was used to ensure saturation of

binding sites. Competing proteins in test wells included diferric and apo

A

human Tf, human Lf'and conalbumin added in concemtrations of 70 or 700.ug.

Competition assays were performed on both Fe-sufficient and Fe-deprived

’ ce1‘15 (Table l(;) and similar results were obtained in both cases. The

results for human diferric Tf were as expected, the addition of an equiv-
alent amount of unlabelled diferric Tf resulted in close to 50% inhibition
of binding. Apo-Tf offered as much inhibition as did diferric TE. This

suggests that neisserial receptors do not discriminate between ferxi and




Fig. 30 Time course binding of diferric human transferrin to N.

+ =

meningitidis cells at 4° C. Cultures of N. meningicidis_celis
were prepared as described in Fig. 28. Cells were added to
wells containing 70 ug {?Sl-labelled human Tf in NDM containing - (/ﬁn,

BSA in a final volume of 200 ul at 4° C. The Tf concentration

-

was therefore 350 ug ml'I or 4.4 uM, hinding“was terminated at

the inditated times.

R B -
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3 o ‘ TABLE 16. 4 -
Effect of human transferrin, 1’act/ofe/x”1;in and conalbumin on the hinding of —
. . N ) R .
.radiolabelled human transferrin to N. meningitidis grown under
- - \ . v . R 3
Fe-sufficient and Fe'--deprived condit:io'ns.1 . _ d
Ratio bf labelled A .o ' <.
to unlabelled Tf Fe-sufficient Cells Fe-deprived Cells:”
' ~ N - a ’
- 1
i - 2 f
Competing Ligand . ' '
1:1 HumanT€ - . 52,8 (3.1)° ) 52.6 (4.7)
1:1- Human Apo-Tf .50.9 (10.1)
' d * 1:10 Human Tf Y 13.2 (3.2) ' 8.9 (1.3)
1:1 Human Lf ©85.7 (5.9) '  86.6 (2.1)
i 1:10 Human Lf . 83.7 (10.3) . 85.4 (2.7)
’ J > -~
1:1 Conalbumin - - 73.4 (3.9) ° e
° 1:10 Conalbumin 2 *_ ' 86.6. (1.9%
lcultures were grown and pﬁgpared'hs described inlsection 3.10.3 and Table
i - N -
* 14. Control wells contained 70 ug labélled-Tf in a final volume of 200 ul
* (350 ug ml'l or 4.4 uM Tf); this concentration represents 11.65;75 of " the
"\ ’ physiological Tf cancentration. Test wells contained labkglled Tf and

~ h

either an equivalent amount of unlabelled competing protein of a ten-fold

<

= ; excess. Binding\was carried out at 4% C for 30 min. With the exception of

apo-Tf, all proteins“ including radiolabelled Tf were prepared to 100%

t saturation. - . ' >
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X .
2yalues represent labelled Tf bound in the presence of unlabelled
(competing) Tf as a petcent of labelled Tf bound in the absence of un-
] . .
labelled Tf. SNumbers in parentheses represent the standard error of the
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mean,
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apo-Tf to the same degree as eucaryotic Tf receptors. ) °
Lf, when added to cells at a concentration equal to that of human Tf,

offered about 15% inhibition. A ten-fold greater concentration, however,

[ ”~

offered no further” competition, The results of the plate assays

4

demonstrated that these bacteria are able to utilize Lf Fe. The binding
results suzggesct that 'tPere are two separate sites or binding systems\for .Tf
and |Lf. Sinc;a Lf did offer 15% inhibit:ic:m “to Tf bindirvlg theré must be a
‘certain deéree of‘cross-greacti\(ity i.e. Lf can bind to some of the Tf bind-
* _ing siltes but further addition of Lf caused no more binding to these few

-—

'sites: Alternatively, when fr is bound to its specific sites on che:cel.l
this may cause steric inhibition of Tf bindir:g to a small proportion of {its
binding sites. Mickelsen ‘et al. (1982) examined Fe acquisition in W,
gonorrhoeae and found thlat all gonococcal strains studie(d could obtain Fe
from Tf but ohly cer::ain ones could obtain Fe f;om LEf. These authors
therefore also suggested that two independent Fe acqui;'iti'on systems are
involved in obtaining Fe from T§ and LEf. Conalbumin also appeared to be
competitive in our assays altho(xgh accorciing to results from our plate as-
says this bacterium.cannot oEtain Fe from -t:his protein. Conalbumin may
- have caused inhibition of ’Tf binding by some form of' steric hindrance or

‘inhibition rather than by specific o;:cupation of cellular binding sites,

It’ is also possible t:hat the binding of conalbumin’ represents a lack of

specificity in the binding of -Tf to neisserial receptors.

2]

,
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5.GENERAL DISCUSSION, "SUMMARY AND CONCLUSIONS

o - :
i ° 5.1  Introduction -
, y ) . : . ) .
In any disease process such as infection, cancer,. or other form f"f
chronic disease, the response or lack of response c;n the part of the host
~£__is' of great importance. Profound changes in host Fe metzbolism occur due

3

to inflammation, infection, and n}/alignancy. One of the ‘major; changes 1is
the occurrence of the hypoferremic response. It has been establishec:l for
some timd that this resp;mse is beneficial during infection and has been
regarded as a host response to deny in;/ading pathogens necessary” Fe, a con-
cept termed nutritional immunity. This form of nutritional immunity is

very effective in helping to control Neisseria meningitidis infection in
1]

mice. As this organism obtains Fe by binding Tf directly as tumor cells
do, i%d been suggested”that hypoferremia migHt also "withhold Fe from
tumor cells (Weinberg, 1981; 1984). It was postulat‘:ed that if this was the—

case that ' hypoferremia could be Gg:reated or augmented as an adjunet to

a

other forms of neoplastic therapy. For example, BCG or Corynebacterium

3 Iy
- 4

parvum might have been useful’ agents in causing oxr’ increasing hypoferremia
palvum n !

’ ’

in an experimental model. Alternatively, as Fe is required for growth,

perhaps tumor cell Fe acquisition could be specifically interfersd with in

»
.

some manner.
- The EL4 tumor model proved to be an apprbpriate one for this study.
This is a tumor of 57 black mice and Fe metabolism in thése mice has been

well-characterized in previous studies (Holbein et -al., 1979; Holbein,

1980; 1981; Letendre and Holbein 1983; 1984; 1984a). Several -manifesta-

f
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tions of clinical ngoplastic disease were exhibjited In mice bearing this

tumor including: hypoferremia? anemia and a decrease in organ weight late

in the disease:process. As the tumor was an ascites tumor it was con-

venient to count peritoneal tumor cells to monitor in Vivo growth and also

o

to transfer cells to ‘tissue culture for in vitro growth. The ability of

the cells to grow in vitro in tissue culture media with human Tf instead of
serum was a distinct hdvaﬁtage as cells could be cultured and growth

assessed in a simple, well-defined system.
o N
s - L]

. .

5.2 °  Initial stddies . ® S g

Initial experiments qpowed that although there was a ,marked hypofer-

remia, its onset was late ih the course of disease after much tumor cell
L) ) P i
proliferation had occurred. If LEM or IL-1 is the triggering’agent for the

hxpofer;emic response, stimulation of peritoneal macrophages would be

required for the synthesis and release of this compourid and the results

~

suggeét that this did not occur until the tumor burden was very high. It

would appear that it is only when the peritoneal cavity is extremely
{ : )

@ N -
crowded with tumor cells that an {iInflammatory response occurs in the

peritoneal c4vity. As hypoferremia 1s only one aspect of the entire host

inflammatory response this suggests that other aspects of the host
response may also be suppressed during ‘neoplasia. Numerous mechanisms have
been postulated: whereby tumor cells evade the host immune response. Tumor

célls, although they do possg¢ss distinct tumor-associated antigens, arise
- i

from host tissue and may antigenically similar to other host cells.

°

Tumor cells may antigens’ which can form blocking immune complexes or
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malignant cells may release immunosuppressive factors. Invasion of the

bone marrow by tumor cells may cause inhibition of ,productio;l of macro-

?

phages. and othei—cells of the immune system. It is .not known in this

'mﬂuvineu ascites cell system which factor(s) account for the late onset of

the inflammatory response.

" The mechanism of the occurrence of hypoferremia was ndt examined in
these studies. It was assumed that as in infection and inflammation it oc-
curred due to impaired re-entry of senescent 'erythrocyte-derivéd Fe into

the Tf pool. The cause of arnemfa in this tumor model was also not explored

but wasg most likelf%due to the decrease in available Fe delivered to the

bone marrow although as stated in section 2.6 there are several other fac-
tors which may contribute toYanemia during neoplastic disease.

A considerable amount of work has been done to exploré the use of

.

monitoring serum Cp levels as a marker for malignant disease. Letendre and
Holbein (1984a) suggested that -serum Cp levels increase during the con-

valescent phase of i{nfection following hypoferremia to re-establish normal
.2 . .
serum Fe levels. In this tumof model, serum Cp levels rose somewhat early -

in the disease before the onset of hypoferremia; the reason for this is

unknown. The Cp levels in tumor-bearing mice were not significantly dif-
- t

ferent from those of control mice at any of the time points examined.

‘There was no recovery phase to this disease process as there was for

meningococcal infection in mice; the serum Fe levels contifmued to decline

s N Q@
until the death of the mice. One could pojéulate in terms of Letendre and

g

Holbein's theory that %s .there was no recovery phase there was no host
response to increase serum Fe levels and therefore no increase in Cp

b

levels. - To further evaluate the role of Cp in Fé:metabolism it would be

. ) fr ‘"
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interesting to monitor serum Cp and Fe levels in an experimental system in
which the animals' condition was improved by removal of the tumor or by

radio- "or chemotherapy. A rise in serum Cp and Fe levels might then be

ﬁexpected to occur. ‘ ’

L

+ 5.3 A comparison between the EL4 tumor and Neisseria meninglitidis
systems : -

Further edrly studies demonstrated that it was difficult to manipulate
3
tumor cell @growth in vivo by withholding or supplying additional Fe, It

B

was initiaily believed that it was the late onset of hypoferremia which was
important and that if this response could be induced earlier tumor cell
growth would be inhibited by Fe deprivation. ,Elicitation of an early
hypoferremia with turpentine, however, had no increased inhibitory effect,

S—

on tumor cell proy;ferapi?n. All of the'in vivo results in this study were
much different from those ob§ef§ed with murine meningococcemia (Holbein et
al., 1979; Holbein, 1980;. 198l; Beaumier et al., 1584) even though in both
systems Fe is obtained by direct Binding of Tf. 1In, the neisserial system,
hyp;ferremia was much more severe as serum Tf Fe levels gere undetectable
at 18-24 -h post i;jectign (Holbéin, 1980) and ‘thypoferremia could suffi-
ciently deprive cells of Fe to cause inhibition o% growth. Furthermore, In
vi?o growth of N. meningitidis could be enhanced by addition of Fe or in-
hibited by desferrioxamine or tdr?entine-induoed hypoferremia;> In the bac-
" terial system, the onset of hypoferremia is rapid. This suggests that the
inflammatory response 1is elicited immediately. This could be because of

£y

the much faster growth rate of the bacteriel cellsfcompared to tumor cells

o
-
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and the facf that the bacterial antigeﬁs are }mmediately recognized by the
host as foreign. Although the time of “onset of hypoferremia does not &p-
péér to be°important as far as inhibiting tumor growth is concerned, its
late onset emphasizes the point discussed above éhat during neoplastic dis-
éase the host response does not function as it should. ) -

The results obsé?ved in the tumor cell and meﬁingococcal sy;tems sug-
gested that there are important fundamental di;ference; in the response of
the two cellular systems to Tf. It appeared as if the tumor cells ha& a
unique ability to obtain sufficient Fe.ﬁnder conditions of ext;emelyllow Tf

saturation, This was verified by subsequént in vitro work. These tumor

cells could grow on the relatively minute F§ level provided by 6 ug m1-1
4 B

. R \x
10% Fe-saturated human Tf. Fe uptake frpm 50%-saturated Tf was saturated

at iSO nM Tf and Fe which is approximatelykl/ZSO of the normal serum Tf
concentration. Furtherﬁore, addition of apo-Tf to mimic hypoferremia did
not decrease Fe uptake proportionally to ;he amount of apo-Tf added. It
was therefore demonstrated in three ways: by in wvivo studies and‘by both
growth and uptake studies that thF hypoferremic response is not effectivé
in limiting fe ;cquisition by tumor cells.

These results are entirely reasonable in light of what is now known

about the eucaryotic Tf cycle._ Dautry-Varsat et al. (1983) ‘and Klausner et

P !
al. (1983a) demonstrated that there is a difference in the affinity of the

a

Tf receptor for ferri-Tf and apo-Tf at physiological pH. As the Tf recep-

" tor has very little affinity for apo-Tf at this pH it offers very little

///9ompetition to ferri-Tf for receptor binding. Binding studies with EL4-1

cells demonigrated that the Ky (5.9 nM) for Tf binding was 1/6356 of the™

?
concentration of Tf in the serum or_ 1/100,000 of the concentration of
4




-

serum proteins (Dautry-Varsat and Lodish; @84) revealing an extremely high
ligaﬁg-receptor‘ affinity. For neisserial receptors to be half occupied 7.5

X 1078 M diferric Tf was required indicating a somewhat lower receptor af-

finity. Diferric and apo-Tf appeared to be equally competitive in N.

meningitidis binding ‘studies.\( Based on the results of these _studies -f‘_“d
those of Simonson er al. (1982) the following hypothests was suggested to
explain the dif:Eerenc in effectiveness of hypoferremia in the two systems.
The hypo‘ferremic resp;mse'is effective in the case of N. meningitidis and
inef'fective in .the case of tumor cellrs because of the difference in the
ability of the two recegt;r systems to digtinguish between Fe-bearing and
Fe-free Tf. This abilit); is high in the case of tumor cells and 1’ower in
the case of N. meningitidis. Therefore when tumor cells are growing 'ln‘
vivo and hypoferremia occurs although there is an increase in'-the number of
molecules of ‘apo-Tf present. in the serum‘or ascites fluid the tumor cell
receptors, havigg rela;tively ’littlé affinity for apo-Tf, preferentiélly
bind ferri-Tf. When N. meningitidis is growing Iin vivo and hypoferremia
occurs tl{e cell receptors, being less discriminating, recog—ni%e the protein
not the Fe moiety and apo-Tf “is bound inhibiting thé binding of\»,k)\ferri-'rf_.
Fe-sufficient N. meningitidis were found to have 252 Tf binding sites
per bcell which ‘éppears extremely‘ lnow when compared to the number of binding
sites found on EL4-1 (1.1 X 105 surface binding sites) and other tumor
cells. However, the relative sizes of the two types of cells must be con-ﬂ
siélerec; as meningococcal cells are much smaller than the eucaryotic tumor

2

cells., If the number of binding sites per um® of cell surface for the two

. , .
types of cells is compared, Fe-sufficient meningococci have 164 binding

2 2

sites per um* of surface area and EL4-1 have 126 sites per um

- &

of surface

-
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area. Therefore N. meningitidis has 30% more binding sites per wn?. To il-
+ lustrate this, the binding of Tf molecules on the bas%s of cellular surface

area for the two cell types is compared in Fig. 31. The data for this

b4

figure were taken from Figs. 24 and 30. A comparison of these binding data
for the meningococcus and EL4-1 cells at A? C in these particular experi-

men suggests that N. meningitidis is binding 113% more molecules of Tf
R -
2

‘per mm® of cell surface area.

5.4 A discussion of the EL4 work and implications faor future resea_rch

It could be asked whether similar results concerning the hypoferremic

' ¢
response might he expected in other tumor models, for example, in a solid
tumor model of neoplastic disease with entirely different growth kinetics.

However, in s&veral tumor cell lines studied by others (Dautry-Varsat et

Q

,a..l., 1983; Klausner et al., 1983a; Urushizaki et al., lé84) the same prin\-‘
ciples ap'p;ly; that is, the Tf receptor has a very high affinity for ferri-
Tf&angl a much lower affinity for apo-Tf. On this basis it could be —pre-
dicted that similar’ results would be obtained in other tumor systems.

The fact that tumor cells can utilize other sources of Fe such as

a

hemoglobin and ferritin make it more unlikely that tumor cells growing in

vivo would be Fe-deprived. Normally, neither hemoglobin nor ap_pr;ciable
ferritin would be available. During malignant disease, especially in the

later stages in which both hemolysis of red blood cells and tissue invasion

N

Al ]

and destruction occur, these sources of Fe would likely become more avail-
able. The mechanism of -Fe uptake from these two Fe sources was not inves-
tigated in this study. It is not known whether these cells possess recep-

¢
6




Fig. 31 A co-mparisfon of the time course of bindingb of "diferric human

transferrin to EL4-1 and N. meningitidis cells. Time course

binding results were taken’from Fig. 24 and Fig. 30 for com-

parison, N. meningitidis cells at 4° ¢ ( m ), EL4-1 cells at

37°C ( @) and at 4°C ( A ).
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!
tors for hemoglobin or whether this compound is taken up by non-specific
or fluid ph,ase eddocytosis. Ferritin, a large moie@ule, may'hav‘e to be;
broken down at the cell surface before Fe uptake occurs. It was recently
reported (Fargion et al., 1987) that certain cell lines, including the
human erythroleu'kemi‘c K562 1line, possess specific #eceptors for the fer-
ritin H subunit. This suggests a mechanism whereby Fe could be'obtained

>

from ferritin and it would be interesting to determine whether the murine

L

tumor cells also exhibit ferritin subunit receptors. It is also possible

that binding of ferritin to cells may serve a purpose other than Fe trans-

fer.such as some form of immune regulation ‘as serum ferritin is genérally i

. r

Fe-poor. , ) D)

The -present studies and those of other#$ have demonstrated clearly that
eucaryotic cells ha:re distinct Ti:: species preferences for growth. —Co:npetb
tion binding studies determ_ined.that in most cases growth preferences- were
dirgét']:y correlated with the binding affinity of a particular Tf for Tf
receptors. In gereral, cells of a particular species have been found to
prefer the homologous Tf. The murine tumor cells used in, these studiés and
several* human lines examined by others have little affinity for bovine Tf
and higher coricentrations are required in media for growth. Cells, are
generally ‘cultured g{;.n media containing feta} bovine. serum at a concentrg-
tion of 10% which would provide 300 ug m1-1 Tf,” a relatively high con-‘
centration, which has been shown to be adequate for two human_ lines

-

(Tsavaler et al., 1986; Penhallow et al., 1986) and would be sufficient for
< .
EL4-1 cells.

. *

Conalbumin and Lf do not compete for binding to Tf receptor sites,
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Specific Lf receptots, distinct from Tf bimding sites, have been reported

— °

on phytohemagglutinin-stimulated human peripheral blood lymphocytes
1 ]

(Mazurier et al., 1987). It cannot be ruled out that EL4 cells which are

lymphoma cells may also possess specific Lf binding sit:es; "alternatively,

these sites may have been lost during the transformation gbrbcess Deter-

mination of specific Lf binding sites on EL4-1’ cells could be made by

& .

radiolabelling Lf and measuring binding, as was done fo‘ Tf, and then by,

performimg competition studies with unlabelled Lf.! It would be interesting

to see whether Lf binding sites were present on the EL4-1 cells as well as

on mitogen-stimulated murine lymphocytes. If Lf is acting as an Fe source
it would have to undergo a different intracellular mechanism for Fe release

than Tf as Lf does not release Fe at low pH., Lf may be degraded in the

oo

lysosomes and the Fe released in this 'way. It has been'sugge§ted in the
case of lymphocytes that Lf may possess s'ome function apart from Fe trans-
fer, for example it may have al:a immuno-r%ﬁatory role (Mazurier et al.,
1987). 1t would be inter;asting to determine whether malignant lymphocytes

still possess these receptors as this could be a possible immune

mechanism to which malignant lymphocytes are no longer su'sc:eptible but

~

which may control proliferation of normal lymphocytes.

The exception to the rule that cells prefer their homologous Tf in

these studies was murine Tf which did not bind as readily as human Tf to

EL4-1 and to the other murine cells examined. As mentioned in sSection

Y

4.3.3, the murine Tf used for these studies appeared to be pure and func-
" tional. ' Ideally, the studies should be repeated with another type of

murine Tf to verify the observed murine raceptor preference for human Tf.

On the basis of the present studies it appears that the three-dimensional

. A4
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conformation of human Tf has a better "receptor fit" than murimin

)

competition studies it bindg\to a greater degree than mouse Tf. Elucida-

tion of the tertiary structure of both Tf's and of the rijpcor and .deteY-
mination of the sites where ligand and receptor interact would demonstrate

why the murine receptor preferentially binds human Tf.

Thesé and other studies Indicate-that although the carbohydrate moiety

is one portion.of the Tf molecule that differs from species to species it

is not the variation in carbohydrate that causes differences in Tf binding

[

s of Tf evolved certain critical residues

were cons%rved such as .those involved with Fe binding and those forming

stabilizing disulfide bridges (Williams, 1982). The differences in the
. - -

binding affinities of the various Tf's suggest that there have been amino

t ' )
acid changes in the regions“wf the molecule imvolved in binding to the

receptor. The primary amino acid® sequence deterinines the three dimen-
sional, conformation of the molecule and this is what 1s recognized by the

receptor. Determination of the receptor binding domain on the Tf molecule

is an important problém in the area of Tf research. The amino acid

sequences of human Tf, conalbumin and Lf are now known as is th; sequence

of the human Tf receptor. The elucidation of the amino acid sequences’ of

other species of Tf and the tertia;y structures of the various Tf's would

be important steps In answeripg the question of how ligand and receptor in-_

teract. This problem has also—been approached” in studies in which Tf'.“s

have been enzymatically cleaved .into N and € terminal halves. Monoclonal
)

antibodies have been made to the entire molecule and to the N and C-

terminal »moi.eties and binding behaviour in the presence and absence of the
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monoclonal antibodies examined. Work by Brown-Mason and Wooduwérth (1984)
2 ° - »>
us}gg ﬂvo'l‘f (conalbumin) and chick embryo erythrocytes suggests that both N

and C terminal domains of the protein are necessary &for binding to occur
3

indicating 'that both ‘domains contain sequences necessary for receptor

<@

s
recognition. .
oBm S

* I

The results in this thesis which indicate the difficulty in manipulat-
A kS
ing tumor cell growth in vivo by supplying or withholding Fe do not neces-

L

sar\},ly mean that certain prir:ciples‘of Fe acqtfisitioh cannot be used in
tu;nor therapy. S;veral i;lteresting studies have been performed using
monoclonal antibodies to tumo:r cell Tf receptors. As pointed out by Ward
(1987), a serious probiefn in cancer therapy is ‘qirecting the' t:‘herapeutic'
agent solely fo the tumor cells and not to norrgll tissue and momngclonal

antibodies to tumor antigens might be an appropriate means_ of doing this.

For ;xan;ple, Trowbridge and Domingo (198l) demonstrated that monoclonal an-

.

tibodies to Tf receptors could be coupled to ricin or diphtheria toxins and

these conjugates were toxic to tumor cells in vitro. It was also found

f -

. that the monoclonal antibodies alone and the ricin-an(:ibody conjugates in-

hibited the growth of melapoma cells in nude mice. 1In another study

<

(Trowbri&gé et al., 1984), i.v, or -1.p. injection of the Tf receptor

mornocional antibody R17 208 had- a significant effect on in "vivo gfowth’ of
SL-2 murine T-cell leukemia cells. Mice treated with the monoclonal an-

~

tibody demonstrated enhanced survival and inhibition of the primary tumor

at- the inoculation site. - It has, howgvgr, been pointed out that other
. .@ v

«cells including erythroid cells also have Tf recgptors and would be sus-

R
.

ceptible to these antibodies ‘or antibody-conjugates perhaps resuloting in

’ 8

&

0d

<
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anemia. Ward (1987) suggested that such anemia might be relatively easy to

treat and this form t’f therapy might involve less toxicity than other forms
of anti-neoplastic therapy. 4

The results presented 'in section 4.1.3 ;uggested that ini iai}y des -
ferrioxamine injections had an inhi;bitory effect on EL4/ tumor cell
prolifferation in Vivoh.‘ Lederman et al. (1984) demonstrated that when
lymphocytes are exposed to desferrioxamine in vitro this Fe chelator af-
fects cellular DNA sxnthesi;, it decreases intracellular pools of
, deoxyribonucleoside triphosphates and blocks cells in- early S phase. As

,bth-e enzyme -ribonucleotide reductase requires Fe as a co-factor, these {n-

hibitory effects can be directly attributed to Fe ?éﬁ‘ivacién. This sug-

gests possible applications for use of this drug in, neoplastic therapy. -

Perhaps if continuous infusions of this drug were given, as for F"‘e overload
\tﬁerﬁ‘py, tumor cell proliferation could "be inhibited by Fe deprivation or
tumox cells could be synchronized in e’arly\)S phase and then other cytotoxid
drugs which act on S phase cells could be given to kill this -fraction of
tumor’ cells. . ¢
During the past several years, much Jinformation has lzeen gained con-
cerning euca_ryotic cellular Fe acquisition and the endocytic "I‘ﬁ cycle,
Several interescihg and challe}xgzng questions, however, remain to be
answered. The problem of elucidating the relative sites of 1igand- and
'receptor i;nteraction h-as already been discussed. Also,‘ it 1is still“ not
knqwn what triggers Tf-Tf receptor internalization. Binding-of ligand ap-
. .pears 1’101: to be the tr‘;gger as evidence suggests thatu receptors are In-
ternalized in the absence of bound liga;nd (Watts, 1985). Receptor phos-

& -
phorylation had been suggzest:ed as a possible signal for internalizati?n but

- Cu '
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° more recent evidence suggests that this is not the case (Rothenberger et

,al., 1987). It 'is known that the cytoplasmic domain is required for Tf

internalization; perhaps conformational changes in this . region of the

] u
receptor may be involved. lternatively there may be intracellular signdls

v

or binding factors which a on this domain which cause internalization.
k.

Further deletion mutagenesis studies should pin-point thé actual part of
the cytoplasmic domain needed for internalization. If phosphorylation is
not an internalization signal, what is its role, if any, in endocytosis and
does its role vary with cellular type' or between transformed and non-

transformed cells? It has been suggested that Tf-receptor interaction may
have a role othe; than F; acquisition such as a role in cellh{gr growth
regulation (May and Cuatrecasas, 1985). Phbsphoryl%tion of the Tf receptor
may provide an intracellular signal which is important in this regard.

Whatever the role of receptor phosphorylation it is an interesting question

3

to be, answered. o

Several‘ﬁuestions need to be redolved toncerning what becomes of Fe

&

intracellularly once it has been released from Tf. Does Fe initially be-
come part of a labile pool; is it bound to a low molecular weiéht carrier
(Jacobs, 1977)? What is the nature of this carrier and is it involved in
intracellular Fe transport for example in transporting Fe to the

mitochondria for heme sypthesis? > ‘ //7/

Finally, an interesting problem is how different ligands and receptors

are sorted Intracellularly; what directs certain ligands and /or receptors

to the lysosomes to be degraded while Tf and its receptor are kept within
- : '

R”istinct vesicles and recycled to the cell surface? The fate of ligands

and receptors seems to depeﬁd on the role of the ligand. Some. provide in-
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formation or signals ;:o the: cell and these are generally degraded. Othey
lignds s.uch as Tf provide a necessary nutrienzt (although as suggésted
above, Tf may have a.dual rolé) and it is' caertainly an advantage to an or-
N ganism °t:o~ have both the recei)t:or and ligand®*recycled. Information obtai.ned
. concerning, intracell\ular sorting will not oﬁly further elucidate the Tf
cycle but will also yield important i,nformacion.about: cellular growth and-
- ) physiology in general.
‘ . ' : . - ~>

5.5 A discussi®n of Neisseria meningitidis work and implications for

o" -
s future research :
The findings in this thesis confirmed previous findings of others that

Neisseria meningitidis can utilize Tf and Lf Fe but not conalbumin Fe. It

B} was also observed that this organism had a preference for human over bovine

‘ ( Tf. These studies also confirmed that N. meningitidis directly binds Tf

" (Archibald and DeVoe, 1979; Simonson et al, 1‘582) as 1t possesses surface

binding sites. This tinguishes the pathogenic from the commensal neig-
' seriae as N. subflava e¢annot utilize Tf Fe as it does not possess'rece;)tor
‘ -

binding sites. This indicates that possession of these binding sites and
the ability to remove Fe from Tf 1Is an iIimportant characteristic of

virulence., It was also found that E. coli, a siderophore-prod&iing bac-

terium, does not have Tf binding sites. N

°

When one considers bacterial mechanisms of Fe acquisition In vivo, it
is interesting that the majority of bacteria have evolved siderophores
. iﬁ while a minority, such as N. meningitidis, Haemophilus influenzae, and Bor-

detella pertussis (Redhead et al., 1b87) have not. This differenée,can
\

o
L
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probably be related to the environment in which the organisms are found.
Bacteria such as E. coli and Salmonella are enterlg bacteria and are found’
in the vertébrate ‘ntestine where under certain cir?umsténces they may
cause disease. They are also hardy organisms, and caﬁ survive in soil,

sewage and other environments for some time. The ability to synthesize

¢
siderophores would enablzrthe organism to obtain Fe in vivo or 'in these ex-

ternal environments. N. meningitidis, Haemophilus and Bordetella are
‘ ‘ -

neither ubiquitous nor resistant organisms and cannot live for long outside
the human host and therefore are evolved to obtain Fe in -vivo only. To be

able to obtain Fe by binding T£ directly is a definite advantage for a
5 Te . -
pathogen ovéer the production of siderophores. Siderophores'gust be

released, bind Fe and return it to the cell. This mechanism of Fe acquisi-

-~

tion may not be as secure ax.direct Tf binding as sideropﬁores are dilldted

- by secretion into the blood and obtaining Fe will be directly dependent on

h 4
the concentration of siderophore attained.

The fact that Neisseria and Bordetella can utilize L£~¥e presumably be-
cause this protein also binds go surface binding sites would provide these
pathogens with a -another agdvantage. Lf is found in the mucosal secretions
of the naso- and oro-pharynx where these Bhthogens would initially gain
entrance to the pody. The function ;f Lf’in this location is to bind Fe
and withhold it from invading pathogens. Those bacteria which are able to
bind and deferrate this protein would anabe'inhibited and would bé at an
advantage Iin the initial-stage of infection. The binding of human Tf or Lf
to the bacterial cell might also serve to mask or ;over up bacterial sur-
face antigens and r?duée the host immune response.

The studies of Redhead et a%: (1987) demonstrated that Bordetella per-

o
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tussis could utilize Tf, Lf and conalbumin for growth. Competitive binding
studies suggested that all three proteins bound to the same receptor site.
In this respect Bordetella dikfers from N. meningitidis as the latter or-
ganism cannot utilize conalbumin Fe for growth and the present results and
thos;e of Mickelsen et al. (1982) with N. gonorrhoeae suggest that utiliza:-
tion of Lf Fe involves binding sites.distinct from the Tf bindigg sites.
Competition binding studies with N. meningitidis indicated that the Tf
binding sites do not have the same degree o‘f specificity t:ha:t the

eucaryotic sites have as conalbumin and Lf interfered with Tf binding to a

?ertain extent,
-~ ’ A »
There are numerous intriguing questions which remain to be answered®

5

concerning the mechanism whereby N. meningitidis removes Fe from f%. It is
o
interesting that this pathogen can bind Tf when Fe-sufficient but that mosxe

binding sites are induced under conditions of Fe deprivation; furthermore,
this bacterium reportedly cannot remove Fe from Tf unless it is Fe-deprived
‘(Simonson et al., 1982). Therefore at ledst two Fe-acquisition components
are induced by° Fe deprivation: ;dditional Tf binding sites and an Fe-

removal mechanism. It is not known what is induced in the cell by Fe-

deprivation that enables the cell to remove Fe from Tf. It 1Is not known

- -

whether an outer membrane pretein apart from the Tf ‘binding .site is in-
duced, which is involved in Fe removal or whethes periblasmic binding
proteins or cytoplasmic membrane components are invslved as well® It
reﬁains to be determined how th; pathogen removes Fe from Tf after binding;
perhaps the newly-induced surfaée component has én affinity for Fe similar
to Tf and can remove Fe .from this protein or alternatively, a redu&tive

{ . -
mechanism may be involyed. It is not known how Fe acts intracellularly to

o




\

|

o 186

cause derepression of this Fe-removal function; perhaps Fe acts as a co-

repressor with a regulatory protein to repress this mode of Fe-acquisition
. ] ] .

under Fe-sufficient conditions in a manner analogous to that which occurs

during siderophore synthesis (section 2.9.1).

' -

Neisseria gonorrhoeae can also utilize Tf Fe for growth -presumably

also by directly binding Tf. This could easily be verified by performing
binding studies with radiolabel?ed‘Tf. It would be interesting to

enumerate cellular Tf binding sites and compare this t6 the number found on
& \ .

-

N. meningitidis.

Herrington and Sparling (1985) found that the human pathogen
Haemoph{lus influenzae could also utilize Tf Fe but that the non-pathogenic
H. parainfluenzae could not, ; situation similar to the neisserise.
could be determined whether this also. holds true for other pathogenic and
non-pathogenic haemophili. These studies could then be carried further, as
was done with N. meningitidis, by performing binding studies and enuﬁéragj
ing Tf binding sites. — - .

The neisserial Tf binding site has never been 1isolated or charac-
terized and this is an important area which needs to be explored. To ap-
proach this problem, initially outer membgfqp fractions of Fe-deprived and
Fe-sufficient N. meningitidis and a_ non-pathogenic neisseria should be

&
prepared and run on.SDS-PAGE to determine which Fe-repressible proteins are’

present. These proteins could be transferred to nitrocellulose paﬁér by
. r -

immunoblotting, probed with 125I-Tf and subjected to autoradiography. This

procedure might localize the Tf bipding protein. ,Fe-deprived cells, which

have more binding sites, could be incubated with radiolabelled Tf and a

¢

e

L




187

e

cross~linking reagent could be used to bind ligand to receptor. The use of
a cross-linking reagent would prevent SDS-mediated dissociation of the Tf
and its receptor. Subsequently, the outer membrane f;‘action could be iso-
lated and run ;nn SDS-PAGE followed by“autoradiographys. From this an es-

timate of the receptor molecular weight coulq be obtained. By running this

same material on two-dimensional electrophoresis the components might be

. further reselved and characterized. = Similar studies could be performed

with Bordetella and Haémophilus. Affinity c;l;romatography using Tf coupled
to Sepharose might also be useful in isolating the Tf bir;ding site from
radiolabelled bacterial outer membrane fractions. e

The genetics of bacterial .acquisit‘ion of Fc; from Tf is another impor-
tant area to be explored. 1In order to do this, the N. meningitidis culture
would have to be\@ztagenized and mutants incapable of utilizing or binding
Tf isolated. Using the meningococcal wild type str-ain, chromosomal DNA
could be digested by restriction enzymes, a library of fragments isolated
and inserted into suitable E. coli compatible cosmids. These could sub-

o

sequently be inserted into E.,'coli or non-pathogenic neisseriaii hosts and

expression of tl’}e genes of Interest screened for by growéh on Tf in vitro.
Another approach would be to subject N. meningitidis chromosomal DNA to
restriction enzyme digéstion and insert the fragments into a bi-directional
shuttle v'elctor, such as the pLES2 vector described by Stein et al. (1983),
wh_ich can function in both E. coli and N. gonorrhoeae. The resulting plas-
mids could then be inserted into an E. coli mutant defective in high af-
finity Fe acquisition systems (i.e. defective in enterochelin biosynthesis
and r‘acking the ColV plasmid carrying the aerobactin genes). The presence

of functioning Tf Fe acquisition genes could be screened for by determih-

’ k]
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ing whet:her/the bacteria could grow in Fe-deficient media with Tf as the -
sole Fe source. (The media must alseo ;e‘deficient_in citrate and any
siderophore-liké compounds. ) The presence of novel Fg-repressible ofker
membrane proteins -could be as;ertained using SDS-PAGE. Binding of
labelled Tf to the cells followed by treatment with a cross-linking
reagent could determine which protein is able to bind Tf. Deletion

’ analysis could ‘further map the areas qf the fragments required for Tf bind-
ing and Fe Eptake. Subsequent work including in vitro transcription, sl
nuclea;e‘mappiné and DNA and RNA sequenceﬂfnalysis could be wuseful for
promoter mapping. Use of the S1 nuclease mapping assay’ could be used to
measure the specific RNA levels under conditions of Fe-sufficiency and Fe
limitation to investigate transcripéional regulation by Fe. Regulation
could also be st:died b& constructing a protein fusion of the putative
promoter region and a promoterless lacZ gene. Beta-galactosidase activity
could then be measured under Fe-deficient and Fe-reélete conditions.

The use of E. coli for this aspect of the work may be apprépriate as
both the genome and Fe regulation are well-characterized in this organism -
and mutants defective in high affinity Fé uptake are av;ilable. Once Tf Fe
acquisition has been characterized in the E. coli system, the vector plas-
mid tould be inserted into an N. meningitidis™ mutant defective in Tf Fe

utilization to determine whether the.éenes are still functional in Neis-

seria. This may necessitate insertion of neisserial chromosomal sequences

i
°

(uptake sequences) into the plasmid in order that the DNA will be taken up

k4

by the Neisseria (Stein et al., 1983).

It may be difficult, however, to insert the neisgerial chromosomal

« . . v
fragments into the vector and secondly, the genes of interest may not be
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e;préssed in the E. coli mutant: Alternatively, the gene(s) for the Tf
binding prote&n might be expressed and those for Fe removal f£:m Tf not
expressed. Binding in the absence of-Fe removal could be studied through
the use of fluorescent antibody studies, covalent ;ross-iinkers or
radiolabelled Tf binding studies. Preliminary wor&)must, however, be done
to determine the feasibility of this aéproach.

As discussed in section 2.2, Black et al. (1986) have isolated a
mutant which does not produce a 70,000 d!&ton_Fe-repress?ble gﬁter membrane

55

protein and cannot grow on Tf or Lf or remove Fe from these protejns. It

is not known whether this Fe-repressible protein is the Tf binding site or-

if another protein is involved in Fe removal from Tf and Lf. Further work

_has been done in laboratory of P. F, Sparling on this aspect of Fe acquisi-

tion. The 70,000 dalton protein has been isolated but, as mentioned in
sectgon 2.2, the N. meningitidis mutant does not appear to be transforma-
tion competent and the genetié analysis has not pgoceeded (D. Dyer, per-
sonal communication). The present results indicate that Tf and Lf have
separéte binding sites, however, another inducible protein such as the_
70,000 dalton protein might be involved in Fe removal from both proteins.
The future possibilities for.this work are potentially quite 1impor-
tant. As has been éointed out by both Black et al. (1986) and Redhead et

al. (1987) these outer membr;he Fe-acquisition proteins might prove to be

useful in the development of vaccines. It has been extremely difficult in
the past to produce an effective vaccine for group B meningococci and 1if
the organism's Fe-binding proteins could be isolated and purified they.may’

be suitable proteins for use as immunizing agents. Many questions remain

to be answered concerning how organisms such as the pathogens Nelssef?a,

K1
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Bordetella and Haemophilus obtain Fe from Tf in_vivo. These many ques-

tions, however, provide scope for exciting future research.

’ o
’

5.6 Summary and conclusions

This stugy was begun to examine the effect of the hypoferremic
response on tumor cell Fe acquisition using a lymphoma of C57 black mice as
a model. Although a marked hypoferremic response was elicited in thé host

,during tumor cell growth the response occurred late in the disease an¢\did

not appear to benefit \QS host. Attempts to manipulate tumor cell growth
: . »

In vivo by providing mo Fe or withholding Fe were unsuccessful, suggest-

ing that these tumor cells were capable of obtaining sufficient Fe under

adverse strongly hypoferremic conditions. Subsequent‘\gu'vitro growth and
‘ .

upt;ke studies revealed that the lymphoma cells could obtain Fe from Tf
H o -

whens the Fe saturation was lower than would occur in vivo during hypofer-
remia.
Fe acquisj/tion by the lymphoma, cells was further examined in terms of

nts for growth, Tf preference; for growth and types of Fe
e

utilized Hy the cells. Cellular Tf binding'"co the cells was studied to
f binding sites and examine Tf-Tf receptor gpecificity. Biﬁiangf
of Tf to Nelsseria meningitidis was also examined to determine why the
hprferremic response 1s effective in inhibiting Fe acquisition and growth
in the neisserial system but not in the tumor cell systﬁm. Taken together,

the present results and those of Simonson et al. (1982) strongly suggest




o

the following Qypothesif Fo be true. Hypoferremia is not effective in fhe
tumoxr qell'system as "'thp Jpore sophisticated eucax:yotic Tf receptors can
discriminate between uferri- and apo-Tf as they have high affinity for the
former and low affinity for the latter at neuéral pH thus the p;esence of
apo-Tf does pgt interfere with binding. In contrast, the nei.sserial ?ecep-
tor cannot as readily discern between Fe-bearing and Fe-free Tf and apo-Tf

is bound by the receptor inhibiting the binding of Fe-centaining Tf thus

cdusing inhibition of growth by Fe deprivation.
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APPENDIX I

-

Becton I‘i:::kinson 59Fe Radioassay AX(EI.t ~ ‘

\
>

The kit contains an, gcidic 59Fe reaction so~1ution.a sodium carbonate

so}ution, résin tablets and UIBC reference serum,
. ) .

duplicate tubes labelled TIBC and UIBC; 200 ul of serum are added to

o

Control total and blank tubes are included to which 200 ul of

ach tube.
I

water is added. UIBC reference tubes -dre also included and 200 ul of

reference serum is added to them. Initially 500 ul >JFe reaction solution

°

Fe bound to serum Tf will be removed. After 10 min, 500 'u]:‘ of sodium car-

"bonate solution is added to all TIBG tubes, then UIBC tubes then all .total

* and blahk tubes. Because of the excess of radiolabeileq Fe present in the

TIBC tubes, all available Fe binding sites will be occupied with labelled

-

, ’ b . .
Fe. Subsequently, 500 ul of 59Fe reaction solution 1s added to all VIRC,

blank and total count tubes. Radiolabelled Fe will then bind to all avail-

able Fes sites on the serum Tf in the UIBC fubes. After 10 min,. .resin

tablets are added to TIBC and UIBC tubes; this rem‘o;/es any unbound Fe. ’

Tubes "are incubated, vortexed and -re-incubated then centrifuged in an Ep-

pendorf céntr-ifuge for 10 min. Supernatants are counted for one min 'in a

gamma counter. Calculation of Fe binding capacity is based on the known
- , - H] /

g [y

concentration of exogenous radioactive Fe and the dilution factor: The

UIBC re{erence serum is used to standardize the results, kfhe assigned UIBC

-

. reference value supplied with the kit and the counts oBtained from the UIBC

B

reference tubes are used to obtain a calculation constant K for each assay.

.The constant K is used to calculate the UIBC and TIBC for each serum
/ F

Serum samples are set up -

is added to all TIBC tubes. As this _is an acidic solatlon any unlabelled .




-

sample. Serum Fe 1s tl’;e difference betwegn TIBC and UIBC. The pevcent Fe
- - . §

saturation of Tf is. obtalned by serum Fe/TIBC X 100%. -
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! ‘. APPENDIX II
» v

- ¥
-~ A

The\API ZYM, Sys'tem~ : :

. . . .
Q . ' .
The APT ZYM system is a semi-quantitative micromethod for detection ®vf en-

~‘ -
LA

zyme activities. The system consists of a se_ries"6{:[':«\1.nicrocupules contain-

ing chromogenic enzyme substrates. The ad&\tion “of the 'aquecus sample
¢ P . -~ ‘N\—.\%_
. *
starts the reactions. The- EL4-1 cell suspensions were adjusted to contain
- b2

-

7.6 X 106 cells ml'1 With a pasteur pipette, 2 drops"‘ﬁf ';:gell suspension

\ &,

———

were added to each cupulee The strips were incubated for &4 h at 37° c.
After” incubation, one drop of reaéent A and one’ drop of reagent‘.B were
added to each cupule and the strip was exposed to light. ‘A colour reaction

of 0-5 was assigned by comparrison to the colgur chart provided. In each

L
y'/ -
reagtfon, the enzyme substrate is bound to beta-naphthol or beta-

naphthylamine. The enzyme, if present,/ reacts with substrate to form the

.

released product and betatnaphthol or beta-naphthyla;nine: These 2-latter

compounds react with the detector reagents to produce a coloug.

-

»

Numbex Enzyme ‘ Substrate \ Colour
. . * ~ - o
I3 alkaline phogphatase 2-naphthylphosphate violet
Ty
2 esterase (C4) 2-naphthylbutyrate violet

*

‘/{j «——esterase lipase (C8) 2-naphthy1capry‘1ate- violet
4y lipase (Cl4) - . 2qpaphthylmyristate violet
5

leuc ine, aminopeptidase * L-leucyl-2-. orange

naphthylamide



10

11

12

15

16

17

A

valine aminopeptidase L-valyl-2-
naphthylamide
cystine éainopeptidase L-cystyl-2i
| ‘naphfhylamide
trypsin » N-benzoyl-DL-
s arg}nine-Z-
naphthylamide
chymotrypsin - . N-glutar;i-
/ phenylalgnine
2-naphthy1amiﬁe
aeid phosphatase 2-n;phthyl phosphate
phosphoamidase ~ Naphthyl AS-Bl-

‘ ' _ phosphodiamide

alpha-galactosidase ﬂ6-Br-2-ﬁaphthy1-alpha violet

D-galactopyranoside
beta-galactbsidase ) 2-néphthy1-beta-D-

galactopyranoside

- beta-glucuronidase ) ) Naphthyl-AS-Bl-beta

-

H

D-glucuronide

alpha:giucqgidase 2-naphthyl;2-D-

- v . .

glucopyranoside

beta-glucosidase 6-bromo-2-naphthol-

beta-D-gluco-

*

« pyranoside

N-acetyl-beta-glucosaminidase iiﬁhphtgyl—N-acetyl-

° \ beta-D-glucosaminide

L
> N . @ ¢

orange

orange

arange

3

8range

violet

blue

viqlet

n

“blue

violet
2

A

violet

g2t



18 alpha-mam\osidage ‘ 6—bromo-2-naplr§thy1-'2- violet
’ N D-mannopyranoside F ‘
19 alpha-fucosidase ‘ ' 2-naphthy1~a1pha-L-B violet
’ - \ fucopyranoside _
, Reagent A . L * ) & ’
Tris (Hydroxymethyl) aminomet?haf.le 250 g ‘ -
_ Hydrochloric acid (37%) o R 110 ml - ‘ i
’ Laurylsulfate (%&c;um'dodecyl sulfate 100 g | ( ‘ .
’ Dis'tilled water q.s.\ 1000 mi ‘ )
- . .
‘ A
Réagent B .
Fast Blue BB ] I ‘ 3.5 g
" 2-methoxyethanol g.s. 1000 ml _
- s - ©
’ v,
) . 6 . ' . M .
1 . ' . -
- ? ' ’ ) v
‘ . .F,, ' y | -

-




S List of Abbreviations

TMPD
RE

LE

tIL-1
F.B.S.
PBS
TIBC
UIBC
BSA

SDS -PAGE

MHB .

EDDA  *

*  MHB-EDDA

e

iron

’

transferrin

tetramethyl-p-phenylenediamine ¢

reticuloendothelial -
_Tactoferrin

ceruloplasmin

.

leucocyte endogenous mediator

interleukin-1

fetal bovine serum

total iron binding capacity

“phosphate buffered saline

4

unsaturated iron binding capacity

bovine sérum albumin

sodium dodecyl sulfate polyacrylamide gel.

electrophoresis
Mueller-Hinton Broth

&
Mueller-Hinton Agar -

ethylene-diamine-d}-qrtﬁo-hydroxygﬁepyl N—

acetic acid

.

Muellef-Hinton Broth containing EDDA
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