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ABSTRACT 

\ . 

Ph.D. Margaret Calawell 

---;':-jl 
i 
J 

Microbiology and 
1. 

Immunology 

THE EFFECTS OF HYPOFERREMIA ON A MURINE LYMPHOHA 

AND 

l A CO~PARIS~N WITH NEISSERlA I1ENINGITIDIS 

Both neoplastic and Neisserlsomeningitidis cells can obtain iron from 

transferrin in vivo. Previous findings (Holbeilil, 1980) showed that. the . . 
murine hypoferremic response inhibits Neisseris meningitid-is infection' by 

.1 
iron deprivation. The present studies demonstrated that hypoferremia ~oes 

not lirnit_Fe acquisition by or growth of rnurin~ lymphoma cells. Transfer-

rin binding sites on lyrnphorna c~lls ~nd N. menin~itidjs were enumerated and 

the transferrin binding affinities were determined. Ir»n depri'\.loéltiqn in-

crea~ed the nurnber o.f transferrin binding si tes on N. meningi tidis cells. 

N°. subflsvH and Escherichja coli were unable to bind transferrin. Compe~.i-

, 
tion binding studies dernonscrated Chat lyrnphoma cells bound human transfer-

rin., o~er murine and bovine transferrin, conalbumin,' and la~t~ and-

sugge~- Chat neisserial transferrin binding sites had lower sfecificity. 
, '" 

/' 
Further competition studies indicated that lymphoma transferrin binding 

sites had higher affinity for ferri -~ransferrin than for apo- transferrin 

while neisserial -sites bound these two figands to the 8ame extent. This 

can explBin why hypoferremia inhibit~ Iron acquisition by N. meningitidis 

but not by l~phoma cells. 
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" RESUME 

o 

Ph,D, Margaret Caldwell Microbiologie et 

0-
Immunolbgie 

EFF&TS DE LA REPONSE HYPOFERREMIQUE SUR LES 

CELLULES LYMPHOIDES DE SOURIS ET UNE COMPARAISON 

<. 

AVEC NEISSERIA HENINGITIDIS 

Les cellules tumorales et Neisseria meningit:idis peuvent obtenir du 

.. 
f(!rr de la transferrine in vivo, Les découvertes antérieures '(Holbein, 

, 0 

1980) démontrai~nt que la réponse hypoferrérnique chez les souris freinait 
- , 

l'infection de Neisseria meningitidis en limitant l' accessibili té au fer, 
-

Cette étude démontrait que la réponse hYPofelS'rémique ne restreint ni 

l'acquisition du fer ni la croissance des cellules 1ymphoides de souris, 

, "1: • • 

Le nombre de recepteurs spécifiques a la transferrine sur la surface des 

cellules 1ymphoides et sur N. meningitidis a été mesuré et les Kd ' s pour 

l'assÇ?ciation de la transferrine avec ses , "'. ~ recepteurs ont ete determ1nes. 

l 
/ "''', La carenCE! en fer au§,mE!Tltai t le nombre des recepteurs specifiques a la 

transferrine des cellules N. meningitidis,. Aucun' site d'attachement à la 

transterrine ne fut 
, 

t:louve chez N. subf lava ,et Escher ichia coli. 
, 

Les 

études competitives d'attachement démontraient que les cellules lymphoides 

attachaient mieux à la transferrine humaine qu'li la transferrine 'bovine ou 

de souris ou li. la lactoferrine ou à la conalbumine. Les ré'sultats sug-

géraient BUSS i que les 
, 

recepteurs spécifiques à la transferrine de N. 

menlngltidis avaien't une specificite" plus basse que les rtfcepteurs des cel-

l /' ... ules tumorales, Les recepteurs specifiques a la transferr-ine des cellules 

ii 
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lymphoides ~vaient une 
~ < It~ 

affi,l1ite plus 'forte pour la ferritransferrine que 
• 

pour l' apotransferrin~ a1ôrs 'lue," lés récepteurs de N. meningl tidi.s ne - ' Ce re~ultat peue exp1iquër pour-pouvaient différencier ces deux ligands. 
, e 

quoi la réponse hypoferré'mique inhibe l' acquisi tion du fer chez N. menin-

gitidis mais non chez les cellules lymphoides. 0 . . 
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CLAIM OF CONTRIBUTION TD KNOWLEDGE 

.. 

• ,. 
1. It was demonstrated'using the E~ murin( lymph~ma, a tumor of CS7 black 

mice, that the hypoferremic response was nQt benef~cial in inhibiting tumor 

cell proliferation or iron acquisition. 

2. 
j 

The EL4-l lymphoma cel1 subline which could grow In vitro*'~iJ=hout serum 
, 

• 
in synthetic tissue culture media and human transferrin w~s established . 

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

1ished in CS7 black mice., 
.. 

4. It was demonstrated thati! the EL4-l cells could utilize the following 

ix.;on. sources for growth: human, bovi,ne and murine transferrins, hemoglobin, 

ferritin and inorganic iron. Lactoferrin ~nd conalbumin could not be used. 
Q 

The number of surface transferrin binding sites for these cells was deter-

mined as was the transferrin-tr'ansferrin receptor dissociation constant 

It was found that these murine cells bind human transferrin 

preferentially over murine tFansferrin and the 
f 

transferrin receptors of 

these cells have ve~y low affinity for bovine transferrin, lactoferrin or 

conalbumin. , 

5. High affinity binding 'si tes for human transferrin on Neis6eria menin­

gitidis celts were' enumerated by Scatchard analysis and the dis.ociation 

constant (KJ) wes a1so determined. 
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6 ... Ir~n deprivation ~f Nelsserla menlngitidis causes enhanced binding of , 

human transferrin to the cells. No difference was observed in the 

"Ii 
between iron-sufficient and iron-deprived cells. 

" .. 1- • 

, 

• 7. Unlike Neisseria meningi.tidis. the I.10n-pathogens Neisseris subflsva and 

, 
Escherlchia coll do not possess surface cellular bindi,ng si tes for.: human ,. 
transferrin. 
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1. Introduction 

/) 

AlI procaryotic cells except certain l~c~ic acid bacteria and aU nor-

mal 'and malignant eucaryotic cells examined require Iron (Fe) as a nutr!<.'nt 

.' for growth. Therefore in order for a pathogen to establish an infection or 

, 

for tumor cel1s to prolifera.te sufficient Fe must be obtained from tlw 

hosto The primary Fe source in vivo is the serùm Fe transport protein 

transferrin (Tf). During inflammation, infe~tion or neoplastie disü.1se the 
, 

amount of Fe carried by this protein decreases. This process, known aH the 
~ 

hypoferremic response '" has been shown repeatedly to be effective in con-

trolling infection by limiting Fe availability tO' infecting mi!ër6-

organisms. A serles of studies -by Holbein (1980, 1981) and Letendre and 

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

trolling Neisseria menfngitfdis infection in mice. This bacterial pfithogen 

1.5 unusual as it can obtain host Fe by binding Tf directly.. Weil1berg, in 

a series of ref4riews, (1981, 1983, 1984, 1986) has pointed out that s ince 

proliferating tumor cells requit;'e a continuo~s 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 might well inhibit Cumar 

cell growt? by Fe deprivation. The primary purposes of this work were tn 

Fe a murine mQdel of neoplastic disease to investigate whether thl" 

hypoferre~c response could effectively deprive tumor cells of Fé and limit 

their growth and to compare the characteristics of procaryotic and 

"eucaryotic Tf binding. Subsequently, several other face ts of tumor ce 11 

and neisserial Fe acquisition were examined. 

As background for this work, neoplastic and meningococcal disease as 
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2 

• 
w~l as certain aspects of Fe metabolism will be reviewed. These aspects 

will include a description of vertebrate Fe metabolf..sm, the proteins in-

. volved in Fe metabollsm and a discussion of the changes which oeeur in 
• 

thls cycle during infection and neoplasla. The possible role of Fe in con-
'. 

tributing to neoplastic disease will be mentioned and microbial Fe acquisi-
1 

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

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

c~rning the _ eucaryotic Tf receptor, its cellular exPression artd the en-

docytic Fe acquisition cycle. 
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.• Neop1asia 
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,2 :~. . L,l:r~TpRE REVIEW 
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.. 
Th~ word neoplasm means new growth and cancer is a ~'neral t~rm ust>d 

for -al'! malignant. tumors. Â maÙg~ant .neoplasm is an a~normal mas,> of. 

tissue whose growth rate often exceeds that of normal tissue, 

neoplastic cells do not respond to. normal host signaIs ta regulate or h,1! t. 

division (Maugh and Marx, 1975). Neoplastic celis may arise, in any tissue 

containing cells capable of division ·'but occur most 

typified by active celi loss 'and replacement and in 

, 

fn;quentIy in tiC,;,.iII.ll><' 

tissues exposed t ('11-. 

vironmental carcinogens such as the skin, the respiratory tract and alim(.,i- .J 

tary tract. Cancer ce Ils are more variable ln size and-shape thon normal 

cells and the nucleus is generally larger and often irregular There ·i .. of· 

ten an increase in the size and number of nucleoli and there is.generally a 

. 
large proportion of the cells undergoing mitosis at any one time.> 

tic cells are also gene.rally less well·differentiated than the 

normal tissue (Ruddon, 1981). 

Neoplas­
:JI-

original, 

The hallmarks of neoplastic disease are invasion and metastasi ... 

Malignant cells in~ade and destroy-the surrounding normal tissue disrupting 

tissue function. Thesè cells furthe/ metastasize via blood vessels and 

lymphatic chan~els ta distant organs. The~e properties of malignant tumor!'. 

have devastating effects on the host including: bleeding or helJlr>rrhage, 

infection, fever, anorexia, cachexia or body-wasting, anemia and pain due 

·r 
to tissue destruction, pressure or obstruction of organ function (Ruddon, 

.-

1 
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1981). 

Generally, turnors -ln vivo grorJl slowly initlally ,when they are avas-
p 

~lar but subsequent vascularization may oecur due to production of tumor 
n-
~ angiogenesis factor. Once vascula"rization occurs, turnors have access to 

more nutrients and oxygen and therêfore grow more quickly. 

Transformed célls in vitro have many cytological charact~rLstics 
1 

~ 1 ~" 

similar to those described ab ove for cancer cells in VLVO. Normhl diploid 
1 

mammalian cells have a fini te life span in vitro while malignant:cell cul-
l' 

tures ,are able to live indefinitely. Neoplastic cells in vitro grow 
/' 

to a 

higher cell density than non-~nsformed cells; they no longer demonstrate 
1 

1 

contact inhibition or anchorage dependence é!-nd can grow in -suspension or 
1 

soft agar. Transformed cells also demons.rate 1055 of restriction point 

control. Certa~ turnor cells can synthesize sorne of their own growth fac-
'" 

tors and ·t:erefore mayrequire a low~ serum concentration. Many cellular 

properties might be changed including: surface glycoproteins and 

C. glycolipids; tumor-associated antigens may be present' and the cell cyto-

sKeleton, microtubules and microfilaments, may be altered. Changes in ~ell 

enzyme patterns, cycUc nucleotide levels and in amino acid' and sJgar 

'transport may be evident. Finally., malignant cells dem.onstrate 

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

• 

• 
( 
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Neisseria meningitidis 

Neisser ia meningitidis, the causative agent of meningococc'al lDenin­
: 

giUs, is a gram-negative, -non-motile diplococcus. The individual cocci 
, \ . 

are smalf (0.8 X 0.6 um) and ar~ kidney-shaped. This bacterium i5 

'obligately aerobic ~ut readily degrades glucose and maltose producing 
,..-

acetic acid. It is TMPD (tett"amethyl-p-phenyle.nediarnine) or trrminal 

oxidase, superoxide dismutase and catalase positive The men~gococci arp 

divided into 10 serogroups on the basis of po1ysacc"haride capsulat< 

antigens: A, B, Cl+, Cl-, D, W-135, X, Y, Z and Z'. This organism is fur-

ther ·classified on the basis of outer membrane prote in and. lipopolysac-

charid& antigens (Gotschlich, 1980). 

N. meningitidis causes 10-30% of cases of adult meningitis aRd 30-40~ 

of ças~s of meningitis in children under age 15. The human nasopharynx i5 
,,) 

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

are asyrnptomatic carriers. In the suscèptible host, the' organism may cause 
, 

pharyngi tis and from the~nasophar1nx may invade the blood stream to ca~se 

. 
meningococcemia. Meningococci may spread to the skin, eyes, joints, héàtt, 

adrenals and menin&es in which case the leptomeninges, pia and arachnoid 
, 

matter bec orne inflamed Most patients develop a petechial rash. . In la - /O~ 

of cases fulminant meningococcemia occurs and shock and vascular co11apsû 

rnay ensue; death may occur due to cardiac or respiratory failure. 

In a series of stties by Archibald and DeVoe (1978, 1979, 1980) the 

Fe requirements fat the owth of N. meningitid is were determined and the 

ability of the organism to grqw on many different Fe-containing compounds 

was examined. It .Jas found that N. meningitidis SD1C in continuous cul ture 

.~ 
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requi~d 111-17 ug Fe per g (dry weight) for s!ow cell d"ivision and main-

tenance ·of v1ability (Archibald' and DeVoe. 1978). N. meningitidis. unlike 

mast bacteria, was not found to produce sideropho't'es tArchibald and DeVoe, 

1979) . ~ ~en1ng 1 t id lS, however. demons tra ted t the rare proéaryotic 

ab!lity 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 direc tly Yancey and Finltelste~ (1981) reported 

that hydroxamate siderophDres had been isolated from concentrated super-

natants of lioth N meningitid1S' and N. gonorrhoeae cultures. 
~ 

Thes.e 

siderophores were stimulatory in the Arthrobacter flavescens JG-9 bioassay 

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

that the uninoc\l;lated culture media which included Proteose,...pepton,e con-

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

o'f, siderophore ac t i vi ty above tha t f ound in uninoculated media cquld be o > 

found in supernatants Ero~ 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 
.;1 

sibility that 

1 
neisseriae d.o "not produce sidel;ophores in vitro. The pos-

these organisms may produce siderophores in vivo cannot be 

ruled out but this would be difficult to test. 

~ N. meningitldis cah also use Fe from Fee1 3 • felFric citrate, hog 

gaseric mucin. hemogl~pin and myoglobin but cannot readily use Fe from con-
Q 

a~bumin. ferritin, cltochrome c or certain microbial siderophores including 

. 
desferrioxamine. ferrichrome, or enterochelin (Archib~ld and DeVoe. 1979; 

'. 

() . 
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1980):~ Mickelsén and Sparling (1981) reported that a11 N. menlngltldls 

and N. gonorrhoeae "strains examined cou1d uti1izf' Fe from 25% Fe-saturated 

Tf but most commensal strains were inhibited by this prote~n. In Il sllh-

'l , 

sequent stud:y, Micke1sen et al. (1982) examined 107 Nelsserl11 strains to 
o 

~ 0 

determine which ones cou1d use 1actoferrin (Lf) Fe for growth. All menin-

. gococcal strains examined, 53% of gonococcal strains and 24% of commensa l 

s~rains (N. lactamica. N sicca. N. flava etc.) could utilize ~e from this 

compolll:l,Ci. 
, , 

Simonson et al. (1982~ founel that bath Fe-deprived and Fe-suffident 

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

from this protein; maximal uptake occurred cft'ter A h of Fe depri va tion. 

Binding of Tf was energydndependent but Fe I,lptake required a funet iona l 

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

take. If cells were exposed to trypsin or 60 0 C temperatures for 5 min F~ 

~ 
uptake was abolished Apo.-Tf was bound to the same extent ilS 30% Fe-

saturated Tf suggesting that \ the bacterium recognizes the protein not tlH' 

Fe moiety of the molecule The ability of N. menlngltidlS ta obta!n Fe.> 

~~from Tf ~represent an important virulen~e factor for this organism as 

the non-pathogenic N. flava and N. sicca could not ootain Fe from Tf even 

r 

when Fe - s tarved. 

Brener et al. (1981) found that if N. meningitidi's was grown at low pH 

. 
(6.6) under Fe-1imited conditions the virulence of the organism for mi~e 

was enhanced 1200-fold. CeUs' grown at pH 6 6 or under Fe-deprivêd condi-

tians at pH 7.2 demonstrated enhanced synthesis of an outer memb~~ne 

protein of 69,000 daltons. -·Masson and Holbein (1985) demonstrated that 

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

o 
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of "he orgatlism for mice, the àmount of capsu1ar polysaccharide and ce11 .. 
r=-

surface hydrophi1icity were a11 increased. Mietzner et al. (1986) examined 

Q 

many Nelsseria strains 
\ 

for the presence of a 37,000 da1 ton Fe - regu1a-ted 

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. 

meningitidis, N·. lactam~ca and N. cinerea while 17 strains from other 

species of Nelsseria and Branhamella did not demo~strate the presence of 

this Fe-regu1ated protein except for one strain of N subflava. This 

1 
antigen therefore appeared to be conserved among pathogenic neisseriae. lt 

was a1so reported that sera from patients recovering from gonococca1 .in-

fections had antibodies to this 37,000 dalton protein. As the - authors 

poirit out, this latter finding suggests that this protein is expressed and , 

antigenic in vivo. This finding cnupled with the fact that the prote~n ap-

fi ~ 
pears a~ong pathogenic neisseriae suggests that the proteln may have an es-

sentia1 pathogenic function ~n VIVO. ,However, the precise ro1e of this 

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

In a recent study Black et al (1986), wanted to determine whether Fe­
(JO 

repressib1e outer membrane proteins in_No meningitld~s were expressed and 
• 

immunogenic during infection. They examined purified membranes from four , j 
disease iso1ates by Western b1ott~ng with patient sera. The patients' con-

-
-valescent sera contained IgG and IgM antibodies to a 70,000 dalton 

Fe-regulated protein and IgG antibody to a 94,000 dalto~.prot~in in the 

outer membrane of the N. meningitidis culturé isolated from the 
, 

corresponding patient. Neither acute phase nor poo1ed normal sera 
, 

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

parent as certain patient antibodies wou1d react with Fe-regulated membrane 

1 
o 
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ant;igens from isolates of other patients. These authors further deseribed 

an interesting meningoeoceal mutant whieh did not possess the 70,000 dalton 
• 

, 
Fe-regulated pro-tein and was 'unable to use Tf or Lf for growth or ta take . 

/. up appreciable 55Fe from Tf or Lf. Unfor tunate ly. this mutant has provot! 

transformation Incompetent and genetic analysis of the system has nct 

progressed (D Dyer, personal communication). The initial findings, 

however, suggest that this prote in has a central role in Fe acquisition 
o 

from Tf or Lf and may 

ability to deferrate 

be an .1m~ortant virulence factor partiélliarly dS ~he 

Tf direc"t~y. has. °an obvious advantage in the mf'nin-

gococeal invasiatl of the blood and cerebrcrspinal fluid. and because. the 

host Fe status clearly affects the course and outcome of experimental 

murine meningococcemia (Holbein, 1980, 1981): 

2.3 Importance of Fe in biologieal systems 

Certain atomic properties of Fe j primarily" lts unpaired e1ectrons and 

two valences m~ke it the most versatile transition metal and thus an im-

portant eomponent of many biologieally important compounds. Heme Fe i5 

present in hemoglob in, myog1obin 1 cytochromesn and in enzymes such as the 

-
eatalases and peroxidases. Non-heme Fe eonta~ning enzymes include non-

heme oxiàases and oxygenase,s 1 Fe - sul fur proteins, superoxide dismutaso, 
f 

nitrogenases and ribonuc eotide reduetase. Fe exists in the ferrous (Fe 2 +) 

and the ferrie (Fe 3 +) state and can Leadily undergo changes from one '. ,\ 

valence state This is important, for example, in mltochondrial 

and baeteri al electron transport chains for electron transfer. Fe is 

uniquely suited for eleetron transfer reactions as lt can he poised at a 
" 

.. 
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wide" range of redox potentials. The Fe valence electrons have the ability 

to ~xist in low or high spin states. These properties enable it to 

qata1yze many reaetions involving oxygen reduction (Wrigglesworth °and 

Baum, 1980). 

A1though Fe is the second most abundant metal and the fourth most 

abundant element in the earth's crust, in a we11-aerated neutral or 

alka1ine solution Fe is usually in the ferric form and readi1y forms in­

soluble complexes. Ferri~ salts' at neut{al pH form Fe (OH) 3 which has a . \ 

sdlubility pro~uet of 4 X 10- 36 (Free [Fe)/[Fe(OH)3)' Thus any free Fe in 

excess of 2.5 X 10- 18 M would be precipita~ed in the form of the hydroxide 

(Bullen, et al., 1978). As cells require 0.4-4.0 uM environrnental Fe for 

growth (Weinberg, 1981) organisms havé evolved specialized Fe transport, 

storage and solubilizing systems. In vertebrates, most Fe is bound to 

pr6teins probably because free Fe-could catalyze the production of highly 

destructive radieals, provide nutrition for invading parasites and not be 

- efficiently stored, controlled or-transported . (1.0 

. 2.4 

. 2.4.1 

The role of Fe in metabolism 

The vertebrate' F~ cycle 

The ;'human bodgr contains apprOXi~a~y 50 mg kg.!'\ Fe. 
t 

x 

.' 

Hemoglobin com-

prises 60-70% of the body Fe, myoglobin, cytochromes and ,enzymes 10% and 

,the Fe-st~rage proteins ferritin and hemosiderin contain 20- 30%. 
t. 

The 

transport protein Tf only contains 0:1-0.2% of body Fe (May and Williams, 

1980) . The Fe cycle in th~ body i5 dynarnic and Fe metabolism is under 

o 

.. 
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stringent control. An individual's daily dietary intake of Fe is ap-

proximately 10 mg of which only 1.0-1.5 mg is absorbed (Conrr.n and Barton, 

1981) . An equal amount of Fe ls lost dal1y from the feçes, urine Ilnd 

'sloughed skin, intestinal epithelial ceUs and body secretions. Absorption 

of Fe involves at least 2 steps: mucosal (villus cell brush border) uptalw 

from the intestinal lwnen and mucosal transfer (villus cell basolateral 

membrane export) to the plasma. Fe ls solubilized by gastr1c acid and 1s 

absorbed in the upper duodenum. The mechanisms of Fe trans i t through tlw 

-\\ 
inteseinal mucosa have not been elucidated (Finch and Huebers, 1986) but 

absorption of Fe is usually regu1ated according to the body's requirements. 

Fe in exce~s of body needs may be stored in the duodena1 mucosa in the [onll 

of the storage compound ferritin. Sorne of this Fe may be subsequently lost 

when the intestinal vi11us cel1s are sloughed Herne Fe 15 absorbed more 

efflcient1y ~han inorganic Fe; however, the absorption of inorganlc Fe i& 

enhanc~d by ascorbic acid, amino acids and sugars. Absorbed Fe is bound by 

the transport protein Tf in the blood and lymph. An important role 0 f 

this protein- ls to transport Fe from absorptiqn sites ta all ceUs which 

'1. 
requlre it including erythroid cells ln the bone mar~ow, placental ceIIs to 

transfer Fe ta the developing fetys, and to lymphocytes and other 

proliferating cel1s. Tf also transports Fe to Fe storage sites such as the 

1iver. In immature erythrold ce1ls Fe ls incorporated - into hemoglobin ," tlH! 

oxygen carrying protein of erythrocytes. At the end of their life span, 

approximate1y 120 days in man, red blood cells are degraded and removed by 

the reticuloendothe1ial (RE) system. The RE system consists of the total 
. 

b-ody pool of macrophages and includes aIl ph-agocytic cells except ,. 
granu10cytic -leukocytes. The Fe from senescent e~ythrocytes enters a 
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Fig. 1 The vertebrate Fe cycle. 
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labile pool ftom whence it 15 either released agaln to the Tf pool (ear1y 

re1ease) or it enters the RE storage Fe pool (late re1ease); the Fe storage 

compound~ are ferritin and hemosiderin. In the dog, the early and late 

re1ease Fe pools have ha1f-1ives of 30 min and 7 days respectively and the 
'1 

1 

two pools contain equa1 amounts of Fe, (Fillet et al., 1974). In man, 70% 

, ) of RE Fe Is ln the early !nd 30. Is tn the late system. \Jith the return 

of Fe once again to Tf the cyc'le ls jcomplete (Fig. 1). Tf is thus the 

... 

central component of the Fe cycle. The Tf' sare actually a family of 

~ 

proteins divided into two groups: 
i 

oJe group contains serum Tf and conal-

. 
bumin (chicken \ ovotransferrin); the., other group is comprised of the 

lactoferrins (Aigen, 1980). 

2 .4.2 The transferrins 

o 

\ 

2.4,2.1 Transferrin 

Tf is found in the serum· of vertebrates at a concentration of 2-3 mg 

m1-~ and is a1so found in the extravascu1ar fluids such as 1ymph, 

cerebrospinal fluid and ascites fluid (Morgan", 1981). Tf is synth,esized 

prlmari1y by the 1iver hepatocytes but c~n be synthesized in small amounts 
, 1> • 

by Sertoli cells (Skinner and Griswold, 1980), neuronal- g1 ial ce 11s 

(Markelonis et a],., 1982) and by lymphocytes (S01tys and Brody, 1970) . 

Schade and Caroline (1946) first identified Tf in Cohn's fraction IV-3,4 of 

human plasma proteins and named it s iderophil in. Ho1mberg and 

(1947) a1so discovered the p+otein in porcine serum and after ,elucidating 

the transport· function. of this protein called it transferrin. Tf is an .. 

o. 
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80 ,000 dalton, single chain po1ypep~ide cons-istipg of 679 amino acids 

\ 
(MacGillivray et 'al., 1983). Tf is a g1ycoprotein; human Tf contains 6% 

carbohydrate as two identic;a1 chains (Aisen and Listowsky. 1980) attached 

to asparagine residues 413 'and 611 (MacGillivray et al , 1983). The car-

bohydrate train cons~sts of two sialic acid, two galactose, three mannose, 

and four N - acetylglucosamine res idues and the sequence was determLn"ed by 

Spiketal. (1975). 
, . 

\ 
The complete amino acid sequence of human Tf has been determinod from 

peptide analysis (MacGi1livray et al., 1982) and thro~gh sequence analysis 

of cDNA (Uzan et al., 1984). This globular protein contains two 

homo1ogous domains in which 40% of the amino acid residues are identical: 

each domain possesses o~ Fe-binding site (~isen and Listowsky, 1980) 
J 
1n-

terestingly, it is believed that the ancestral Tf protein.was approximately 

40,000 daltons and contained one Fe-binding site and by a process of gene 

duplication and fusion the larger two-sited protein evolved (Greene und .. 
Feeney, 1968). Pyura stoloniferB, an invertebrate which arose 200,000,000 

l years ago has an Fe-b;i.nding protein of approximately 41,000 (+/- 2,0(0) 

daltons with one Fe-binding site (Martin et al., 1984) which can bind to 

the human Tf receptor and donate Fe for hemoglobin synthesis. It has been 

suggested that the ancestrar molecule was duplicated aft~r the development 

"Of a secretory kidney which wou1d have excreted a molecule of 41,000 dal­

tons (Williams et à1 .• 1982). Each mfecule of Tf thus binds two mo1ecules 

of Fe in the ferric state. The prote in' s affini ty for Fe i5 extreme ly 

high; the association constant is approximately 1036 ([TfFel/[Tfj{Fe]) , 

CAasa et al .• 1963). The binding of Fe occurs with the concomitant binding 

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

1 
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and Listowsky, 1980). The simultaneous binding of the anion and metal is a 

unique bioehemica1 feature of Tf. Tf can bind other tranEition metals but 

binds ferrie, Fe with the highest affinity (Tan and Woodworth, 1969). When 

Tf ha,s bound Fe the 

maximum at 465 nm. 

complex forms a salmo'n-p~nk co1or with an abjorbance 

In the N - terminal .... domain of human Tf the Fe ~ding , 
ligands are thought to include: tyrosine re~idues 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 anioJ;l binds (Chasteen, 

1987) . 

Much controversy has arisen in the past concerning whether the two Fe-

I 
binding sites on Tf are identical in their Fe-binding properties and their 

functions. Fletcher and ~uehns (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 curr,ently believed, however J that there is not 

a funetional difference between the two monoferric species 'of Tf- in donat- -~­
cl 

ing Fe to cells. This has been demonstrated by "belaney et al., (1982) for 
, 

rabbit reticulocytes and Van der Heul 'et: al. (1984) in human lymphocytes, 

hepatoeytes and bone marrow ce11s. 
\l, 

In vitro studiès, however, have 

revealed certain physicoehemica1 differenees between the two Fe· binding 

sites. Studies by Prineiotto.,and Zapolski (1975) and Lestas (1976) 

revealed that the two Fe binding sites differ wi th respect to the pli at 

which Fe ls released. The C-termina1 Fe-binding sfte is more aeid stable 

and retains Fe longer with deereasing pH (Marx, 1984). . At pH 6.7 the N-

terminal site has 1ess th an one- twentieth the affinity of Fe that- the C-

- terminal site has while at pH 7.4 the affinities differ by on1y a factor ~f 

) 
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. 
five or six (Aisen and Listowsky. r980). In ~7n serum mo:t;e Fe i5 bound 

~ . 
ta the N-terminal than _to the C-terminal binding site (Leibman and Aisen, 

1979) ; 

10% is 

he 

44% of Tf is pre,sent as apo-Tf t 24% is N-terÎninal nonoferriC Tf, 

-terminal monoferric and 22% is diferric Tf (Williams, J., 1979). 
.1-

Tf gene in the' hum an is located on the long arm of chromosome 3 

(Yang et a.l., 1984); i.t, is 33.5 kb in length and composed of 17 exons and 

;1.6. introns. The DNA ~equence of 620 bp of the 5' region of the humlm Tf 

gene was recently studied by Lucero et al (1986). Several putative 
, 

regulatory regions were identified including. metal binding' regulatory 

elements 1 transcription factor binding sequences, a progesterone receptor 

el~ment. a glucocorticoid regulatory sequence, a cAMP regulatory domain and 

several DNA enhancers. These authors point out that this study represents 

an iilteresting ,first step in the study of regulation of Tf gene expression. 

Although each molecule Tf can bind two molecules of Fe, Tf is nor· l 
- '- -

mally only 30% saturated wit e in the human (Bullen et al , 1978) and 50% 
i 

saturated in the mouse (-Le tendre and Holbein, 1983). . This degree of un-

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

it but this protein must also withhold Fe from pa~hogenic organisms . .. 
2.4.2.2 Conalbumin 

~, 

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

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

(Weinberg, 1984). The apparent f~nction of conalbumin is to bind Fe and 

w~\thhold 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 w~re using egg white to lyophi1ize Shigell? 

dypenteriae and found that sorne 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 a1so a single chai.11l 
/ 

polypeptide, but it contains only ORe oligosaccharide chain composed of 4 . . 
residues of mannose an~. 8 of N-acetylglucosa,mine (Williams, 1968). - . 
~ 

r ' • 

...-'1 • 2.4.2.3 Lactoferrin 

Lactoferrin (Lf), the other important member of-the Tf family, was 

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

Ruman mi1k contains 2-6 mg m1- 1 Lf (Bullen et al., 1972) which r.epresents 

20% of the prote in content; the concentration of milk Lf, however, varies 
i} 

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

in other exocrine set:retions such as mucus, tears, saliva and also in the 

specifie granules of po1ymorphonuclear leukocytes (Bezkorovainy, 1980) but 

its concentration in the serum is normally only 0.01 uM (0.8 ug ml- 1 ) 

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

weight of approximately 80,000 da~tons and each molecule can bind twb fer-

rie Fe mole~u1es but Lf has a higher affinity for Fe (Aisen and °Leibman, 

1972) .• Lf has sorne amino acid hom9logy with Tf but as shown by Blanc and 

Isliker (1961) 15 antigenical1y distinct. Lf has an important anti-

microbial role ln the body; it is present in exocrine 

Sll-situated ta withhold 0 Fe from potential 

secretions and i5 

Lf continues~ to pathogens. 

b 

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

" 
where the pH has' been lowered' due to lactic aci.d release from bacteria or 

o 
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1eukocytes ('W-einberg, 1984), Brock (1980) has also suggested that Lf might 

/ 

have a ro1e in suppressine intestinal Fe absorption in infants. Lf in milk 

at an average concentration of 3 mg ml -: contains 0.21 ug ml -1 Fe; thi s 

represents 5% Fe-saturation of the protein (Finkelstein et al., i983). 

c. '" 
Thus- Lf is highly unsaturated accounting for its strong Fe-withho1ding Hnc! 

antimicrobia1 properties. The body' s Fe- binding proteins Tf and Lf are 

on1y partially saturated with Fe and have very high association constants 
Q 

for ~ Fe. The amount of free Fe in equilibrium with these proteins is aboLIt 

10-18 M (Bullen et al., 1978) well below the 0.4-4.0 uM level required fo\-
, 

bac terial growth. Tf and Lf therefore have very important anti - bac ter illl 

ro1e~. The importance of Fe in microbia1 infection and the bacteriostatic 

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

vitro st,-\dies have demonstrated that serum is' bacteriostatic but IJhen -o 

• enough Fe is added to satura'te the Tf the bacteriostatic properties are 
t 

lost. This has been shown using many organisms including' ClostridiuIn 
o _ 

perfringens (Rogers, 1967), Escherichia coli (Fletcher, 1971) and Mycobac-
\ 

terium tubercu10sis (Kochan, 1973). Similarly it has been shown that the 

inj ection of Fe compounds enhances bacterial virulence in .vivo. Jackson 

and Burrows (1956) working with Yersinia pestis found that aviru1ent colony 

types cou1d"'become virulent for mice by adding Fe to the inocula. Bullen 

et al. (1968) found that if guinea pi~s were injected intraperitoneally 

with 2-7 X 104 E. coli 'Olll, the organisms did not proliferate but if the 

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

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

the bafteria grew quickly and the animals died. In a later study, Bu11en 

et:: -al. (1974) investigating Pseudomonss aeruglnoss. infection in rabbits, 

Q 
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• 
~ound that a sublethal infecting dose of bacteria led to fatal rapid growth 

if Fe compounds were inj ect;ed. These authors also ~ found that Pseudomnnas . -
grew s'lowly in peritoneal fluid or in media containing unsat~r~ted Tf and 

1 

- twice as quickly when the Tf in peritoneal(O. fluid or media was saturated 

with Fe. They observed tha.t Pseudomonas infection caused a rapid drop in 

the percentage Fe saturation of Tf in the plasma-qnd perito~eal fluids. 
~ " 

It:has 'been suggested that breast feeding protects infants-against E. 

coli enteritis and other infections due to the combi~ation of an~ibodies, 

lysozyme and Lf, fOl,lnd in human mi·lk (Bullen et al., 1978). Btillen et al. 

(1972) found that if E. coli 0111 was inoculated into hum an milk to' which 

bicarbonate had been actded growth was inhibited, If enough Fe was added to 

saturate the Lf. E. coli was able to proliferate rapidIy in the milk. The 

addition of bicarbonate allowl=d adventitious Fe to' be bQund to the Lf. If 

o 
bicarbonate was not added, 

, , the c1trate in ..the milk permitted E. coli to 

t 
take wp the non-Lf bouQd Fe as Fe~citrate (B~llen et al., 1978). 

2.4.3 Ferritin ?ndometabolic Fe storage 

'" 

Efficient Fe storage is very important as the body has a contin~in& 

ne~d for Fe but free low mole~ular weigpt Fe could catalyze the production 
. 

of free-radicals and increase the possibility of infection. 
~ . , In certain 

casès the body's demand f9r Fe may ex~eed. the dietary intake ,and storage Fe 

must be mobilized. Ferritin and hemosi~erin are the two compounds respon-. . ~ 

sible for Fe storage. Ferritin can be synthesized by àll body celis but 

the liver, spleen and bone marrow are especia~lly ferritin-rich (Aisen and J 

Listowsky, 1980). 
~ 

.Inter~sting1y " ferritin is not only synthesized by 

.0 

. . 
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vertebrates but is 

1 
found in invertebrates, 
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plants, fungi: and in certain 

bacteria (Crichton, 1984). Ferritin has a '1lIolecular weight of 450,000 dal-

tons and is cOJlPosed of 24 polypeptide chains (Cric'hton and Bryce, 1970, 

Bryce and Crichton, 1971) forming a shell in which Fe is deposited. The 

ferrltin molecule is spherical and compact; the outside diameter 15 1?4-130 

A, the interior is hollow with the inside 'diameter being 70-80 A Six 
~ 

channels connect the ho11ow interior to the out~ (Harrison, 1977)., Each 

-ferritfn molecule can hold a maximum of 4!00 Fe atoms but ferritin 

molecule~ are usuall y onl y ~o - thi rds fUll.' Fe en ters f en it i n i~ the fa r' 

rous form but is actuall] stored in the ferric form as (FeOOIl)8 

(FeO. OP03H2 ) (Bezkorovainy, 1980). In the human there are çwo types of 
, 

ferritin polypeptide chains designated H and L. H chains have a molecular 
(), " ....,. 

weight of 21,000 daltons while L chains are 19,000 daltons (Arosio eC al., 

1978) . Tissue isoferritins have different ratios of H and L subunits, \ l-n 

heart and neoplastic tissue H chains predominate, while L chains 

predominate in liver and spleen (Drysdale, 197,7). The amount of ferri tin 

in the serum reflects the size of body Fe stores and is very small under 

normal condi tiqns but may increase in certain disease states. 'Serum fer-

ritin has a low Fe content and is glycosylated. 

The entrance of Fe into cells causes enhanced ferritin synthe5is which 

is not inhibited by actinomycin D (Drysdale and MunJ;o, 1966). Ferritin 

m-RNA in the ceU is regulated by an apoferritin ~subunii attached to 'ft .. 
~ 

<> which prevents translation. Whe~ low molecular weight Fe enters the cell 
J 

it can bind to the ferr~tin subunit removing it and allowing the rn-RNA' to 

be translated (Zahringer e~ al., 1976). The half -life of ferri tin ln the 

rat is 3 days aft~r which it ls degraded by proteolytic enzymes in the 

. . 
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cytosol and secondary lysosomes. lt is believed that degradation of fer-

'ritin results in the formation of the other Fe stoFage .. coI1lpound 

." 
hemosider1:n. 

2.4.4 Ceruloplasmin 

The last protein of Fe metabolism to be discussed is cerulopla (Cp) 

the protein responsible for removing Fe 

the - Tf pool. 
1 

Cp is a single chain serum glycoprotèin with a molecular 

weight of -132 ,000 daltons which contains 6 atoms of copper per molecule ... 
(Frieden , 1980). Seven biologica1 functions have been ascribed to this 

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

sa\~ copper, it is an acute phase reactant irotein and itS' serum con­
e. 

centration increases during the inflarnmatory response, and it has a role in 

mobilizlng Fe from s torage sites back into the Tf pool by virtue of its 

ferroxida;e Cactivit~ (Frieden , 1986). The serum ferroxidase activity of Cp 

wa~ first postulated by Osaki et al. (1966) lt is thought to ~ehave as 

follows at least in RE cells: ferritin Fer stored in the ferric state is 

reduced by ferritin reductase using flavin mononucleotide FMNH2 as the 

reductant (Sirivech et al., 1974) which is itse1f reduced by NADH + H+. Fe 

/ 

(II) binds ta certain sites 

.. f 0 rm a Cp Fe { II ) 

RE cell membranes and when Cp binds ta 

oxidized ~nd transferred to~ 
(Frieden, ~983). 

o 

The importance of Cp in Fe metabolisrn has been demonstrated in'several 

animal studies. When swine 
" 

(Lee et al., 1968; Roeser et al., 1970) or 

mice. (Letendre and Holbein, 1984a) wereJ plac::ed on co.pper-deficient diets 
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they bec~me both hypoceruloplasminemic and hyPoferremic displaying lowered 

se,rum levels of both Cp and Fe. Wh~n Cp was administered to thesp 

animaIs, 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 agàin made available, Fe was relea5ed 

from storage with the resulting increase in serum Fe levels. 

2.5 Changes'in Fe metabolism during infection 
o' 

It was emphasized in the above discussion that Fe metabolism i5 ..., 

strictly regulated and is composed of various pools connected by the 

central transport component Tf. The Fe system is also dynamic; Fe 15 cOO· 

tinually being turned over and moving through these interconne'cted PQols. 

Because of the dynamic nature of the Fe system relatively rapid ~hanges in 

Fe met~bolism can occur ?uring an inflammatory response In 1932 Locke et 
, 

al. rel?0rted that pulmonary patients with tuberculosis had lower levels of 

serum Fe 

levels. 

and horses~' _. ected with diphth~ria toxin had reduced serum Fe 

." J 

In a_study Pekarek et al. (1969) hum an volunteers were expo&ed 

to the bacterial pathogen Franclsella tularensis and serum Fe leveis were 

monitored. These levels were found to fall from an initial mean level on 

day 0 of 22.3 uM to 6.4 uM on day 5. In an experimental model of bacterlal 
• 

infection, Holbein (1980) injected C57 black mice int!aperitoneally with 

î04 Neisseria'meningitidis and ,monitored bacteria in the blood and plasma 

Fe levels over 'a 24 h period. Infection peaked at 6 h and 'disappeared 
,:; ,-

after 9 h. The unsaturated iron binding capaci ty of the p~a~ma increased 

o 

immediately at:ter injection with a corresponding drop in T1;;-,Fe saturation. 
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No 'Tf-Fe could be detected in the plasma at 18 o·r 24 h post infection 

demonstrating a very. marked hypoferremic response. The decline in bac-

terial nurnbers corresponded to the decrease ,in plasma Fe. Injections of Fe 

as Fe-dextran (Holbein et al., 1979; Holbein, 1980) or hurnan Tf (Holbein, 

1981) enhanced infection. Thus the hypoferremic response controlled the 

infection by denying the pathogen the Fe it'required for growth 

Hypoferremia can a1so be induced experimenta11y by injections of 

endotoxin (Kampschmid,t et al., 1965) or turpentine (Cartwnght et al., 

1946; Kampschmidt and Upchurch. 1962; Hershko et al., 1974, Beaumier e 
o 

al,,1984). Lee (1983) observed that two theories have been put forward 
" 

concerning how the hypoferremk t~onse occurs. Van Snick et al, (1974) 

proposed that hypoferremia occurs because Lf. when released from 
J 

neuçrophils 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 inj ection serupt Fe 1evels began tQ.. fall at 6 h and were at the 

lowest leve1 by 12-24 h post- injection. Enhanced ferri tin synthesis, 

however, was maximal by 4-8 h post inJection. Thus the decrea.se in serum 

Fe was preceded by an incre~se in ferritin synthesis. It was therefore 

- postu1ated 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 nypoferremlc response. 

Letendre and Holbein (1983) investigated Fe kinetics in normal mice 

c and in hypoferrernic mice injected with N. meningitidis. Mice of both 
, 

groups were injected with murine Tf ,labelled with 59 Fe and l25 r and the 

'~ 

\ 
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temporal movement of the label through thé body's Fe compartments was f01-

lowed. Fe moved from Tf to the bone marrow then to erythrocytes. 

kinetics in infected mice were similar to normal mice. There was no ilt-

creased turnover of plasma Fe and no channelling of plasma Fe to stbrage 

compartments during hypoferremia. In a later study, (Letendre and Holhein, 

1984) control and hypoferremic mice were injected with 59Fe-1abelled hCllt"-

. 
damaged red blood ceUs and the fate of the label was followed in the two 

groups In the hypoferremic mice, the Fe from effete erythrocytes was not 

immediately returned to the Tf pool, as for control mice, but was ston-d in 

the RE system in ferntin. These autDhors (Letendre and Holbein, 1983) 

ar~ed against a direct role for Lf in mediating hypoferre%ia as large' 

o 
quantities of Lf would be required ta effect the decrease in plasma Fe ob-

served. These authors, ho~ever, did not rule out an indirec t role for Lf 

during hypoferremia by sequestering Fe at the site of inflammation in the 

peritoneal cavity. Alternative1y, Lf might be involved in the impairment of 

Fe re1ease rrom the RE system. 

The mechanism triggering the hypoferremic response has not been 

e1ucidated. Many authors have presented evidence indicating that the com-

~ound known as endogenous pyrogen, leukocyte endogenous media tor (LEM) or 

inter1eukin-1 (IL-l) is invo1 ved in triggering ~he response (Lee, 1983) 

The first evidence for the existence of this compound was presented in 1948 

(Beeson, 1948). It was discovered that a substance was 1iberated from 

polymorphonuc1ear leukocytes obtained from sterile peritoneal exudate.s of 

rabbits which could induce fever. Furth~r 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-l is a heat-labile protein of 13,000-16,000 da1ton~. lt is 

synthesized and released by activated phagocytic cells (Bornstein, 1982) 

which can be stimu1ated by phagocytosis of foreign par~icles , 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 rn-RNA and protein., LEM or IL-l is a1so responsible fot; the 

induction of fever and the enhanced synthesi9, of acute phase reactant 

t? 
proteins such as, C-reactive protein, haptoglobin, serum amyloid A protein 

and ceru1op1asmin (Kampschmidt, 1978). Dunng infection and inflammation 

the host often develops a fever. This elevated body temperature may inter-

fere wit:h the ability of bacteria to synthesize siderophores (Weinberg, 

1981). During the inflammatio~associated with infection serum concentra-

tions of Cp may be increased. Letendre and Holbein (1984a) demonstrated 

that Cp levels rose dramatically during the recovery phase of murine menin-

goc~ccal 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 sI. (1984) reported similar observations for turpentine-i~duc&d 

inflammation in mi ce and showed that the substantial increase in serum Cp 

was due to de novo Cp synthesis. It was suggested (Le tendre and Holbein, 
~~ 

1984a) 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. 

\~ 

1 
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2.6 Changes in Fe metabolism duriQg ne9plastic disease 

• 
Many of the changes in Fe metaboli~ which occur during inf~ction a1so 

occur during cancer. In an early study.of Fe metabolism in malignant dis-

ease, l1..iller et: al. (1956), found that cancer patients had serum Fe leve 15 

of 30-165 ug dl- l compared to thé normal range of 70-155 ug dl- l These 

authors noted that the serum Fe response para11eled the disease state. As 

the neoplasm spread serum Fe levels decreased further; converse ly, if thl' 

clinical state improved for example due to surgery, the serum Fe leve 1 s 

rose again. It was further observed that hypoferremia was usually byt not 

always accompanied by anemia. Beamish et al (1972) compared <;erurn Ft· 

• 
levels of normal controls with th0se of patients with Hodgkin's diseas/' ~nd 

non-Hodgkin's lymphoma Controls had a mean serum Fe. level of 127 ~g di- l 

(22.7 uM) and 35% Tf-Fe saturation; patients with stage 4 HodgkJn'c; diseasE' 

had s~rutn Fe levels of 39 ug dl -1 (6.97 uM) and Tf-Fe saturation of 16% 

Patientii with non-Hodgkin' s lymphoma had 60 ~ dl -1 .( 10.7 uM)' serum Fe llnd 

a 17% Tf-Fe saturation. Hypoferremia was fou~d to result from impaired R~ 

release of Fe. 

In an experimental model of neoplastic diseasé, Chandler and Fletcher 

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

<il 
The chickens developed hypoferremia, anemia and had increased Fe stores in 

tne spleen and liver. When tumor-bearing birds were injected with 59 Fe _Tf , 

the tumor incorporated label at three times the rate of spleen and threE!-

quarters that ,?f liver when uptake was related to organ weight 24 <h post 

1 

inj ection. The authors concluded that a combination of Fe uptake by the t 

• i 
1 
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tumor and a blockage in Fe re-utilization caused the decrease in serum Fe. 

Theae studies also imply that Fe is required fo~ rapid tumor growth. 

Schade (1976) observed that mice injected ,with plasmacytoma cells had 

towered levels of serum Fe and anemia. These plasmacytoma cells contained 

high levels of non-heme Fe in the form of ferri tin whi:le the livers of 

tumor-bearing mice contained lowered levels of Fe as compared to controls. 
, 

When tumor-bearing mic-e were injected. with excess Fe, the excess Fe was 

-
stored in the liver not in the tumor cells. The author concluded that 

plasmacytoma cells may deprive other cells of Fe tq, meet their own needs 

but,do not store Fe over and above their needs. Tumor cells would require 

Fe as an enzyme co-factor for several Fé-containing enzymes including. 

ribonucleotide reductase, which is necessary for DNA synthesis, catalase, 

peroxidase, tryptophan 2,3 dioxygenase and phenylalanine, tyros ine and 

tryptophan hydroxylases. r 
In contrast to the development of hypoferremia ~uring neoplasia, 

Caroline et al. (1969) reported that 64% ?f patients with acute myelo-

blastic leukemia examined had elevated serum Fe 

h~ Tf - Fe saturations of above 50% while others 

levels. Several patients 

had 100% Fe-saturated Tf. 

-
This was correlated with the high incidence of Candida and other fu~gal in-

. 
fec tions in leukemia patients as ln 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 ather forms of neoplasia as it is as-

sociated with hyperferremia. This condition is associated with low levels 

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

Fe levels when an infection occurs. Sera from leukemic patients s~owed a 



1 

• 

28 

reduced ab±lity to inhibit growth of Pseudomonas aeruglnosa, a type of in-

fection from which leukemic patients frequently die. Suppression of bono 

marrow function in this disease produces hyperferremia by decrensing Fe 

utilization by erythroid cells. Marrow suppression also leads to 

monocytopenia and neutropenia. Monocytes are responsible for the release 

of LEM (IL-l) and induction of hypoferremia and neutrophils relens€' Lf 

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

action,of factors may weIl be responsible for the high rate of infection in 

these patients. 

Abnormalities of Fe storage have been reported in certain cases ot 

neoplastic disease. Dumont et al. (1976) reported that p.atients with 
. ' 

untreated Hodgkin's disease had markedly elevated levels of hemosiderin in 

the lymph nod;s. Patients did not have excessive Fe in their livers wh~re 
.. 

the Kupffer cells normallyt account 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 depositiok. De Sousa et al. (1978) suggested that abnormal 
r , 

handling of Fe by monocytes of the spleen and lymph nodes may be linked to 

the pathogenesis of Hodgkin's disease. 

Concentrations of ferritin in the serum have been observed to increase 

in ~everai types of malignant disea;. Jones et al. (1973) measured serum 

ferritin leveis in patients with Hodgkin's disease and leukemia. The mean 

n:rmal concentration for men and WQm:n )spectivelY was 69 and 34 na "1'.1 

Pa~ients with Hodgkin's disease had ~verage level of'21S ng ml- l . Those 

with acute myeloblastic Ieukemia had a mean levei of 589 ng ml- l . Jacobs 

et al. (1976) found serum ferritin levels in Hodgkin's disease patients ln-

t 
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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 ~ean serum 

ferritin 1evel of 96.9 ug 1- 1 whi1e the control mean concentration was 56.6 

ug 1-1. Furthermore, patients with an initial level above 200 ug 1- 1 had a 

r higher tumor recurrence rate over the next 4 years. In tertain 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 is 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 increased Fe stoJ:'es. 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 the RE cells to the 
<> 

serum and thus to the bone marrow for erythrop~:f:.e.s..i..sJ (Cartwr~ght and Lee, 

197'l; Lee, 1983). Zucker (1985) pointed out that anèmia occurs with most 

cancer patients during the course of disease. ~emoglobin concentrations . ~ 

are generally 8-12 g dl- l and the packed ce11 vo1umè 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-

~ible reasons were suggested for this: (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 thi~ case, it has been 

~ ,f" 

suggested that anemia may be caused by crowdinglof the hematopoietic cells, 
r . 

~rod,-!-ction of~ toxins by the cancer ceIls, competition between bone marrow 

1 
y-

I 
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of erythroid cells by tUlllor 
1 

Furtherrnore, anernia i complicated during neoplastic diseuse by 

blood loss, nutritional malabsorptiQn, infection and radio- or 

chernotherapy . 
.".. .. 

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

plastic disease, several investigators have examined changes in serum Cp 

levels with ,a view to utilizing Cp as a disease marker Linder et 81. 

(1979) in an experirneI}ta;t study, evaluated Cp activity in rats impll1ntecl , 
with hepatic~or marnmary tumors and recorded a 50-2UO% increose in Cp, 

oxidase activity. This enhanced activity was attributable to both incrensed 

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

Linder et al. (1981) assayed Cp levels f.A::,sera of male patients wi th lung , ..... 
cancer and gastrointestinal cancer and women with breas t cancer Cp 

levels were significantly elevated in patients with stage 1 lung cancer anù 
."". -... 

even higher in p.atients wit~."s.~tage II and III lung cancer. Patients 

successfully treated for the disease had lower Cp levels while recurrent 

elevations or r.apid increases appeared to be indicative of disease recur-

rence. C~ levels i~ sera of patients with non-malignant lung disease also 

were somewhat increa~ed, Male,patients with non-malignant gas~rointestinal 

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

gastrointe!jltinal cancer did, especially in the cage of colon cancer. 

However, sera of control women had higher Cp levels th an 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 wi th non-mal ignant breas t 

disease had elevated Cp levels which would make it difficult to distinguish 

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 certa~n 

situations for cancer diagnosis or prognosis. 

2.7 Fe and carcinogenesis o \. 
'It has been suggested tnat Fe, as weIl as being essential to life, in 

certain circurnstances may have, carcinogenic or cocarcinogenic properties. 

The mechanisms by which thJJ! might occur are, however, poorly understood. 

Richmond (1961) reported that when cells in culture were exposed to Fe­
o , 

dextran, abnormalities ,in cells undergoing mitosis ~ere evident. Willson 

(1977) proposed that if excessive decompartmentalization of Fe occurs free . " 
radicals may be produced and cancer may follow. Low levels of low 

molecular weight Fe have peen shown in several' cases to markedly increase 

the destruction of DNA caused by the production of hydroxyl free radicals 

from the active oxygen ~pecies superoxide (02 -) and hydrogen peroxide 

'This was demonstrated by Brawn and Fridovich (1980) who showed 

that when the sup~rcoiled E. coli plasmid Col E-l was exposed to an enzymic 

flux of 02- and H202 nicking of the DNA occurredaas evidenced by the con-

version of supercoiled DNA to the open circular form. That this damage was 
ft . 

caused by hydroxyl radicals was shown as protection was offered by super­
<f' 

-
oxide dismutase and catalase and by benzoate, mannitol or histidine, known 

• 
scavengers of hydroMyl vadicals. 

4 • 

fIn 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 liv'er cancer was the most common type ac-

counting for 486/923 (52.6%) of the cases. Thése patien~s were young males 
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and came primarily from Mozambique and South Africa. This study was later 

eorrelated "lith an e~r1ier report of Bothwell et al. (1964) whieh discussed 

the cases of Fe,9verload in Bantu patients in South Africa. l t was found 

that males eonsumed large amounts .of a home-made alcoholic beverage which 

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

mg~ Fe 100 ml- 1 and the Fe iI\Fake was estimated to b-e at least 50 mg per 

day. 

In a later study, Bomford and Williams (1976) evaluated venesection 

therapy in patients with idiopathie hemocromatosis. lt was observed chat .. , 
29% of treated and 19% of untreated patients died of hepatoma and another 

22% of treated patients died of other forms of malignant disease. Net-

tesheim et al. (1975) found that inhalation of Fe203 particles enhanced 

~ 
diethylnitrosamine tumorigenesîs in the lower respiratory tract- of Syrian 

J 

hamsters. In this case, Fe actep 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 - Ft:l-

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

ki~ing activity 

tumo~opment. 

of macrophages thus decreasing the host resi~.(;ance to 

/ 

_ The studies cited above imply that in particular situat-ions Fe mlly 

have a role in causing" cancer. How this occurs is unknown but it may 1n-

volve the(\, Fe-eatalyzed production of free radicals or Fe may inhibit the 

fune tion of macrophages respons ible for surv,e i llance éljgains t ar i8 ing 

neoplastic cells. 

_. 
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2.8 ~e.and in vitro animal cell culture 

... 
r 

Numerous studies have examined the Fe requirements for in vitro cul-

ture of mammalian cells (~iguchi, 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 sugg~ted as the range of Fe concentrations permitting growth 
1 

of a11 cellular forms (Weinberg, 1981). Several studies have also shawn 

that Tf 1s required for the growth of mammalian ells in serum-free medium 

(Barnes anel' Sato, 1980; Hayashi et al., is also required for 

growth and DNA synthesis ~f mitogenically-st lymphocytes (Tormey et , 

al., 1972; Tormey and Mueller, 1972) Tf has also been shown to be a more 

effective Fe donor to cultured cells tt-al' Fe salt'~Messmer, 1973). Fe 1-s 

required for tissue 'culture cell lines for. a cr~~ical step in DNA syn-

thesis (Robbins et al., 1972; Fernandez-Pol, 1977) as ce11s depr~ved of Fe 

cby"Fe che1ators become blocked in the Cl" ~r early S phase of the cell cycle 

(Fernandez-Pol, 1977;,Basset et al., 1985). It h~s been suggested that Fe 

i5 required for DNA synthesis and cell division as it is a necessary com-

, ~ 
panent of the enzyme ribonucleotide reductase which, "catalyzes the re-

duc tian of ribonucleosides ta deoxyribonucleosides, an important step in 

DNA synthes is. Recently, Basset et al. 
~ 

(1985) showed that ~nt antioxidant 

propyl gallate inhib~ed Tf enhanced growth of mouse L1210 le~emiâ ~el1 c: 

and suggested that Fe could act via fatty acid hydroperoxide formation~ It 

was further shown that hydroperoxides induced by Fe from unsaturated fatty 

acids could activate purified guanylate cyclase suggesting that cyclic GMP . ~ 

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

synthesis. 
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There has been some speculation in the past that Tf may have another 

role in cell culture other thao providing Fe to cells. for example. it 
a 

" might bind toxic cations. or supply zinc to the cells (Brock, 1981), 
... 

However, Titeux et; al. (1984-) demonstrated th a t Fe sa 1 t s, he ID 1"0 0 r 

hemoglobin ·could replace Tf for growth .of hurnan c~ll !'ines in serum- [reu 
o 

media and Landschul tz et; al. (1984) found that the Fe chelator ferric 

pyridoxal isconicotinoyl hydrazone could replace Tf in defined media ta 

stimulate proliferation of mouse embryonic kidney tissue. These studi"s 

suggest that the role of Tf J.n cel1 Q'ulture is solely as an Fe donor, 

However, an alternate hypothesis will be discu5sed 1ater. 

2.9 Cellular Fe acquisition 

2.9.1 Microbial cells 

. As discussl.!d in the above sections Fe in the ~ost is weIl regulated, 

Tf and Lf have high association constants for Fe and are only partially 
-

saturated. FreF.. Fe in equilibrium with Tf 15 10- 18 M and therefore is too 

low for bacterial growth. How then do bacterial pathogens multiply? Many 
, fo 

bacterLl and fungi' synthesize and secrete Fe che1atlng compound!. called 

sidero-phe..'res. The word siderophore means "iron-bearer" and siderophores 

are defined as' lDw molecular weight (500-1000 daltons), nonporphyrin, non-

prote in Fe-binding compounds produced by· microorganisms (Neiland~, 1981), 

There are two principal, classes of siderophores. the ph~n~1ates Qr 

eatechols 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 
('.,.. 

virulence factors in disease. 

When available Fe is below 1 uM, the genes for the synthesis of both 

sid~hores 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 
o 

Q 

brings it through the cell envelope and Fe is released by reduc:tion 

(Neilands, 1981): 

Enteric bacteria such as Escherichia coli and Salmonella syntheslZe 

the phenolate siderophore enterochelin; this molecule is a cyclic trimer bf 

2,3, dihydroxy-~-benzoyl-L-serine and is synthesized from chorismate from a 

branch of the pathway of aromatic acid biosynthes is. Three Fe - repress ible . 
o 

outer membrane proteias of 81,000, 83,000 and 74,000 daltons are~ syn-

" thesized along with enterochelin. The 81,000 dalton prote1.n 1s the en-

teroche 1 in receptor protein Fep A. Under low Fe stress, E. coli also syn-

thesizes the 78,000 dalton oute~ membrane receptor called Fhu A, this is 

the recepto~ for the siderophore ferrichrome which is produced by certain 

fungi (Neilands, 1981; ~). Siderophores have high affinity for Fe and 

several studies have suggested that siderophores act as virulence factors 

by enabling pathogens to acquire Fe from Tf. For example, Tidmarsh and 

Rosenberg (1981) demonstrated that ente~ochelin-producing Salmonella .. 
paratyphi B could grow on Fe from bovine, rabbit or human Tf. Furthermore, 

Fe could be obtained ...... by the organis",m when the Tf' s were isolated in a 
!P. ' 
dialysis b'ag. A mutant which was unable to produce enterochelin\ could not 

obtain Fe from Tf. C' 

Griffiths and Humphreys (1980) iso1ated enteroche1in from 
,~il> 

per1.toneal 
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washings of guinea pigs lethally infected w!th E. coli 0111 demonstrating 

that siderophores are synthesized in vivo. In a subsequent study 

(Griffiths - et al. , 1983), it was found that the Fe-repressib1e E. COll 
~ 

outer membrane proteins observed ~n vitro were a1so synthes iied by E. CO]"I 

in vivo when inj ected into guinea pigs ... These resu1 ts sûggcsted thllt 

pathogens are Fe-lirnited ~n vivo. 

Enteric bacteria have been shown to have another interesting h1gh af-

finit y Fe acquisition system. P. H. Williams (1979) found that E. COll' 

harbouring the plasmid Co1~ were more vtru1ent for laboratory animals than 

Rlasmid-minus strains. Strains without the plasmid were growth inh1h! led 

by Tf while' the plasmid-containing strains were not inhibited These 

results suggested that ColV had a ro1e in obtaining Fe from Tf. It was 

1ater found that the ColV plasmid contained the genes for the siderophore 

aerobactin (Warner èt al., 1981; Braun, 1981). The aerobactin system <1e-

tually consists of five contiguous genes, four for the synthes is of th!' 

siderophore and one for the 74, 000. dalton receptor. Expression of the 

aerobactin genes has been found to be regulated by the für (ferric upt<1ke 

regu1ation) gene product, a 17,000 dalton protein. When Fe 2+ is present 

intracellularly at a certain concentration i tacts as a co - repressor w1 th 

the Fur protein which binds to the operator of the aerobactin gene cluster 

to repress synthesis of aerobactin and its o,pter me~brane receptor proteirr 

(Nei1ands, 1987). 

E. coli strains may ha~e the ability to syntheslze both enterochelin 

and aerobactin; as enterochelin has a Kf of 1052 and aerobactin has a K[ ot 

1023 it might be asked why both systems would be required. Konopka et al. 

(1982) demonstrated that both enterochelin and aerobactin could remove Fe 
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from Tf and aerobactin did so 1ess efficient1y than enterochelin in media. 

In' serum however, aet;obactin transferred Fe to E. coli at a higher ratE' 
, 

than did enterochelJn. lt has also been pointed out (Finkelstein et al., 
~ , 

1983) that different siderophore systems might be active in different en-

. 
vironments. Enterochelin is sensitive to oxidation and changes in pH whi1e 

aerobactin is active over a wide range of environmental conditions. 

Whether a ~'pathogen obtains Fe in vivo depeI\ds on the number of 

mo1ecu1es of siderophore produced and on the Fe saturation of Tf. This was 

~ 

i11ustrated in a study by Kochan et al. (1971) in which the number of gen-

erations o of growth of Hycobacterium tuberculosis in tuberculostatic serum 

-1 1-1 and tuberculostatic serum with 5 mg ml 100% saturated Tf or 5 mg m 

apo-Tf to which various concentrations of the Fe chelator mycobactin had 

been added. It was found that it required approximate1y 1 ng of mycobactin 

ml -1 to achieve eight generfitions of growth in tubercu10static serum con­

taining 100% saturated Tf whi1e it required 100 ng m1- 1 mycobactin f~r six, 

generations of division in tubercu10static serum. One thousand ng ml- 1 

1 

mycobactin were required for approximate1y five generations of growth in 

tubercu10static serum to which 5 mg ml- 1 apo-Tf had been added. 

In section 2.2 Fe acquisition by NeissenB meningitidis was dis-

cussed. This organism does not produce siderophores but can obtain Fe from 

Tf by binding the protein ~irect1y Herrington and Spar1ing (1985) study-

ing He.,emophilus influenzae found that when cu1tured on media containing 

protoporphytin.. IX and EDDA a11 of 33 H. inf luenzae type b iso1ates were 

able to grow on 30% Fe-saturated Tf but not on Lf. Twenty-eight of 35 non-

typeable H. influenzae isolates examined cou1d use Tf Fe but none of the H. 

parainfluenzae strains cou1d use Tf Fe. Redhead et al. (1987) recently 
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demonstrated that Bordetella pertuss is cou1d ut11 1ze Fe from ovoT f 

(cona1bumin) Lf and Tf with 'no evidence of side'rophore production. Fll~ 

thermore ~ radio1abe11ed protein birwiing studies indicated that the proteins 

were bound direct1y to the ce11s as was found for Tf ut,ilization by N. 

meningitidis. 

2.9.2 

• 
Eucaryotic cells and transferrin receptors 

• 
2.9.2.1 Properties of transferrin receptors 

In 1959 Jandl et: al. postuHlted that reticulocytes obtain Fe from T\ ., 
" because the y ,express receptor~ for Tf on their cell membrane. The first Tf 

receptor is'olated and characterized. was from rabbit reticu10cytes (Ecarot-

Charrier et al. 1 1977). Tf receptors were subsequent1y iso1ated from human 

placenta (Seligman et al 1 1979; t:lada et al., 1979 ). Two classification:. 

of membrane receptors have been described: c1ass land è1ass. II. When 

ligands such as insulin bind to class 1 receptors information is trans-

mitted to the ce11 causing modification "of ce1l behavior or metllbo1ism. 

Effects of ligand binding may be mediated through ~ second messenger such 

as cyc1i~ AMP. Class II receptors tran~port ligands such as nutrients into 

the cell (Kaplan, 1981). The Tf receptor is an example of a c1ass II recep-

'" tor. 

The Tf receptor is a transmembrane glycoprotein which has a molecular 

weight of 180,000 da1tops consisting of two disu1fide-bonded subunits each 

of 90;000 daltons ~seligman et al., 1979; Wada et al. 1 1979; Ham~lton et-

al., 1979; 'Omary et al. 1 1980; Shinde1man et aÏ-; 1 1981; Sutherland et al.. 
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1981). Each subunit can bind one mo1ecu1e of Tf. The hum an Tf receptor is 

4.8\ carbohydrate by weight (Seligman et al., 1979) and has at 1ea~t 3 N-

asparagine-1inked oligosaccharide chains of bath high mannose and comp1ex 

types (Omary and Tr;wbridge. 1981). The mature receptor has a cova1ent1y-

the plasma membrane which linked .palmitic acid molecule lo~ted close to 

may have a role in anchoring the \receptor into the membrane (Omary and 

Trowbridge, 1981a) or in insertion of the recepto.r into the membrane (Koch 

and Hammer1ing, 1986) The externa1 portion of the recepto~ i5 70,000 da1-
'1 

tons (Omary and Trowbridge, 1981a) whi1e the intracel1u1ar part exposed to 

the cytoplasm i5 believed to be 5,000 daltons. In sorne cells, serine 

residues in this regi~n of the molecule are phosphorylated (Schneider et 

Ill., 1982). Schneider et al. (1984) and McC1el1and et: al. (1984) deter-

mined the primary structure oP the human Tf receptor from the rn-RNA 

sequence and from a cDNA clone respective1y. The receptor is a peptide of 

'-760 amino acids which is unusua1 in not having an N-terminal s~gnal pep-

tide. It does have a membrane-spanning region 62 amino acids from the N-

terminus. The mo1ecule has a short N - terminal cytop1asmi'c doma~t\ and an 
o 

extracellu1ar C-termina1 domain of 672 amine acids. The gene for the T~ 

receptor is located on chromosome 3 (Enns et al., 1982) on the reg~on 3q12 

qter (van de Rijn et al., 1983). In order to study Tf receptor gene 

regulation, Miskimins et al. (1986) subc10ned and sequenced a 365-bp frag-

ment from the 5' region of the hum an Tf receptor. This region possessed a 

TATA box, several GC- rich regions' and was able to promote the bac terial 
f' 

çhloramphenico1 acety1transf~rase gene system. Several high molecular 

weight prote1.ns which bind ta the Tf receptor gen~ promoter were dis-

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



- 40 

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 aliow 

constitutive low level gene expressionrrbut permit increased expression 

during the transition from the quiescent state to active growth 

v 
The exact binding site where Tf binds to its receptor hàs not been 

located; however, Bost e.t: al. (1985) wrate out rn-RNA sequences com-

plementary ta the .m-RNA· sequences for the Tf receptor and campart'd thelll 

with rn-RNA sequences for Tf. 
1 

Significant amino acid and nucleotLd~ 

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 naturai 
1 

kil 1er (NI<) cell recognition of té}rget ce Us . NK ceUs are lymphocytes 

which spontaneously lyse tumor ceIIs, hemopoietic stem cells, fetal thymus 

cells and virus - infected cells. As Tf r:eceptors are associated wi th ac-

tively dividing ce Us they have been implicated in NK ce 11 recogni t ion. 

Baines et al. (1983) found that 100%-saturated Tf at physiôIogical leveis 

inhibited NI< ac tivity. Optimal inhibition occurred when the tumor target 

cells were pre-iocubated with Fe-Tf. If target celis were pre-incubated 

with either diferric or apo-Tf before the NK assay, inhibition of effector-

target cell, conjugate formation occurred. Furthermore, 'if the' effector 

cells were incubateçi with rabbit anti-human Tf antibody there wus in-

hlbition of target ceU killing. From this data the following mode 1 was 

proposed. NI< ceUs have Tf receptors which have Tf bound to them. In 
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vitro grown tumor cells have high numbers of Tf receptors. Tumor ce.Ll Tf 

receptors bind to the Tf bound to NK ce~ls and lysis of the target cells 

fo110ws conjugate formati~n .. Studies by Vodinelich et al. (1983) also. in-

dicated that Tf receptors May have target function for NK cells. These 

authors found a re1ationship between NK ~ensitivity of human leukemia cell 

Unes and the proportion 'of cel1s expr~ssing Tf receptors. lt was also 

1 shown that tryptic fragments of Tf receptors inhibited NK activity to tar-

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

recept<?r expression and NK susceptlbility. K562 cel1s were assayed for 

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

for NI< lysis susceptibili ty. These <cells displayed the highest number of 

Tf receptors on day 1 and the lowest number on day 5. This correlated well 

with the ab il it y of these cells .to compete with control K562 cells in NK 

assays. A good correlation was a1so found between Tf receptor numbers and 

NK susceptibility when K562 cells were treated- with heat, trypsin, or 
1 

sQdium butyrate, ~ differentiation- inducing agent. Rabbit reticulocytes 

which possess high numbers of Tf receptors cpmpeted well with K562 cells in 

NI{ ~ssays while rabbi t erythrocytes, which lack Tf receptors, did not. 
, 

These results further ~uggest that Tf receptors are involved in NK recogni- " 

tion of tufuor ce1ls . 

..J 

2.9.2.2 Occurrence of transferrin receptors 

As'mentioned above, Tf receptors were first studied in erythroid and 

placental cells. Since that time ·Tf receptors have been examined on many 

differeht types of cells and tissues. This has g~nerally been done either 

l 
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~ 0 ~ 
through the use of fluorescent antibody techniques or by incubating cells 

with varying amounts of radiolabelled Tf at 4 0 or 37 0 C and performing 

Scatchard (1949) analysis to deterrnine receptor numbers and receptor-ligand 

affinity (Ka) or the dissociation constant (Kd). 

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

• present on rabbit reticulocytes but not on mature er Genera11y, 

Tf receptors are expressed on immature erythroid cells fr m pronormobillsts 

" to reticulocytes and are absent from erythrocytes. Larrick and Cresswell 

(1979) found Tf receptors on hum an Band T lymphoblastoid cell Unes. In 

another study, Tf binding to lymphoblastoid cell lines in log phase and in 

cells approaching stationary phase was measured (Larrick and Cresswell, 

1979a). In the latter growth phase a down regulation of Tf receptors WllS 

observed. Normal lymphocytes stimulated mitogenically or during a mixed 

lymphocyte culture had an incr~ased number of Tf binding sites compared to 

resting lymphocytes. lt was concluded that the number of cellular Tf bind-
" 

ing sites is modulated by cellular growth, rapidly dividing cells having 

m~y Tf binding sit~s. Omary et al. (1980) and rrowbridge and Omary (1981) 

using the monoclonal antibody B3/25 to the Tf receptor found Tf receptors 

.. on cultured T-leukemic cell lines, several normal and malignant 8-ce11 

1ines and several non-B, non-T. cell lines -:- These receptors were not found 

on periphera1 blood mononuc1ear cells, granulocytes, thymocJ:tes or bane 

marrow ce Ils . The antigen was expressed on non- induced HL- 60 ce 11s, a 

promyelocytic cell line, but expression of the antigen was reduced -if the 

cells were treated with dimethylsulfoxide or sod.ium butyrate, agents which 

cause differentiation and growth arrest. The disappearance of the 
.., 

membrane antigen preceded the arrest of HL-60 cells in Gl phase of the cell 
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cycle. Thus Tf receptors appeared to be expressed on active1y pro1iferat-

ing cells and to be present in 1arge~ amounts on ma1ignant cel1s than on 

non-malignant cells. Sutherland et al. (1981) performed simi1ar studies 
1 

wlth another monoclonal antibody to the Tf receptor, OKT9, which bound to 

many different 1eukemia and tumor ce1l 1ines. The antibody did not bind to 
~ 

normal lymphocytes or erythrocytes but did bind to lymphocytes stimu1ated . 
by ~itogens. If 'cells were induced to mature, differentiate and leave the 

cell cycle binding of the antibody was reduced. As in the papers discussed 

above, the presence of the Tf receptor was corre1ated with proliferation. 

1t 
lt has also been found that treatment of Friend erythroleukemia cel1s with 

d~methy1~u1foxide results in an induction of ~f receptors, hemog10bin syn­
\') 

~ thesis and erythr6id differentiation (Wi1czynska and Schulman, 1980; 

J 

Wilczynska et al. , 1984). The effect of dimethy1sulfoxide on cellular .Tf , 

receptor expression appears to~y with ce1I type. 

Trowbridge et a1.'(1982) looked for the presence of Tf rece?l'ors in 
~ 

murine cells and tissues. These receptors were' detectabLf in all of 29 

murine hematopoietic tumor cel1s 1ines but on1y in 5% of bone marrow cells 

and less th an 1% of. adu1't:: thymocytes and spleen ce11s. The murine Tf 

receptor was also shown to be a disu1fide-bondèd dimer of mo1ecular weight 

similar to the human receptor. Tlie murine Tf receptor was purified from 

murine mye10ma cells by Van Oriel ~t al. (1984). On a sodium dodecy1 sul-

fate po1yacrylamide gel under reducing conditions 2 bands of molecular 

weights 

Goding, 

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

1985) these 2 band~re found to correspond t~ recepto~ molecules 

wi th di fferent numbers of N -1inked oligosaccharides. In a subsequent 

study, Stearne e~ al., (1985) r'ported. the cloning of cONA encoding the 

J 

0 
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murine Tf receptor. cDNA clones from the murine myeloma cells were iso-

J.ated and partially sequenced. lt was determined rhat receptor regions 

surrounding the membrane were highly conserved when compared to sequences 

in the human Tf receptor. lt w t. noted that three-quarters 'of the cystoine 

residues were conserved; thes may be involtved in interchain disu1fide 

bonding or covalent attachme fatty acid residues. Finally, the 
? 

results of these authors suggest that the murine receptor is a hO~dimer. 

Faulk et al. (1980) using fluorescent antibody techniques examined 
~ . 

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

lt was found that '16/22 breast carcinomas were positive for Tf whereas none ... 
of the normal breast tissue samples or benign mastopathies were positive. 

Similarly, Shindeiman 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 
4. 

" 
presence of Tf receptors. Tf receptor.9' were found in most ~the car'" 

cinomas examined, a11 of the sarcomas and all of :he tissue s.amp ets from . ' 

~atients with Hodgkin's disease. Tf receptors in normal tissues were fa und 

only in certain sites: basal epidermis, endocrine pancreas, hepa tocytes , 

Kupffer ceIls, testis and pituitary. The authors point out that severa1 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 pèripheral blood monocytes from patients 
1 

with lymphoma, myeloma or leukemia than on similar cel1s from normal con-

\ 

troIs. The authors suggested that measurement of Tf binding by such c;lls ~ 

might be of diagnostic or prognostic value. These many stud~es cited above 

- t 
demonstrated an important point, that Tf receptor~ were prominent 

_~_~ ______ ---II 
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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 'peptide mapping studies of the .. . 
human Tf receptor from lymphocytes, human cell ~nes and placental tissue. 

lt was detetmined that all eell types, normal or malignant, yielded identi-

cal peptide maps. 

, 
2.9.2.3 The intracellular transferrin cycle 

Until relatively recently, although _it was l<nown that ceUs requit'ed 

Fe for growth and that this was obtained from Tf which bound to specifie 

. membrane' reeeptot's, _ the actual mechanism of Fe' acquisition was uncertain. 

lt was suggested (Octave et al., i98i) that Fe could be obtained from Tf in 

IWO ways. Firstly, Tf could bind to the plasma membrane, releaseo Fe at 

the membrane and then Fé could be transported via an intracellular 

. 
molecule t:o sites in the ceU which need it. The Fè could be separated 

from Tf by Chel.tion:' prltonation, displacement of the bicarbonate anion, f 

or by sorne reductive mech~ism.- e second proposaI was that Tf could bind 
a 

to membrane receptor e internalized by endocytosis wi thin a 

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

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

Hemmaplardh and Morgan (1977) using electron microscopy, _autoradiog­

raphy and 12SI-labelled' Tf and Tf conjugatsd to ferritin or horseradish 

peroxidase demonstrated that r~bbit reticulocyte's take up 'Tf 'by en-
• c 

ta 
docytosis. ~en cells Were incubated at 4°,C, Tf was seen at the periphery 

"of 'cells only; when ~ell~ were tcubated at 370 C Tf was seen' within the 

1 

______________ IIÎ)III.. ______________________ -'''--_~· ---
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cells. L~rrick and Cresswe11 (1979) studying Tf binding ta T and B 1ym-
.' -

phoblastoid eells at 37 0 C found that Tf binding wns reversible, saturable 

and specifie for Tf as on1~ Tf cou1d displace bound Tf. Larrick and 

. 
Cresswel1 made a further important observation that 

\ 
\ 

25 times as much apo-

Tf as diferrie Tf W8S required to give 50%' inhibition of binding. Bi~~ing 

was inhibited by KCN and colchicine and decreased if cells were treated 

~ith trYPSi~ain but not reduced if cells were treated~with 

-neuraminidase. Karin and Mintz (1981) using mouse teratocarcinoma ce 11s 

demonstrated that at 40 C Tf binds to cells anq at 37 0 C there i5 hoth 

binding and int~zation of Tf. Fe was retained by the cells and apo-Tf 

released into the medium. Uptake was shown ,to be an energy-requirin~ 

process and Fe uptake was i~hibited by the 1ysosomotropic agen~s NH4 C1 and .. -

chloroquine. 

Since these ear1y.s~udies~~h information has been obtained to 

p 

elueidate the eucaryotic cellular Fe uptake system. It is now firmly es-

tablished that Tf-Fe is taken up by receptor-mediated endocytosis (Karin 

and Mintz, 1981; Klausner et al., 1983; Hopkins and Trowbridge, 1983; Hard-

ing et al., 1983) 
.. 1 

a process by which othe~ mo1ecules inc1uding low density 

lipoprotein, insulin, and epidermal growth factor are a1so taken up. 

Fe-bearing Tf -has a high affinity for its receptor at a neutra1 ex-
1 

tracellu1ar 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 pi ts areo membrane invaginations which are 

-covered on the cytoplasmie side by the protein eiathrin. C1athrin i5 corn-

pos~d of three-armed compl~xes, triskelions, which consist of 180,000 da1· 

ton heavy chains and 35,000 ~dalton light chains. Coated pits ~nvag,inate 

" i 
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forming coated vesicles. These vesicles subsequently shed their clathrin 

coat and fuse with acidic endosomes which have a oH of 5.0-5.5 (Tycko and 

c 

Maxfield, 1982). Fe is remc5Ved from Tf in these non-lys~omal acidic 
" 

~esicles (Van Renswoude et al , 1982; Lamb et al., 1983) but ~;O-Tf remains 

bound to the receptor ~s at low pH apo-Tf has high receptor affinity 

~ 
(Ecarot-Charri.er et al., 1977; 1980, Dautry-Varsa"'t et al., 1983; Klausner 

et al., 1983a). Endosomes become acidic as protons are transported from 

the cytoplasm into the vesicles due to ATP-driven proton pumps (Galloway ec 

al. ,1983). Apo-Tf and the receptor are recycled to the cell surface and as 

apo-Tf ist exposed to a neutral extracellular environment in which it has 
\ 

low affinity for the re'ceptor it quickly dissociates from the receptor . 

• Ciechanover et al (1983) demonstrated using HepG2 human hepatoma cells 

that this cycle takes an average of 15.8 min and the cy-cLe has been -es-

timated to be completed in three min in rabbit reticul?cytes (Iacopetta and 

Morgan, 1983). l t is not known after Fe is released from Tf in the en-

dosome how it is incorporated into heme, ferritin or other proteins. The 

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

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

Several authors have 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 internaI Tf receptors which may represent' 70-80% 

of total cellular receptors. Wben cells ~re incubated with Tf at 37o 'C 

cycled to~ surface of the this receptor population may be cells and bind io 

TC 

The 'U' cycle has been elucidated by both biochemical (Octave et: al., 

1981; Karin and Mintz, 1981; Van Renswoude et al., 1982; Lamb et: al., 1983; 

o 
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Dautry-Varsat et al., 1983; Klausner et: al., 1983, ~3a) and elec tron 

microscopy studies. For example, Harding et al. (1983) conjugatl'd Tf to 

gold particles and followed the endocytic cyçle in rat reticulocytes. 

Aftel:' 5 min incubation of the cells at 37 0 gold-Tf particles were seen hl 

coated pi ts and vesicles, inside small uncoàted vesicles of varying size 
1 

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

. multivesicular endosomes. Intracellular Tf was not found to be us soc illted 

with a lysosamal compartment Finally, gold-conj ugated Tf was relellsed 

from the cell. Hopkins and Trowbridge (1983) studied Tf endacytosi.'} by 

1 

conjugating a monoclonal antibody ta the Tf recéptar to gold particler 1 ~~ 

following the intracellular endocytic cycle of the Tf receptar il\ human 

epidermoid carcinoma cells. 

. , 

2.9.2.4 Regulation of transferrin receptor exp!ession 

(' 

Cells can regulate Fe uptake ta a certain extenF by modulation of Tf 

receptor expression. As discussed above, receptor numbers are related to 

state of activation or differentiation. Receptor numbe ts also vary with 

the phase of the cell cycle; numbers are low i~ Gl and increase in Sand G2 

+ M. 
~ 

Receptar numbers therefore increase prior ta DNA -, synthes is , It has 

been suggested that'the number of cellular Tf receptors expressed 15 madu-

_1ated by the concentration of intracellula~ herne ( Ward et al., 1984) or by 

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

t 
are incubated with Fe chelators such as p1colinic acid (Louache 'et al., 

1984; 1985) or desferrioxamine '(~attia et: al., 1984 ; Rao et al., 1985 ) . . 
there is an increase in the number of !f r.eceptors expressed. Bomford et 
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al. (1986) sugge~ted that desferriQxamine may increase Tf receptor expres­

sion by~elating an intrac7llular regulatory ·pool of Fe or by arresting 

cells in the S phase of the cell 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 hem in (Louache, 

1984) the number of cellular receptors decreases. These effects are 

'directly due to an increase and a decrease respectively in receptor biosyn­
..:;.....--

thesis. Rouaul t 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 tqe expression of the Tf receptor gene. 

Louache et al. (1985) found that in human erythroleukemia cells ac - , .~ 

l 

tinomycin D inhibited the effects<1of 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 ~he levels of transcrip-

tion and translation respectively. 

Mayet al. (1984)' reported that treatment of HL- 60 human promyelocytic 

leukemia cells with phorbol dies.ters ·resulted in translocation of Tf re-

ceptors from the cell surface into the cell. This receptor internalization 

Was associated with increased phosphorylation of the Tf rèceptor. Klausner 

et al. (1984) - observed that both the binding of Tf and phor'ool diesters 

led to internalization of Tf receptors in K562 cells. / They proposed that 

ligand binding triggers internalization and since phorbo1 ~ster rreatment 
, ' 

of cells led to an increase' in Tf receptor phosphory1ation i t was sugg,;;s ted 
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that phosphorylation of the Tf receptQr was the signal for: ~kernalizlltion. 
lt remained to be determined whether ligand binding caused receptor phos-

phory1ation In a subsequent ~tudy by Mayet al (1985) i t was proposed 

that phorbo1 diesters stimulate protein kinase C which phosphoryllltcfc Il 

serine residue on the Tf receptor. The Tf receptor is then internal ized 

via a colchicine-sensitive pathway i.e one which involves microtubules. In 

contrast tb these findings, Alcantara et a~ 

ce11s.found that phorbol diesters caused r) 
cytoske le ton - inde pendent mechanism, whereas 

.. 

(1986) studying lymphoh1astoid 

receptor down regulatiol1 by ., 

r 
Tf caused down regu1atiol1 of 

receptors via a cytoskeleton-dependent mechanism. 

suggest chat there are di~ferent mechanisms for Tf receptor regulation in 

different types Çlf ceIIs. In 1986, Davls et al using A431 human ep-

idermoid carcinoma cel1s determined that phorbo1 diesters caused pha!:.-

...phory1ation of the' Tf receptor by protein 

was the site of phosphorylation However, 

kinase ( and serine res idue 2/~ 

the significance of the phos-

phqrylation of the Tf receptor is not c1ear; it is not known if this does 

trigger internalization as it has a1so been reported that Tf receptors lin' 

internalized in the absence of bound ligand (Watts, 1985). Rathenberg('r et 

al. (1987) recent1y reported results of studies on 1 the importance of the 

cytoplasmic domain and phosphory1ation sites on Tf internalization Site -

directed mutagenesis was used ta obtain human Tf receptor cDNA 1 s with li 

" 
deletion of 36 of 6S amino acids of the cytoplasmic domain of the Tf recep-

tor or to obtain point mutations of five cytop1asmic serine residues which 

.. couid be phosphorylation sites. ' When the cDNA 1 s were tram~fècted into.' 

mouse L celis it was found that the de1etion mutant receptor cou1d not 

carry out endocytosis. In 1 ines in which an alan! ne res idué 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 recepèors. 

'These results indicate that all or part of the cytoplasmic domain of the Tf 

receptor is important for endocytosis but suggest that phosphorylatfon 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 or 

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

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 sùggests that Tf and its receptor 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' receptor phosphorylation may be important in 
1 

this regard. This idea is interesting as other growth factor receptors 

-
such as epidermal growth factor and insulin have protein kinase activity 
p 

ani~various oncogenes of transformeg cells code for protein kinases. 

2.10 Summary 
i 

.. 
The mammalian Fe cycle 15 a well-r~gulated and dynamic mechanism con-

sisting of several integrated consti tuents includi~g: the central 

transport component, Tf, hemoglobin of erythrocytes, the stol;"age protein 
, '. 

ferritin anp the ferroxidase c;truloplasmin. Several changes occur in the 
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hast Fe cycle during bath infection and neoplas tic disease. One important 

change is the reductiol1 in the amount of Fe bound to Tf a process bem'fi· 

cial in limiting mierobial Fe acquisition especially in ~ase of murine 

Neisseria meningitidis infeçtiori. Both pathogenic bacteria and tumor celis 

must obtain host Fe to proliferate. N. meningièldis is unusual in that it 

can obtain Fe by l?inding Tf direetly""asO dC? tumor cells by expression of 

specifie membran~ Tf receptors. 
4' 

The lIIeningococcal Tf receptor has not been 

charae terized but t.he eucaryotic Tf receptor has been s tudied extens ive Iy 

as has the endocytie Tf cycle and the regulation of~f receptor expression. 

The purpose of this work was ta study Fe acquisition in neoplastic 

cells using a murine ascites lyrnphoma model, in particular, to study the 

~ 

ability of the hypoferremic response ta limit Fe acquisition by the 

lymphom.a cells. Fe growth requiremébts by these cells was examined as WllS 

tpe lymphoma Tf-receptor binding specificity. FinaIIy, Tf binding by n~is· 

seriaI 1d r\ymPhom: cells was compared to di.scover the reason for the di f· 

ference ln the response of N. meningltidis and tumor cells ta hypoferremia 

C even thougb both cell ... tYl/es ,uare capable of binding Tf directly . 

. ' .-

1 
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3 . MATERIALS AND METHODS 

3.1 Mice 

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

" Animal Resources Division , Health and Welfare, Ottawa, Canada or from 

Charles River Breeding Laboratories Inc., St. Constant, Quebec, Canada. 

They received feed (Purina Rat Chow) and water ad libiCum. For experi-

ments investigating the hypoferremic response; mice were 6-8 weeks of· age 

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

3.2 Turnor cel1s 

The turnor cell line us"ed for in VIvo studies was the EL4 1ymphom~ 

(ATCC TIB 39) Une (originally a benzo(ajpyrene induced lymphom~ from C57 

black mice. These cells were maintained by growing them a1ternately in 

vivo and in vitro". Mice were inoculated j.ntraperitoneally (i.p.) \'lith l X 

105 tumor cells. Ten to fourteen days later, cells were removed and cul-

tured for 48 h in vitro. Initially, cells were cultured in Dulbecco 1 s 
. 

Modified Eagle 1 s Medium (Flow Laboratories, Mississauga, Ontario, ~anada) 

J 
but subsequently were cultured only in RPMI 1640 (RPMI, GIBCO Laboratories, 

Grand Island, U. S.A.) which contained no added iron salts. RPMI contained 

10 mM HEPES buffer, 100 units ml -1 penicUÜn, 100 ug ml -1 streptomycin, 2 

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

weF~ i~ubated at ,370 C in a humidified atmosphere with 5% CO2 , 

.. 
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A subline of the original EL4 cell line . 
Qriginal EL4 ceUs in RPMI supplemented with 

was derived by cultur~g the 

human transferrin (T f.) Sigma 

Chernical Co., St. Louis, Missouri, U.S.A) only. Continued passage of 

these celis in this medium &ave rise to a sûbline which grew well ill vivo 

~ 

and in vièro. This subline was ,designated EL4-1. 

For one 'study, two other rnurine tumor cell lines were used: YAC-l, a 

Moloney virus induced lyrnphoma of A strain mice and P81S, a methyl-

cholanthrene Lnduced mastocytoma of DBA/2 mice. These cells were obtained 

from the laboratory of Dr. M. G. Baines, Department of Microbiology and 111\-

rnunology, McGill University. These two cell lines were maintained 11/ vitro 

only in RPMI with 10% F.B.S. 

For studies in which bone marrow cells were used, bone marrow cells 

were obtained aseptical~y from the temurs of CS7 black mice by flushing the 

bone marrow cavity cel)s into sterile Dulbecco' s phosphate buffered saline 

(PBS), pH 7.3, usin81 a 23 gauge needole and a l-ml syringe. A homogeneous 

cell suspension was obtained by resuspending the ceUs in PBS using. fi 

sterile pasteur pipette. Cells were then centrifuged (10 min, '300 X g, 

200 C) and washed once in sterile PBS. "* 

3.3 In vivo experiments 

3.3.1 Measuring the hypoferr~mic response 

~ 
In order to determine the appropriate inoculwn Qf twnor cells for 

experj.ments. ten- foid dilutions of the EL4 ceUs were made in RPMI and 

groups of mice (5 per group) were injected i.p. with from 10 7 to 10 tumor 

r 
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\ 
cells. These mi ce were obs-erved ,for development of tumors and survival 

time. All mice injected with 103 to 10? tumor ce11s subsequently died, 

time to death being directly related to inoculum' size. Sixt Y percent of 

mice injected with 102 tumor cells died. The remaining mice were alive and 

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

aIl mice would develop tumors, 104 ce11s 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 104 cells ml -1 in RPMI. Groups of 
i! 

mice were injected i.p. with 1 X 104 cells and at designated times, mice 

were sacrificed and tumor cells were removed by petitoneal lavage with 2 ml 
• 

of RPMI . and counted in a hemacytometer using trypan blu~ exclusion as a 

measure of cell viability. For determination of hematocri t, 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 Vaèutainer 

tubes (Becton Dickinson, Montreal, Quebec, Canada} for serum iron (Fe) 
( 

determination. The b100d was allowed to clot at room temperature for ~O 

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

min, 15,000 X g, 200 C). Serum samples from 2 mi ce were pooled and serum 

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

(UISC) and Tf Fe were determined' using an .59 Fe radioasstay kit (Becton 

Dickinson} . This assay kit measures only Fe specifieal'ly bound' to Tf it -, 
, 

does not measure hemoglobin Fe or Fe present due to' hemolyzed blood; the 

princip1e~ of the kit are described in APpendix~ 
These same serum samples were used to perform ce1loPlasmin (Cp) as­

says using the method of R~vin (1961). For the Cp assay the react~on 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% (wjv) para-phenylenediamine. The mixture wa·s incubated at 

370 C for 60 min when·'the reaction was terminated by the addition of 200 ul 

0.5% (wjv) sodium azide at 4 0 C. 
.,\ ,. 

The absorbance at 530 nm was ~en re-

corded. 

Just prior to sacrifice, mice were weighed t.o determine tot'al 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 suline .. 
(0.85% ";/v NaCI) instead of tumor cells. Control mice were also we ighed 

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

3.3.2 Assessment of the effect of transferrin Fe administration-~ 

on tumor cell growth 

Ta determine whether addition of Tf Fe enhanced tumor cell growth in 
o 

vivo, mice Mere 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, 11, , 

D, and 15 post' tumor ceU inoculation. Control mi ce were inJected with 

saline instead of Tf. The preparation of Tf is detailed in section 3.5.1. 

Tumor cell growth rate was monitored as described in section 3.3.1 above. 

( 
DD 

3.3.3 Assessment of the effect of desferrioxamine on tumo~ ce11 growth 

In an attempt to inhibit in vivo tumor ce1l growth by Fe deprivation, 

~ice were injected i.p. with L X'104 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 inj ected wi th 
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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 

was divided into 2 groups: one group 

12 the desferr:1.oxamine- treated group 

was given no furth~r desferrioxamine 

treatment: the other was given further injections of desferrioxamine on 
Pt. 

days 14, 16., and 18 post turnor ceU ino~tion. 

asses~~d at appropriate times. ~ 

- 1 
Turnor cell growth was 

3.3.4 Assessment of the effect of inflammation-induced hypoferremia on 

tumor cell growth 

In order to c'reate' a model of hypoferremia in. mice, turpentine was 

used as a sterile inflarnrnatory ag~nt. Mice were lightly anaesthetized with 

e~her and injected subcutaneously in the back with 0.05 ml oil of turpen­,. 
tine (Fisher Scientific Co.) at 2 separate sites. To measure TIBC, UIBC, 

'" 
serum Fe and Cp levels, groups 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. In a later 

study, ~to assess the effects o~ an early hypoferr;mia 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, Il, 14, 16 and 18 days. Four mice from 

each group. were sacrificed at each time point. At the 6 latter time points 
~ 

tumor cell numbers were evatuated as well. 
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3.4 In vit:ro growth experiments 

3.4.1 Cell culture preparation 
.. 

EL4-1 celis were used for the majority of aIl in vit:ro growth experi­

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

vidusly into RPMI and centrifuged (5 min, 270 x g>, 20 0 C). Red blood 

cells present were then lysed by the addition of steri le distilled water 

for 15 s~nds. An equivalent volume of 2 times concentrated RPMI WllS 

tadded to the cell suspension. Cells were washed twice in RPMI and finally 

incubated in RPMI with 0.3 uM '50% Fe-saturated hum an 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, 20.0 C), washed once in RPMI and inoculated into 10 ml RPMI in 

30 ml tissue culture flasks containing various Fe sources. Initial ceU 

numbers were 1 X 105 ml- l (except for one set of experiments in which ini­

tial cell numbers were 1 X 104 cells ml- l ) and growth was assessed by per-

forming daily cell counts in a hemacytometer using trypan blue exclusion. 

Initial growth experiments were performed in RPMI which was found to con-

_tain 0.019 +/- 0.009 ug ml.-1 Fe (0.33 +/- 0.16 uM) as measured using II -

P~rkin Elmer 703 atomic absorption spectrophotometer using the HGA-2200 

\raphite furnace and D2 background correction. In subsequent experiments, 

to ensure that this low levei of contaminating Fe did not alter the Tf Fe 

saturation during growth or uptake experiments, RPMI was deferrated by 1n-

cubating the medium for approximately 20 h (370 Ct 5% CO2 ) with a two-fold 

molar excess of human apo-Tf. The medium was then filtered through a PM-IO 
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Amicon fi1tèr (10,000 dalton èx)lusion limit) to remove the Tfoand bound 

Fe . .. This medium was, then 'de;signated Fe-extracted RPMI. Sources of Fe 

used in growth experiments included: human Tf, bov,~ Tf, murine Tf, con-
1 

albumin, 1actoferrin (Lf), bovine' hemoglobin, horse spleen, ferritin and 
~ 

ferr~us ammonium sulfate and aIl were obtained from Sigma Chemical Co. ex-

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

~.2 ~e uptake by the tumor celis 

> ~ • 

EL4-l cells were removed from the pen.toneum of a mouse following in 

vivo passage. Af~er Iysis of red blood cells' ~nd washing, celis were in-

oculated into Fe-extracted RPMI containing 0.3 uM,5-0% Fe-saturated hUIhan Tf 

at ~n- initial ~nsity of 1 X 105 cells nü -1. These cells were maintained 

in this medium at an approximate concentration of 5 X 105 cel1s tnl- l and 

used for uptake studies. For 59 Fe uptake studies, cells were washed once 

(~ min, 270 X g, 20
0 

C) and inoculated info 10 ml Fe-extracted RPMI at a 
, 

level of 1.5 X"106 1 -1 m • At zero time, 59Fe _Tf was added. Duplicate l-ml· 

samples were taken at 0, l, 3 and 6 h. Cells were washed 3 times (2 min, 

1430 X g, 200 C) in Fe-extracted RPMI. Supernatants, washes and pellets 

were-~ounted in a Beckman 8000 gamma éounter. 

3.4.3 Transferrin binding experiments 

~~ 

All Tf binding experiments were performed at 4 0 C (except for time 

course studies which wertJ' carried out at both 40 C and 370 'C) using 100% 
'\ 

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

-' 



, . 

"'r 

t! 

from mice and s'uspended in Fe -extrac&ed RPMI. . . 

60 

The red blood cells "'cre 

. . 
lysed and cells were washed and ifioculated in~o Fe-extracted RPMI contnin-

ing 0.3 uM 100% Fe-saturated Tf at an initial level of 1 . X 105 ml- l . 

-
Cells were maintained as for uptake studies. Before a binding assay, ca Ils 

were harvested, washed once (270 X g, 5 min, 200 G) then incubnted for 90 

min (37 0 C, 5% CO 2 ) in -F.e-~xtracted RPMI to elJ.minate' as much bound or in-
• 

ternalized Tf as possible. Klausner et al. (1983) using K562 ~el1s found 

that sq% of internalized Tf ts released from the cè11s ,in the absence of 

added Tf. Tf release from the EL4-l ceUs during this~ pre-incubation 
.' 

period was not measured in these ostudies. After incubation, cells Were 
~ " 

washed once (40 C) and used for binding assays . 

... 

~ 3.4.3.1 Determination of ,receptor ~umbers 

These assays were performed using a moditication of the method of 

Lazarus and Baines (1985a). The wells of, round-bodomed' 96-well micrôtiter 
/ , 

plates (Linbro, Flow Laborat9ries) were coated with a 10% (w/v) solution of 

bovine serum albumin (BSA, Sigma). One hundred ul of Fe-extracted RPM.I 

containing 0.1% (w/v) BSA was added to aIl wells except the first well of a 
~ 

row in the b1icroti ter plate. Ten ug of 1251 -labelled Tf in 200 ul of the 
~ ~ 

above me~ium was added .to the first well ~nd serially diluted two-fold to 

well number 11. (After mi}(ing the" Tf in we U 11, 100 ul was discarded.) 

WeIl 12 contained 100 ul media .only. 1.5 X lOb ceUs in 100 ul of modia 

were added to aIl 12 wells at 40 C. Cells and Tf were mixed and 1ncubated 

for 90 min (40 C). After incubation, ce11; were. 'removed. from the wells , 

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

-
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• 

rinsed with 200 ul of this medium and this was added te the corresponding 

microcentrifuge tube. Cells were washed 4 times and supernatants, washes 

and pellets were counted as for uptake studies except that aIl maf\ipula-

\ .n 
tions were carried out' al: 4 - C. Cells from weIl 12 were treated as for the 

\ 
'\ 

other wells except that they were, not incubated with Tf and at the end of 

the experiment, eells were counte~ to detect any eell lysis during the ex-

periment. 

uc.ng the 

bFndin~. 

Results were plotted according to the method of Scatchard (1949) 

method of Chamness and McGuire (1975) ta correct for non-specificT 

l' 

3.4.3.2 Time cour~e binding and uptake assays 
.~ 

"'-

.EL4-I cells were prepared as for recept~r assays: 1.5 X· 106 cells were' 

incubated with'vO.5 ug I25I-labelled diferric hurnan Tf in 200 ul RPMI con-
t 

taining 0.1% BSA in wells of microtiter plates. Cells were incubated with 

the labelled ?nd for 2, 5, 30, 60 and 90 min at 40 C and 37 0 C. Dupli­

cate wells were run for each time point. Non-specifie binding~wa~ assessed 

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

exeess of unlabeIIed diferric Tf. Non-specifie binding was subt~acted from 

. -
specific binding. Ce Ils were centrifuged, washed 3 times (2 min, 1430 X g) , 
in Fe -extracted RPMI with 0.1% BSA and supernatants, washes and pellets 

wete counted. 
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3.4.3.3 Competitive binding assays 

o 

These assays were performed on the original EL4, EL4-1. YAG-l, P815 

and murine bone marrow cells. All cell Hnes were grown and preparer as 

.. '" ' J 

outlined in sections 3.2 and 3.4.3 resp~ctively. Cells at 4° G were added 

ta control microtiter wells conta1ning 0.5 ug I25I-labelled human Tf llnd to 

• h 

test wells Wh1Ch cOI9tained labell-ed Tf and 0.5, .5.0 or 25 ug of un;abelled 

competing ligands. Competing ligands included: hÜrnan Tf, m~rine Tf, bovine 

Tf, hwnan Lf and conalbumin prepared to 100% Fe - saturation. Bindi I1g WIlS 

allowed to proceed for '60 min at 4 0 C· then eelis were harveested as 

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

~~\ 

J 

3.5 Preparation of transferrin solutions 

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

Hwnan apo-Tf was loaded with Fe 3+ to 50 or 100% saturation using fer-

rie citrate (1:10 Fe:citrate ratio) ptepared in 40 mM Tris /(Trizma base, 

Sigma) 2 mM sodium bicarbonate buffer, pH 7.4. 
J • ,,~ 

To achieve 50 and 100% 

saturation, 0:7 or 1.4 ug Fe mg- 1 protein respectively was provided. 

Pr~parations were stirred for 20 min at room~temperature and then allowcd 

to sit at this temperature for a further 20 min Fe-10aded proteins were 

then dia1yzed 1(40 C) twice against Tris-bicarbonate buffer, pH 7 4, and 

,J once again15t 5 mM Tris ~n saline, pH 7.4. 

albumin were' prepared in a similar manner. 

( 

Bovine Tf, human Lf and con· 

Murine Tf waS dialyzed twice 

• 
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against 10 mM sodium citrate, pH 5.0, and twice against Tris-bicarbonate 

buffer, pH 7.4, loaded with F.e ,to the desired levei of saturation then 

dia1yzed as for human Tf. The Fe saturation of Tf's was verified by 

. 
measuring the ratio of optical densities at 465/280 nm. One hundred per 

. .:-:. f 2 1- 1 . cent F~-saturated Tf at a concentrat~on 0 mg m gave an approx~mate 

ratio of ~.046 and this ratio for 50% Fe-satùrated Tf was 0.023. 

3.5.2 Preparation of 59Fe-radiolabelled transferrin 
{l' 

Human apo-Tf was dissoived in 40 mM Tris, 2 ~ bicarbonate buffer pH 

7.4 and d1~lyzed overnight. Tf was ferrated from 59Fe citrate by mixing 

acidic 59FeC13 (New Eng1and Nuclear, Lachine, Quebec, Canada, specific ac­

tivity 2-40 Ci g-l Fe) with 56 Fe ferr/c citrate in Tris bicarbgnate 

buffer, pH 7.4. la load 4.5 mg Tf to 50% Fe saturation, 2.2 uC~ 59 Fe ug- 1 

total Fe was used. The ~po-Tf was added to the 59Fe citrate and stirred a~ 

room temperature for one h. The preparation was then dia1yzed for '\24 h 

against two changes of Tris-bicarbonate buffer, pH 7.4, and once against 5 

mM Tris in saline, pH 7.4, to remove unbound Fe. 

saturation by addition of 0.7 ug Fe mg -1 protein. 

was tpproximately 3.33 X 103 c~ ug- 1 protein. 

"\ 

3.5.3 Preparation of 125I-radiolabe11ed transferrin 

Tf was loaded to 50% 

The specifie activity 

Iodinated Tf was prepared using the ch10ramine :r method as described 
" 

by Lazarus and Saines (1985a). 

of 25 mg ml-~ Two hundred ul 

" 

, 

Diferrij Tf was prepared at 

(S mg) was fransferred to a 

a concentration 

microcentrifuge 
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tube, 1 mC! 125 r (Amersham) in a la u1 volume was added t'o the Tf. 

Chloramine T" (100 ug in la u1) was then added to st~rt the rellction which 

proceeded At room tempe rature for 15 min. The iodination was terminated 

with the addition of 125 ug of sodium metabisu1fate in a 25 u1 volume. The 

labe11ed Tf was othen separated from unbound 125 r on a Sephade~ G-25 

(medium, dry bead diameter 50-15Q um) column (Pharmacia Fine Chemicllls, Up-

psala, Sweden) equilibrated with PBS, pH 7.3,' Fractions of ~5 m~ owere 

collected and the fractions that were pink in çolour were pooled. To 
, 0 

de termine the percentage of the label bound ;'0 the Tf li tric1iIIIIIIroacetic 

acid precipitation was pe::-formed. Five' ul of labelled -protein was mixed 

with 200 ul 1% (w/v) BSA in PBS and 200 u1 of 20%' (w/v) trich1oroacetit 

acid. This mixture was centrifùged (10 min, 16,000 x g, 200 C). An 

q.liquot of the sup~rnatant and the pellet were Gounted in a Beckmlln 8000 

gamma counter and the percentage of label bound to the protein was deter-

rnined. The labelled Tf was then dialyzed for 24 h The concentration of, 

the labetled prote in was -deterrnined usi'ng the Bio-Rad protein assay (Bio-

Rad dye reagent, Bio-Rad, Mississauga, Ontario, éanada) us ing diferric 

human Tf as the standard. Finally, the labe11ed protein was mixed with an 

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

aliquots and stored at,4° C. l25r-labelled human Tf was prepared to- li 

specific activity of approximately 2 X 105 cpm ug- 1 . 
Q 

• 
" -- ' 

• 

.. 
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3.5.4 Deglycosylation of transfer~in 

... 
N-glyça~ase was purchased from Genzyme ,Corp., Boston, Massachuset~s, 

U.S.A. Human and murine Fe-Tf's were prepared to 100% Fe-saturation at a 

concentration of 2 IDg ml -1. The following were mixed aseptically: 55 ug 

human Tf or 5~ 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 370 C in a water bath' for 17 h. The volume 

of this mixture was diluted to 1.5 ml ~ith 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 degiycosylated protein was then aseptically dispensed in 

aliquots and immediately stored at -80 0 C. Sodium dodecyl sulfate 

po1yacry1amide ,gel electrophoresis (SDS-PAGE) .was run on the native and 
{ 

deglycosylated proteins and stained using the silver staini~g meth?d. The 

remov~1 of carbohydrate was verified by a Western blotting procedure per-
~, . 

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

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

J::per. This ;~as subsequenti y treated ,,!>th eoneanavalin À eonj uga ~~d vi th 

horseradish peroxidase. Competitive binding experiments were performed to 

compa~e ;the binding of 
,'1) 

native and deglycosylated proteins. 

3.6 Preparation of bovine hemoglobin and ferritin .. 
Bovine hemog10bin (0.34 g) was diss&lved in 5 ml distilled water and 

dialyzed against citrate-phosphate buffer, pH 7.0 
i") 

was;v(aJ.alyzed 
"V 

for 24 h then against 

distilled water. The solution 

1 
atomic absorption 

r 
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~pectrophotometry to determine -the Fe concentration. Ferri tin (horse .. 

~ . 
spleen ferritin) was dialyzed overnight against 10 mM sodiwn cttrate. pH 

" 
6.5 to remove any traces ,of cadmium which is used in the purification pro-

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

hemoglobin by atomic absorption spectrbphotometry. 

3.7 Detection of !ransferrin on EL4 cells 

Tumor cells were removed from mice between 12-18 days post inoculation ;1 
into cold serum-free medium containing O. 02% sod~um azide. To. these calls 

was added 0.1 ml of al: 9 dilution of rabbit ant'i -mous~f -at 40 C and, 

cell,s. were iri'èubated (40 C) for 30 min. The cells were washfld 3 times 

with azide-containing m:I'um at 40 C. Then 0.1 ml of" al: 9 dilution of 

f1uorescein-la.~~l1ed goat anti-rabbit g16bulin (GIBCO) w~ added to tl;le . / 
cells which were subsequ tly incubated for 30 min in the dark at 40 C. 

~ c 
Cells we+e then washed as before. Two drops of glycerol'mounting fluid, pH 

8,4, were added to the preparation. Cells were placed in a hemacytometer, 

d • observed and photographed under both ultra-violet (fluorescence) and bright 
<P 

field microscopy using a Leitz Dialux 20 EB micro'scope at a magnificat ion 

of 400 Control cells were treated in a similar manner but normal rabbit 

" serum was used instead of antiserum. 

1 

" 

,1 
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3.8 Characteriz~tion of cells 

3.8.1 Det~rmination of cellular Fe 

The Fe content of the tumor cells was determined by atomic absorption 

spectrophotometry using the graphite furnact~ mode. Cells were homogenized 

in saline using a glass tissue homogenizer which had been pre-rinsed with 6 

N'HCI to remove any traces of Fe. , Protein determinations were performed 

using,the method of Lowry et al. (1951) . 

. In order to detect heme in EL4 cells, homogenates,were scanned 

'spectrophotometrically from 450 to 3,50 nm using a perkin Elmer" 555 UV-VIS 

spectrophotometer. Horse heart cytochrome c (Sigma, type III) was us~d as 
• 

a standard and the heme was detected by its Soret pèak absorption in the 
( 

405-420 'nm regio~. For both Fe and herne analysis of in vivo grown ce Ils , 

mice were bled completely from the ~red:'o-orbital sinus before the tumor 

cells were harvested. After twnor cells were removed, any contalflinating 

red blood cells were lysed. The tumor cells were then washed twice, 

resuspended in saline, homogenlzed and assayed . 

. 3.8.2 Respiration studies 

~ 

., 

Respiration studies were performed on EL4 cells grown both in vitro 

and in vivo using a Clark polarographic 02 electrode. Assays were done on 

3 ml samples in serum-free media containing l X 106 cells ml- l . Initial 02 

uptake rates were established by following uptake for 10 ~in then 10 ul of 

300 ~ potassium cyanide was added an~ 02 uptake was monitored for an ad-
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ditional 20 min. 

i 
3.8.3 Glucose and lactic acid assays 

The glucose concentration of spent Fe-extracted RPMI in which ÉL4-l 

·'c~lls 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 8.1. (1956) . 

... 
Standards containing 20-100 ug glucose and samples containing control and 

1 

spent RPMI were assayed. Sample volumes were made up to 1 ml wi th dis-

til1ed water, 1 mJ of 5% (wjv) phenol and 5 ml of concentrated H2S04 (96%, 

reagent grade) were added. After 10 min, tubes were vortexed then incubated 
< 

15 min at 27 0 C in a water bath anù the absorbance at 490 nm ~as rend on il 

Pye-Unicam SP8-400 spectrophotometer. 

-Lactic actIH in the spent culture supernatant was measured uslng the 
-~ 

f 

assay of Rosenberg and Rush (1966). 0.2 ml distilled water blanks, lnctic 

Cacid standards (prepated ta contain 0.5-2 umol ml- l lactic acid, Sigma) or 
,( • 

supernatants were mixed with 2.8 ml glycine-semicarba2!rde hydrochloride 

buffer, pH 10.0, and 0.6 ml NAD solution, pH 6.0, and the absorbance at 

340 nm was read for all tubes Beef heart lactate dehyd~og~nase (Sigma) 

~s diluted to a concentration of 2 mg protein ml- l and 0 4 ml was added to 

the tubes which were incubated one h at 37 0 C. After incub~tion, the ab-

sorbance at 340 nm was read again. ~E ~as determined as E2 -O.9E1-B2-O.9B1 
) >. 

where El and E2 .are the absorbance readings before and after the addition 

of enzyme and incubation respective1y and, Bl and B~re the initial and 

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

c'oncentration of lactate in the supernatant was determined. 
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API ZYM enzyme assays 

The el'lzyme .. assays on EL4-l cells were performed using the API ZYM sys-­
-'\ 

tem from Analytab Products Division of Ayerst Laboratories Inc. A descrip! 

tion of the API ZYM kit 15 found in Appendix II. EL4-l ce Ils 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 ab ove , 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 106 cells ml -1. The API ZYM s trips 

were inoculated with Fe-sufficient and Fe-deprived i:!ells and incubated at 
~ 

37 0 C for 4 h. Reagents A and B, provided in the API ki t, w~re added.Jlf'd 

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. 

3.9 Sodium dodecyl sulfate polyacrylamide gel electrophoresi~ 

«~ (SOS-PAGE) 

SDS~ gels were run to assess the ~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 t\e system of Laemmli (1970). Run­

ning gels we!,e 12 cm in length and were 10% (w/v) ac~amide and 0.26% 

(w/v) bisacrylamide while the stacking gels were 4% (1/V) acryla~ide and 

0.11% (w/v) bisaGrylamide. Gels were run at 25 mA and 35 mA for migration 

through the stacktng 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 O. Hl (w/v) SDS. 

Samples were boiled fo? 5 min in sample buffer containing 0.08 M Tris, pl~ 

6.8, with 2% (w/v) SDS, 10% (wjv) glyc~rol, 0.04% (wjv) bromophenol bluE:' 

and 5% Sv/v) beta-mercaptoethanol. 
& 

Low molecular weight markers (Pharmacia 
4" ).,. 

Fine Chemicals) were run along with the proteins of interest. els were 
, '." "\. 

stained wi th Coomassie Blue R- 250 (0.125% Coomassie Blue, 50% methanol, 10%' .' ... 
acetic acid) overnight and then destained with a destaining solution of )0% _ 

'me thano l , 10% acetie acid; Alternatively, gels were' stained by the sil v(.>t' 

staining method. For the latter method, gels were fixed overnight in 5% 

trichloroacetic acid-5% sulfosalieylic 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 wi th dithiothreitol, rinsed, 

stained wi th AgN03 (1 ml of a 20% (w/v) solution of AgN0 3 in 199 ml dis-

tilled water) for 30 min and rinsed with water. A Na ZC0 3 developer solu-

tion was added until the desired intensity of staining was aehieved then 

staining was stopped by ~dition of citric acid. 

3.10 Bacterial studies, 

3.10.1 Bacterial cultures 

Nei~seria meningicidis SDlC, a serogroup B strain, was obtained from 

the Neisseria Repository, NAMRU, School of Public Healtp, University of 

California, Berkeley. Neisseria subflava was the ATCC 10555 strain. The 

E. coli strain used was AB2463pDTI-2 which was'obtained from D. Touati. 

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

Basingstoke, England) containing' 20% .glycerol and stored at '_80 0 ,C. 
o ( 

\: / 
3.10.2 Culture conditions 

FFozen cultures were thawed at 37 0 C and streaked on to MHA plates; 

MHA is MHB with the addition of 1. 5% agar (Difco Laboratories, Detroit, 

Michigan) . Plates were incubated at 37 0 C with 5% CO 2 . AftlH ap-

proXim(telY 18 h a colonx was subcultured to a new plate. To obtain work-
q • 

---"'---" ing cultures for Tf binding experiments, 3 isolated colonies were inocu-

~ted into 20 ml MHB and incubated for 6 h at 37 0 C with shaking (100 rpm). 

, , 

This starter culture was used to inoculate a second MHB culture with a one 

percent (v/v), inocu1um which was incubated for 16 h when cells were har-

vested (4,080 X g, 5 min, 40 C). At the time of harvest, cel~s were ex-

amined using phase contrast microscopy, a TMPD oxidase test was _performed 
ii 

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

once (5,900 X g, 5 min, 4 0 C) in Fe-free Neisseria Defined Medium 

(NDM, 

Archibald SAd DeVoe, 1978) containing 0.1% BSA and then were resuspended to 

the desired concentration in this medium. 

3.10.3 Binding assays 

Binding assays w~re performed in microti ter plates as for tumor cell 

studies. Four mg ~nlabelled diferric Tf was added to ~ell one and serially 

diluted two-fold in NOM with BSA to weIl 12; 

ric Tf was added to each weIl and the weIl 

'.).5 ug of 1251 -labelled difer­

contents were mixed. Bacte~a 
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were added to each well at 40 C at a concentration of 5 X 109 cells per 

weIl. After 30 min incubation, cells were· transferred to mieroeen trif.ugE' 

tubes containing 600 ul of media. Wells·were rinsed with 200 ul of media 
\ 

and this was also added to the corr~sponding mieroeentrifuge tubes. Cells 

were centrifuged (1 min, 15,000 X g, 40 C) and washed twiee by resùspension 

in 1 ml NDM with BSA. Supernatants, washes and pellets were·counted. 

To examine Tf binding to Fe·deprived eells, MHB~~as prepaTed eontain­

ing 18 ug ml- l ethylene-diamine-di-ortho-hydroxyphenyl aeetic aeid (EDDA) 

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

~ culture were thèn transferred to eaeh of two centrifuge tubes. Cells were 

centrifuged, ~ashed onc~ with either ~B or MHB-EDDA and inoculated into 

MHB or'MEB-EDDA, incubated for 4 h and harvested. 

Time course binding studies were perforrned using Neisseria menin-

gitidis SD1C in wells containing 70 ug Tf (69.5 ug unlabelled diferrie Tf, 

and 0.5 ug 125r-labelled Tf) and 5 X 109 cells. Cells were harvested after 

2, 5, 10, 30 and 60 min 

Competition studies were performed on Fe-sufficient and Fe-deprived 

eells. Control wells eontained 0.5 ug labelled and 69.5 ug unlabelled Tf. 

Competitors included the following unlabelled proteins: human Tf, human Lf 

and conalbumin. Compelitors were added at an equivalent eon~entration (70 

ug) or at a ten·fold eoncentrat~ (700 ug). For time eo~rse and competi-

tion studies, non-specifie binding was assessed by lncluding wells whieh 

eontained 0.5 ug labelled Tf and 3500 ug unlabel1ed Tf. 

~ 

/ ~ 
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3.10.4 Plate Assay~ 

The Fe concentration of MHB and Difco agar were measured by atomic rb -

dl -1 ~ sorption spectrophotometry. MHB w~s found to contain 0.96 ug Fe ml and 

the agar was found to conta in 0.015 ug Fe ~g -1. fe - l imi ted MHA pla tes 

were prepared to contain 2.0, 2.5 and 3.0 umol EDDA umo1- l Fe. Neisseria 
" 

menlngitidis 'and Neisseria subf1ava 10555 were plated using the spread 

prate method. After plates were dry, wells were punched in the agar. 

The desired amou~ts of the Tf proteins under study were added to the wells. 

Plates were ineubated at' 37 0
. C, w:lth 5% CO2 . Zones of growt:h' éxhibition 

(SDlC) or inhibition (NeisseriB; subflava) were measured and· plates were-

photographed. 

. , 
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4. RESULTS AND DISCUSSION 

In Vivo E~periments 

i 
t1easuring the hY~ erremic response ?Of /" b 
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o 

Initially, experiments were conducted to observe the growth pattern of 

EL4 cel1s in vi \-0 and ~ to determine whether the proliferation of these caiis 

e1icited a hypoferremic response i,n CS7 mice. Fig. 2A, a phoCtograph of 
, 

't~or ce1Is, removed from the peritone~ cavity, demonstrates the morphology 
'a 

of in vivo grown celis. lt can be seen that cells are fai~ly round and 

uniform in size and shape compared to in vit~~ grown celis which are 

p leomorphic (Fig. 2C). rre two cells photograp~ed in Fig. 2C are repre-

sentative of the morphology of in v~tro grown'cells. The,pre~ende of Tf on 

the surface of these ceUs was , fluorescent antibody studies 

.. 
(Fig. 2B). 

The tumor ce Us grew until day 10 (Fig 3) when the 

growth rate- became ~lower. rate did occur 

during the hypoferremic response (Fig. 4), Many fact..ors other. than Fe 

limitation could have been .linvolved including: c,rowding of the cells in 

the peritoneal cavity' re;ultirig in a limiting .. nutrient ot~et:. than Fe • 

activation of the host in-
~ 

p~oduction of one or more toxie me'abolites, 

• 
flammatory respo,nse or other faeets of the immune system. 

Ruddon (1981) pointed out that the growth kinetics of sorne tumor celis 

~n experimental animaIs resemble the growth kineti~s of eells in culture 

1 
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, 
Photomicrographs of murine lymphoma cells rlA ceUs were 

harvested from the peritoneal cav~ty of tumor-bearing mice 18 

days post inoculation. Cells were incubated wi th rabbit anti­

l...r 
inçubated with 

, 4 • 

fluorescein-labe lled goat anti -rabbi t globulin for 30 min at 

4 Oc in the dark. This temperature was used and 0 02% NaN) was 

added to the medium in order to see surface-bound not internal-
/ 

ized Tf. After a' final washing. ce 11s were observed and 

photographed under (A) bright field and (B) UV (fluorescence) 

illumination. TIle final magnification i5 576X. (C) EL4 cells 

were cultured in vitro for 48 "'h ln RPMI 1640 containing 10% 

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

miëroscopy; the final magnification is 822. 4X. 
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Fig. 3 Growth of EL4 cells in CS 7 mice. Each mouse was inj ected i. p ~ 

with 1.04 EL4 cells. At the times indicated,. mice werè 

sacrificed and twnor cells were removed by peritoneal lavage , ~ 

and counted in a hemacytometer with trypan blue exclusion. 
• 

Poin ts represent the average number 0 f tumor ce_ll s from 4 

experiments; 4 mice were sacrificed per time point per experi- .... 

ment. 
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Fig. 4 

\ 

l 
Changes in Fe metabolism during EL4 asdites tumor growth in 

m.ice. eS7 mice were injected witq 104 ElA ceUs and at the 

times indicated, groups of mice were tail bled for hematocrit 
, 1 

o 
, 

determinations ( • ) and then sacrificed by cardiac puncturé 

to obtain blood for determination of serum total Fe-binding 

capacity (TIBe) ( • ), unsaturated Fe-binding-capacity (UIBe), 

( 0 )" 'and Tf-Fe ( 0/). 
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with an iI}itial lag phase of slow growth. an exponential phase of r<lpid 

growth and tl:en another 'phase of slow growth reaching a steady stllte of 

-' 
cell growth and cell loss. In many types of ehuman cancérs, howpver, th tH 

type of growth pattern does not occur as there may be significant ce11 lOHs 

or death due to exfol,iation from the tumor and nutrient limitnti0l! in tlw. 

central·less weIL vascu1arized areas of solid tumors Also chere Is widl' 

variation in ,the doubling times of different types of both solid tlll1l0r: und 

1eukemias and lymphomas (Ruddon, 1981). Gr:owth of EL4 cells ill vivo dld 

not demonstrate a lag phase (Fig. 3), but grew ekponentially from day 0 ta 

day 11 and subsequently the growth rate slowed down 

ShQrtly after inoculation, the mi ce had serum Fe leve1s (Fig. 4) of 

1.13 ug ml- l . (20.17 uM) repres'enting 44% Fe saturation of the serum Tf. 

ft -1 By day 14 post injection, these ,levels 'had faden to ~ 22 ug ml (3 93 üM) 

corresponding to 8.1% Fe saturation of Tf, revealing a marked hypofprrpl1lJc 

response The seruni,Fe levels for normal control mice wht'çh remainpd n·LI-

~{vely constant over an equivalent time period are found in Table l TI1P 

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

found in one study of hum an disease (BearIli.sh et: al , 1972) in which con· 
\ 

trols had a serum Fe level of 22 7 uM (35% Fe saturation). Patients 

with stage 4 Hod~in's disease had serum Fe levels of 6.97 uM (J()% 

. saturation) and patients wi th non-Hodgkin 1 s lymphoma were observed to haVI' , 
serum Fe leveis of 10.7 uM (17% saturation) 

The fall in hematocrit~of the CS7 mice from an initial value of /~9 () 

(+/- 0.76) % tb 40.6 (+/- 0 87) % on day 19 (Fig. 4) reveals the de';elop' 

ment of an anemia following the onset of the hypoferremic respons~ Anemia 

might be expect~d to fo1low a prolonged hypoferremic respons~as the Tf Fe 

• 



.. 

IMice were injec;ed i. p. with 0.5 ml saline and at the in~icated times were 

tai~ bled for hem..atocrit determination and bled by cardiac puncture for 

d.etermination <?f serum 2T1BC (total iron-binding capacity). ,?UIBC, 

. (unsaturated iron-1Hnding capacity) and serum Fe. These latter determina-

tians 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. 

4N~bers'in p~rentheses represent the standard error of the mean. 

•• t" 
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supplied to the developing erythroid cells in the bone marrow would bt-" 

decreased. As discussed in section 2.6 however; the aneinia which OCCU1-S 

, . 
during neoplasia may be more complex as fi decreased red cell survivlll tiule 

and an impaired marrow res'{>onse to erythropoietin may also hE' involvod 

(Lee, 1983; Zucker, 1985). The occur,rence of hypoferremia and the fa Il in . . 
hematocrit during neoplasia have been shown i~ other experilllentai systems 

Chandler and Fletcher (1973) found th'at chickens inj ected with fi lymphoid . ... ~ 

tumor had serum Fe levels of 0.8 IAg ml- l while controls had :ertfm Fe ll'vO l s 

of 1'.5 ug ml -1. , , 
, 

The hematocrit values were approximately 13% lower in 

'tumot'- be-aring birds by day 12 post inoculation. Schade~ (1976) injected 

mice with 2' X, 105 p1asmacytoma cells and recorde~ that control mice had 

• serum Fe levels of 2.87 ug' ml- 1 whiJ.e mice Dearing plasmacytomas had 1.16 
'" 

ug ml -1 ser~ Fe -thr~e ';':'eeks after inoculation Hematocrit values w€re 

47.4% in normal mice 
_ r, 

Ànd 30% in tumor-bearing mice. 

'The reduction in serum Fe levels in the mice in the present studies 
( . 

began relatively late ln the course of the dis€Jiise, at approximately day 8. 

By this time the peritoneal tumor burden was quite high (an average of 2 ] 

X 107 cells per -mouse) with death of the mice occurring 16-20 dllys aftpr 

inoculation.' This is in sharp contrast ta the time course of hypoferremia 

during bacterial infection. In one study, (Holbein, 1980) when C57 hlack 

mice ,were injected with 104 Neisseria meningltldis, serum Fe level~ 

decreased immediately and continuously -until no Tf Fe could 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 t'fle onset of hypoferremia occurred late in the course of tumor 

growth. 
'-J' 

Hypoferremia is just one component of the inflammatory response 

, 

\ 
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1 

which lncludes feyer, synthesis of acute phase proteins and activation of 

th.' hast immune system. It wou!d seem that the hos t a~ .. t":'or defe';,e is 

only stimulated when the ELA tumor~burden has reached'a vety high level 

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

thus ob tain Tf .Fe from the ascites fluid which is part of the extravascular 

Tf pool. The, Tf Fe saturation of the ascites fluid was {lot measured in • 
these studies as it wou1d have been difficult ta obtain sufficient âscltes 

... ~ 
fluid from the mice. However, the extravascu1ar Tf pool is in 'equl1ibrium 

_ with the serum Tf pool 'and a reduction in the Tf Fe sa~uration in the serum 
... 

~f pool wou1d be reflecte~ in the Tf Fe satura~ion of the as~ites fluid 

lt has been shawn in the case of murlne infe~tion with Neisserla 

• j 

menlngicidls (Letendre and Ho~bein, 1'984) that hypoferremia occurs because 

Fe from senescent; red_ blood cells is not returned ta the Tf pool but i5 

stored in the RE system as ferritin. It is believed that this same 

mechanism operates during malignancy (Weinberg. 1984) and there may a1so be 
~~" 

a reduction in intestinal F~ absorption (Lee( 1983). 

The weights of the mice and of the liver, spleen and thymtFS were re-

corded and compared ta that of normal controls (Tables.2 and 3). The liver 

'and spleen were of interest as they are organs involved in Tf and Fe meta-

bolism. The thymus was of (interest as the tumor ce II llne used wa5 

originally a thymoma. 

gained:a~ average of 8.3 

Over a period of 20 days, the tumor-bearing mlce 

" N/- 1.0) g while control mice gd~d l.3 (+/-

0.8) g. A substantial po~tion of the weight gain in the tumor-bearing mlce 

can therefore be attributed ta the tumor burden anà ta the ascites fluid. 

In "the Organ weights remained relative1y 4.onstant in the ,control group. 

tumor group, the live~weight increased with body weight unti1 day Il. 

l \ -

B 

..... 

1 
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1 

A comparisono of who1e body and liver weights of normal control and- tumor-
. ... 

bearipg mice over a 20-day expe;imenta1 period. l 

, Who1e Mouse 

Time Tumor-bearing. Gontrol' 

(Oays) 

Liver 
o 

Tumor-bearing Control 

o 20.8 (1.0)2 g 

21.9 (0.4) 

25.1 (0.4) g 1.14 (0.08) g 

~.30.- (0.03) 

1.41 (0.02) g 

2 

4 

6 

8 

11 

12 

14 

16 

18 

20 

21.7 (0.8) 

21.9 (1.0) 

21.8 (0.6) 

24.5 (1.3) 

25.0 (1 2) 

27.2 (1.4) 

28.1 (1.8) 

29.1 (1.7) 

) 

25.6 
'j 

(0.6). 

24.3 (0.5) 

26.5 (0.5) 

26.9 (0 .• 6) 

26.4 (0.8) 

1. 23 (0.<?4) 

1.25 (0.04) 

1.26 (0.06) 

1. 39 (0 07) 

. 
1~.28 (0.05)-

1 23 (0.06) 

1.17 (0.05) 
. 

1.00 (0.12) 

1.41 (0.05 r 

1.39 (0.05) 

1.43 (0.04) 

1.48 (0.03) 

1.40 (0.05) 

-
1Mice were inocu1ated (day 0) with 104 EL4 cells or 0.5 ml sa line 

., 

At thl" 

indicated times, the who1e body, liver, spleen and thymus were weiehed. 
J 

Values represent the mean of 4 experiments (4 mi ce pe r 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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/0 

A compari~on of the spleen and thymus weights of tumor-bearing and, 
'" 

normal control mi ce . 1 

Spleen Thymus 

Time Tumor-bearing\ Control' TwnoT-bearing Control 

(Dsys) 

.•. 

0 0.08 (0.02)2 g 0.08 (0.003 ) g 0.05 (0.01) g 0.05 (0.002) 

2 0.09 (0.007) 0.06 (0.006) • 

4 0.08 (0.002) 0.10 (0.006) 0.05 (0.005) ;- 0.05 (0.003) 

6 0.08 (0 008) 0.06 (0.008) 

8 (). .QB (0.004) , 0.09 (0.004) -U.-05 (0.009) • 0.05 (0.005) 
{' 

11 0.1 (O. 008) 0.05 (0.005) ~ 

12 0.10 (0.004) ~05 (0.005) 

14 0.09 (0.01) t,;? 0.05 «0.007) 

16 0.09 (0.008) 0.08 (0.003) 0.03' (0.006) o . 04q (O. 003 ) , 
18 0.08 (0.012) 0.03 (0.005) 

20 0.07 (0.017) 0.09 (0.004) 0.03 (0.003) 0.05 (0.003) 

<i:> 

lThe experimental details were as described in Table 2. 

2Numbers 
# 

l, 
.' 

in parentheses represent the standard error of the mean. . 
-' 
\ 

\ 
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Subsequently, the liver weights decr'eased in the terminal stages of di.,· 

ease In Schade' s study (1976), at three weeks post tumor CE'll inocul:l' 

tion, normal mi.ce weq~hing an ,....average of 18.9 g had an HVel"llge Ilvpr 

weight of 0.80 g and tumor-bearing mice with an average weight of 22.0 g 

had an average liver weight of 1. 1 g. During the aeute phas('-' lPc,pon!;(), 

there are many structural and biosynthetic changes wluch occu\" ln tilt' 

liver. The dverall weight of the liver increases, the ribosomal RNA in-

creases and the amount of smooth endoplasmic reticulul1l increll'ies, nlso tilt' 

membranes of the Golgi apparatus proliferate and there is an increas{' in 

microtubules (Lee, 1983). This might account for some of thf' incrPIl<Jc ill 

liver weigh~ dUfing the middle phase of the experiment Spleen llnd thymu!:> 
...-. 

weights also showed a decrease at the end of the experimental pt'l'iod 

Weight reduction may be a reflection of ti!isue destruction which lIccom-

panies tumor growth and tissue invasion. l t is not known how thi'i wou ld 

affect organ function or synthesis of proteins ~y the liver 

The serum ceruloplasmin (Cp) response was also followed in tumor-

bearing and normal mice (Fig. 5). Serum Cp activi ty of tumor- bea ring mi Cf' 

is expressed as a percentage of cantrol values Cp is of interes t for two 

reasons: i t is invol ved in Pe metabolism by vlrtue of i ts ferroxidase <le-

tivity and serum levels have been found to increase in plitient'i with 

~ \ 
lymphomas and other neoplastic diseases (Sha~ et al., 1984; Margerison and 

\ 
Mann, 1985; Linder et al., 1981). Work has been done to evalua te th(- t!',f' 

of Cp as a marke~ to monitor the course of malignant diseas,é (Linder ct 
tA 

al., 1981; Shah et aL, 1984; Margerison,and Mann, 1985, Mercer and Inlamo, 

1985) . 

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

\ 

L 



• 

Fig 5 
, 

Serum Cp activity in tumor-bearing mi~e. CS7 mice weré in-

jected with 104 EL4 ce11s or saline and were sacrificed by car-

diac puncture at designated times and Cp oxidase levels were 

determirled on the sera by the métho'd of Ravi~-~6l). The Cp 

values. averaged from 3 experiments" are calcul~ed as percent~ 
1 

age of control values (+ the standard error or the mean). 
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and 8, however, this was n~t! found to be statistical1y significant (P < 

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

with transp1antab1.e manunary or hepatic tumors, Cp oxi'dase activi ty in-

creased 50-200% during neoplastic growth . . This was found to be due to both 
\ 

incre,sed synthesis of Cp and increased oxidase activity Capel and 

Thornley (1982) found that the plasma Cp oxidase levels .were not ·sig-

nificantly increased in CS7 black mice injected with Lewis lung carcinoma. 
i 

lt is therefore likely that Cp respon~e to tumor growth varies with th~ 
\ 
\ 

species of animal and the type of neoplasm studied. As d~scussed in sec-

tion 2.5 it was found that when CS7 mice were injected with N. menlngi~dis 

serum Cp levels rose ta greater th an 200% of control values at 24 h po~t 

infection (Letendre and Holbein, 1984a). These authors postulated that 

the rise in perum Cp levels which occurs during the convalescent phase of 

infection may be a respon~ which follows hypoferrem!a to re-establish 

normal serum Fe levels. In this t~or model, in contrast to the murine 

meningoo-occa1 tnfection' model, the disease state wO'rsens" the serum Fe 

levels become lower and the animaIs subsequently die. As there is no .. 
recovery phase ta either the disease process or the hypoferremic response 

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

serum Fe levels. This may provide at" least.a partial explanation for the 
o 

limited rise in Cp,activity.--

4.1. 2 Tne effect of transferrin Fe administration on tum,or ceU growth 

. 
In the next C phase of the study, an attempt was made. to manipulàte 

tumor cell growth in vivo by eith~r-'supplying more Fe ta the tumor'cells or 

. -
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mica were i.n-d.eP:iving_the cells of Fe. In an initiaLst~y (Fig. '6), 

jec~ed with 2 mg 100% saturated hum an Tf containing 2.~g Fe 
\ 

on s.evera1 

days during the 10gari thmic phase of EL4 cell growth. This extra Fe did 

/ 
not enhance growth compared to growth in control mice treated wi th sa li no 

lt cou1d be argued that the murine tumor cells would be unable to ut il i:l' 
~ 

hum an Tf. By this po~nt in the work, however, the EL4 -1 subline had bf'f'1l 

e~t~b1ished in vitro and was growing weIl wlth ~uman Tf as the Fe source, 

demonstrating that murine cells can efflciently utllize human Tf Fl' Fur-

thermore, in V1.tro studies demonstrated that 1 X 10 5 ELL~-l cells could 
.. 

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

ing 0~00084 ug m1- 1 Fe (Fig. 13). Therefore 2 mg 100% Fe-saturatE'd Tf car-

rying 2.8 ug Fe should be adequate to provide additional FE' for the lar~pr 

number of cells growing in vivo Holbein (1981) found that humlln Tf 
'. 

stimu1ated Neisser1.a meningitid1.s infection in mi,ce, Injection.of 175 mg 

~of Tf containing 22.7 ug Fe (93% saturated) caused 100% mortali t'y compdr@d 

to no deaths 'among the contt,ol infected mice. A lower dose, 5 mg Tf beur­
.1 

ing 6.5 ug Fe (93% saturated), stimulated and prolonged infection In the 

case of Neisseria infecti?n, the hypoferremic response has been shown ta be 

inhibitory (Holbein, 1980) 'ta N. meningitidis growth, injections of Tf-Fe 

therefore ~de Fe available anâ enh~nced growth. 

In the Neisseria men1.ng1.t1.dis syste~, Fe-dextran was also found to en-

hance infection (Holbein et al., 1979; Holbein, 1980). Dosages higher than 

15 mg kg-~ prolonged ~nd e~acerbated infection, whil~ dosages above 125 mg .. 
kg- l produced fatal infections (Holbe!n. 1980). 

fi 



Fig, 6 The effe.ct of a~ded exogenous"transferrin 
. 

Fe on EL4'tumor ce11 

growth in mice, Mice were inocu1a~d with 104 tumor ce1J.c;, 

Mice treated wi th Tf ( ... ) wet'e given 2 mg of 100% saturated 

Fe-Tf (2.8 ug of Fe) in 0,4 ml saline 1. p, on days 9, 11,' 13, 

'15 and 17 post tumor cell inoculation. Control mice were 

treated wi th an equiva1ent volume of sali'he ( • ). Points 
il-

represent the average number of tumor cél1s from 2 mice in one 

experiment. 
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4.1. 3 The effect of desferrioxamine on turnôr cell growth 

~~n attempt was mAde to deprive tumor cells growing in vivo of Fe by 

inj ecting mi ce i. p with the Fe-chelating drug desferrioxamine. Desferri-

oxamine is ... hydroxamic acid type of microbi.al siderophore which binds Fe 

with high affinity in al: 1 ratio lts meJ;hane sulfonate derivative is 

'more water-so1ub1e and -is used clihic~lly (under the Ciba-Geigy trade name 

Desferal) to treat patients fo"'r Fe -overload by the intramuscu~ar, 

intravenous, or subcutaneous routes (Hoffbrand,1980). Desferal was used in 

this study. Desferrioxamine i5 be1ieved to remove Fe from the RE system 
, 

and from hepatocytes 'by chelating Fe from the low molecular weight labile 

Fe pool. Ferrioxamine (Fe +3 ) is then excreted in the hrine and bi~e 
(ijoffbrand, 1980). During hypoferremia, Fe from senescent red blood cells 

is stored in the RE system and this recentIy acquired Fe appears to be more 

.. 
. easily chelated than the remainder of the RE Fe (Hershko and Rachmilewitz, 

1978). lt was thought that desferrioxamine injections mi~t reinforce the 

hypoferremic resp.onse by removing Fe from the RE system a1lowing for more 
-<~-

• 
Fe s torage and a gre'ater hypoferremic response. lt is not known how much 

Fe could be reruoved from the mice using this protocol as this compound has 

a ver·y short half-life" ln vivo (5-10 minutes for an intravenous injection~ 

Summer5,et al~, 1979). 

lnitially, (days 5-ll,-Fig. 7) the growth rate of tumor cells appeared 

to be slower in desferrioxamine- treated mice. Turnor cel1 numbers reached 

the samè lJwel in the later stages of the disease, however, and the tt'eat-

ment did not increase the survtval time of the mice.' 'Se:r::urn Fe leveis were 

measured in the two groups' of mice in one of the two studie5 (Table 4) 

e 
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Fig"" 7 The effec.t 
, 

of desferrioxamine injections on the in vivo 

growt;h of EL4 cells. ' Mice were inocu1ated with 104 ceUs. 

Desferrioxamlnè-treated mice ( • were inj ec ted 1. p wi th 5 

'mg of desferrioxamine on days 0, 2, 4, 6, 8, 10, 12, 14, 16, 

and 18 or were given no further desferrioxamine treatment after 

day 12 ( .'). Control mice ( • ) were injected with PBS. 

The points represent the average ce11 numbers harvested from 3 

mice in each of·2 separate experiments- (+/- the standard error 

of the méan). 
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1 
TABLE 4. 

Serum Fe response in control and desferrioxamine-treated mice. l 

6 

Control Desferrioxamine-Treated 
-1 

r 

Time Serum Fe % saturation Serum Fe % saturation 

(pays) (ug m1- 1 ) of Tf (ug ml- l ) of Tf 

" 

.. 
0 1.13 44.2 

,3 1.86 - 55.6 2.30 64.1 

5 1.72 54.1 2.03 64.1 

7 1.40 45.5 1. 85 56.6 

<1 9 1.40 46.2 1. 87 60·4 
.~ 

1~ Il 0.95 49 . 1 42.4 

... 13 .o. S4 • lS .. 7 0.42 11.3 
,. 

15 0.41 12.3 0.31 9.3 

.. 
17 , 0.34 10.3 0.17 5.5 

were inoculated with 104 EL4 cells. . Desferrioxamine- treated mice 

were iajected i.p. with 5 mg of desferrioxamine on days 0, 2, 4, 6, 8, 10, 

12, 14, 16, and 18. Control mice were injected i p. with 0 5 ml phosphare-

buffered saline. Four mice were bled by cardiac puncture for serum Fe 

determination at each of the times indicated. The serum samples from th(O 

four mice were poo1ed and serum iron was determined using a Becton Dickin-

f son radioassay kitl -
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·1'here was n~ augmentation of 
• >. 

hypoferremia due to desferrioxamine treat-

" ... ment in the early stages of the experiment J in fact serum Fe levels we;re 

higher 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-

oxamine i tself inj ec ted into the peri toneal cavi ty had an anti-

proliferative effect orr the EL4 ce Us . This might be due to desferri-
.. 

• oxamine errtering the tumor cells and chelating Fe required as an em~yme , . 
co- factor for ribonucleotide reductase or any of the numerous other Fe-

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

1 

rioxamine in lymphocytes in vitro and found it inhibited DNA synthesis; 

this drug decreased intraceUular levels of deoxyribonucleoside tnphos-

phates and b~ocked cell( in the S phase of the cell cycle 

life of the drùg ln VIVO due to urinary excretion might, 

against this idea. 

The sliÔrt half-

however, argue 

In certain other disease states desferrioxamine treatment has been 

" found to be beneficial. Holbein et al .. (lQ79) 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-YelsserlB 

menlngitldis cells. Lalonde and Holbein (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 C)H mice 

and moderately resistant B6 mice. 
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4.1.4 The effect of inflammation-induced hypoferremia on tumor cell 

growth 

. 
Another attempt was made to decre.ase in vivo growth of EL4 ce~ls by Fe 

deprivation. In the initial in V1VO studies (Fi&.; 3 and Fig. 4), it WI.lS 

noted that the onset of the hypoferremic response occurred late in the dis-

ease when tht'! tumor burdeI} was high. It appeared that the response oc-

curred too late to be of benefit to the host. The question thp!1 111'0 St' • 

would an early hypoferremic response lower serum Fe levels sufficiently lo 

inhibit tumor growth? This could be answered using turpentine to ('n'litt' a 

model of hypoferremia. Mice were inj ected subcutaneou.Sly in tho back witll 

?' 
• turpentine and this induced a marked hypoferremic re;ponse (Fi~ 8). Serum 

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

19.6% Fe saturation of Tf) by ?4 h. The reduction in serum Fe leveis be-

tween 12 and 36 h was found to be highly significant CP < 0 001, Stud~nt'~ 

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 dralllutically . . 
If at 48-60 h post inoc~lation serum Fe lev~ls had returned ta normel 

but the amount of Tf in the pool was increasing (shawn by increase in th(~ 

• 
TIBC values) this would in effec t resul t in a pro longed reduc t ion in Tf FI> 

saturation. Therefore in the next study, mice were inj ected subcutaneou', l y 

with either tuqSentine or saline and injected one h later with tllfnor 

ce11s. In the early hypoferremic response (Fig. 9), serum Fe 1ev01<; 

dropped to 0.62 ug ml- l (16.9% saturation) at 24 h post injection, the Fe 
ri 

kinetics being somewhat different th an in the initial turpentine studles 

(Fig. 8). Serum Fe had increased by day 6 and t~re was {then a secon-d 
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• 
Fig. 8 the h~Oferremic respo~se during t~rpentine-induced in~mmation 

in mice .. Mice wer~ lightly anaesthetized with ether and in-

j ectl'ld subcutaneously in the back in two separate sites with 

_ O. O~ ml turpentine. At the indicated ·time points, 6 mice were 

bled by cardiac puncture for determination of TIBC ( • ), vrBC 

( .), Tf-Fe ( .), and--Gp-oxidase activity ( 0 ). Values 

shown represent the average data from two experiments . 
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Fig. 9 Changes in ~ metabolism due to turp~ntine-induced inflammation 

and EL4 tumor ce 11 growth in. mic"e . . Mice were inj ected sub-

cutaneously in the back with 0.05 ml turpentine in two separate 
1 • 

's l tes One h'}ater, mice were injected ~th 104 tUlllor cells. 

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

de termine TIBC ( .), UIBC ( 0 ), ~n'd Tf-Fe ( 0 ). 
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Fig. 10 

" .. 

The influence of turpentine inflammation-induced hypoferremia on 
l 

the growth of EL4 tumor cells in mice. Mice were' inj ec ted 

subcutaneously in the back in two sites with D.OS.ml of eith~r 

saline ( • ) or turpentine ( & ). One h tater they were in­

j e~ted with 104 tumor cells. ~ Ce Ils counts were performed at 

the~propriate times. The indicated values represent average c::s- S 
tumor ce II numbers recovered frQm 6 mice in two experiments. 

/ 

.. 

J 

... • 
o 



" 

( ~' . 

• .. ~ '., ... ~, 

;; 
c ... 
U 
-' c .. 
III 
lE 
0 ... 
i 
A. 

! 
0 . 

fil 
-' -' -;: "-, 
III 
U 
C 
0 a 
:1 • ... 
-' c ... 

I~ 0 ... 

r 
Î 105 O'~----~----~'------~----~'~----~'------~'----"" 3 6 9 12 15., 18 21 

, TIME POST IN'OCULATION (DUS) L 

" 

1 
/ 



( 

97 

/ 
hypoferremia due tci' the pro}iferation of tumor cell!? After turpentine ad-

mi'nistration, tnE' TIBC rose and remained high thrôughout the experiment. 

, 
Although Tf Fe saturation levels remained low throughout most of the ex-

periment, no inhibition of tumor cell growth was observed (Fig. lO). , 

In contrast to this, a similar s~udy was carried out with Neisseria 

menlngitidis infection in C57 mice (Beaumier et al., 1984). Twelve h after 

mice were induced to become hypoferremic with turpentine injections, they 

were inoculated with Nelsseria menlngitidis. In the hypoferremic group, 

the peak of infec tion was s ignificantly( lower. Also, the infection was 

~ 
.cleared in 5~ h in turpentine-treated mi ce as opposed to 10.4 h in saline 

control mice 

When turpentine is injected hypoferremia is induced and the whole in-

flammatory process is " stimul~ted, resulting in increased synthesis of 
~ 

acute phase pro teins. 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 

II. much greater stimulation of Cp activity than- that observed due to tumor 

ceU growth (Fig. 5). It is interesting to note that lowering of serum Fe 

in combination wi-th 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 qcquire Tf Fe from the 

host i~ order t~ proliferate: Howeve~ the hypofe~remic response has a much 

different effect in the two systems. In the case of murine infection with 

the men~ngococcus, infection can be Fe enbanced 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 naturaIIy-occurring hypoferre.1lic response. The onset of the hypo-

ferremic response is Immediate and beneficial to the hosto In the case of 

EL4 cells the hypoferrernic response occurs late in the disease and is of no 

reai benefit to the hosto With the protocols used in these studifs the ill 

'vivo growth of tumor cells could no~ be influenced by Fe addition or 

depri vation. lt would seem that EL4 cells have very low Fe requirernents 

perhaps due ta a primB:riIy glycolytic rnetabolisrn and/or are equipped to ob-

tain sufficient Fe for ill their needs under the adverse conditions of low 

Tf Fe saturation. 

t 
'In order to define the Fe requirements of these tumor cells for 

growth and to assess 'the effect of a reduction in Tf Fe saturation on Fe---

acquisition and growth. we turned ta an in vitro system using the EL4-1 

cells. 
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4.2 In' Vitro qrowth Experiments 

o 
4.2.1 The effect of transferrin Fe saturation on in vitro growth of 

EL4-1 cells 

The Urst ln vitro experiment wahl designed to demonstrate that EL4 

cells do require Fe for growth. When ElA cells Were grown in RPMI 1640 
, 

with 10% fetal bovine serum (Fig. 11) celis grew rapidly reaching their 

maximal number by day 3 (1.7 X 106 cells ml- l ). With the ad~ieion of 50 ug 

ml -1 desferriaxamine growth was 
./ 

ferrioxamine was saturated \ith 
o 

significantly inhibited. When the des-

Fe 1 growth was identical: to that of the 

contro l indoica ting that the growth inhib i tion' was direc t1y due ta Fe 

deprivation. 

'ALI further in vitro work was carried out using the ElA-l subline; 

these cells were adapted to growth in RPMI 1640 synthetic.medium and human 

Tf. The subline was developed by cultur~ng the original ElA ce1ls in RPMI 

containing human Tf only and repeatedly passaging the cells in this medium. 

The growth of the cells in the absence of serum was initially poor with a 

ceU doubling rime of 72 h but repelit:ed subcul ture in this medium yielded 

the EL4-l subline withran average doubling time of 24 h-:
J 

The original EL4 

~ 

cells growing in serum containing medium demonst:ated an average doubling 

time of 12 h. The two ceU 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 (F~g. 12) on 100% saturated human Tf (50 ug ml-IJ It was found" that 

the~additron of 50 ug ml- l apo-Tf erihanced growth by binding medium Fe 
~ 



o 

Fig. 11 

\ 

The effect of dë;ferrioxamine on the in vitro growth of ElA 
" 

cells. ElA cells were inoculated into RPMI 1640 containing 10% 

F.B.S. at an initial level of 1 X 10 5 cells ml- l with no fur-

thér additions ( Â ) or wi th the addition of 50 ug m'l -1 des­

ferrioxamine ( • ) or, with 50 ug ml- l Fe-saturated desfer­

rioxamine -( • ). Cel,l counts were performed at the times in-

dicated ·in a hemacytometer using trypan blue exclusion. 
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Fig. 12 Growth of EL4-1 ce11s in vitro on human transferrin. EL4-1 

cells were inoculated into RPMI containing 50 ug ml -1 100% . 
saturated human Tf ( • ) 1 50 ug ml- 1 apo-Tf ( A ) 1 50 Jg ml -1 

boiled apo-Tf ( 0 ) 1 50 ug ml- 1 human serum albumin ( 0 

or iJ;.lto RPMI -con taining no additions ( • ). Ce 11s we re 

enumerated at the appropriate times as described in F'ig. 11. 
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while boiled /PO-Tf or human serum, Jalbumin had no growth- enhancing affects. 

lt was, found using atomic absorption specJophotometry, that RPMI 16/~O 

contained 0.019 +/- 0.009 ug ml- l (0 33 +/- 0 16 uM) total Fe Theoret i-
• 

caUy, this is enough Fe to 27% Fe saturate 50 ug ml- l apo-Tf. Thereforo 

for aIl subsequent in vItro studies RPMI was .le extrac.t~d by incubatillg i t ..... 

in the presence of a two-fold molar excess of apa-Tf for 20 h at 37 0
, 5% 

, 
CO2 . Ferrated Tf was then removed by Arnicon ultra- filtration as discusst'd 

in section 3.4.1. 

The question of the effect of a decrease in Tf Fe saturation on EU~-l 

ceU growth was then directly addressed. CeUs were grown in RPMI contain­

ing 6 ug ml- l (75 nM) human Tf 'at 100%, 50% and 10% saturation and wi th no 

Tf (Fig. 13). The media thus cantained 0.0084 (0 15 uM), 0 0042 (0 075 

uM), 0.00084 (0.015 uM) and 0 ug ml- l Fe resp~tively Fig. 13 

demonstrates that the ceUs do not proliferate in the absence of Tf - Fe ,md 

that cells can grow with very little Tf-borne Fe present. In this expf'rl-

ment, the ceIIs did grow Qetter an 100% and 50% saturated Tf thdll on ilO'~ 

saturated Tf. However, this may have been a function of the low COIl-

centration of Fe available at the 10% saturation l!,!vel rather than a fUlle" 

tion of Fe availability due to low percent saturation. In fact ln thi'; 

èxperiment, at the law'level of Tf Fe provided, at each saturption ]("[(01 

\. 
peak growth of the celis was directly proportional to the amount of Tt FI' 

1 

available. In the next experiment, the Tf concentrations were raised to '>0 

ug ml- 1 (Fig. 14). Growth was good in a11 cases with virtually no di[-. 

ference between 100% and '50% Fe saturation -( 1. 25 and 0.625· uM Fe r 

respectively). By day 4 when peak growth was reached a~ both these satura­

tion levels cell density was 1 X 106 cells ml- l representing the maximal 



Fig. 13 

• 

.. 
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, . 
t '. 

a-rqwth of EL4·1 lymphoma cells on serum-free, RPMI 1640 with 

7? nM human transferrin at 100%, 50% and 10% saturation. EL4-l 

cefls .were removed from the peritoneal cayity of a mouse and 

grown for 48 h in Fe-extracted RP~I containing 0.3 \uM 50% Fe-

saturated human Tf. Cells were washed and incubated for 24 h 

(37
0 C, 5% CO2 ) in RPMI containing no Fe or Tf. Cells were 

then washed and inoculated at an initial level of 1 X 105 celis 

ml- 1 into Fe-extracted RP~I containlng 75 nM (6 ug ml- l ) h~ 

Tf of 100% ( • ), sP% ( • ) and 10% saturation ( .. ) or into 

media' cont,?ning no Tf ( 0 ) . These conditions represent 

0.15, '0.075,0.015 a!ld 0.0 uM total Tf Fe respectively. Growth 

was assessed as in Fig. Il. 
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Fig 14 Growth of E!A - 1 1 ymphoma ce11s 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 \lM" (50 ug ml -1) Tf at 100% 1 ( • ),' 50% ( • ) 
'1'" 

and 10% ( Â ) ~aturation or 37 5 uM (3.0 mg ml- 1 ) Tf at 50% 

( 0 ) and 10% ( ~ ) saturation. These tr;ia1s cont1lined 1.25, 

0.625, 0 125, 37 5 and 7.5 oH Fe respecfively. 
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saturation density for these cells. Thus growth was not Fe~imited. 

Growth at 10% qaturation (0.125 uM Fe) was good but slightly low2r. If 

available Tf concentrations were raised to the physiological level ,of 3 mg 
.:> 

ml- l (37.5 uM Tf) ~ere 

with 50%'saturated T~ 

was no difference in growth between cells grown 

1 ug ml- l or 37.5 uM Fe) and ~ls grown with 10% 

.::. 
Fe saturated Tf (0.42 ug ml- l or 7.5 UM Fe). This decrease in Fe satura-

tioIt from 50% to 10% mirnics the decrease in Tf Fe saturation whieh would 

oeeur during the hypoferremie response in vivo. At 10% saturation and 

physiologieal Tf levels cells demonstrated excellent growth, at 10% satura-

ti on and Tf coneentrations"l/60 of physiologieal levels, cells demonstrated 

Q 

good growth indieating that even at very low saturation leve1s Tf Fe is 
..... 

readily available for tumor cell proliferation. 

When eells were inoeulated at a lower ini~ial level of 1 X 104 cells 

ml -1 cells grew only sHghtly more slowly on 10% saturated Tf th an 50% 

saturated Tf at physiological Tf 1evels and eells reached the same final 

satura~lon density (Fig. 15). This figure also demonstrates that these 

cells can grow on bovine hemoglobin providing 17 9 uM Fe although growth ls 
/' 

notieeab1y poorer than growth on 10% saturated Tf providing 7.5 uM Fe. 

4.2.2 Growth of EL4-1 cells on non-transferrin Fe sources 

Figure 16 shows that EL4-l ce1ls ean grow on bovine hemoglobin, horse 

~ spleen ferritin and the inorganie Fe salt ferrous ammonium sulfate. The 

cells grew better on this latter source of Fe when 50 ~g ml -1 apo-Tf was 

added to the medium as 0 apo-Tf is able to bind the Fe and render it 
.(1 

directly available to the cells. The cells grew better on bovine 

/ 
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Fig. 15 

1 ", 
o. 

.. 

Growth of EL4-1 eells on physiologiesl trsnsferrin levels and 
0' 

'bqvine hemoglobin. EL4-l cells, prepared as described in Fi~ 

13, were inoeulated st sn initial level of 1 X 104 cells ml- l 

into RPMI containing 37.5 uM ( 3.0 mg ml- 1 ) human Tf at 50% 

( Â ) and 10% saturation ( • ) and containing no Tf ( 0 ). 

Cells were also inoculated into a flask containing bovine 

hemoglobin containing 17.9 uM Fe ( • ). 
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Fig. 16 Growth of EIA-l cells on various Fe complexes. EL4-l cells, 

\ 
prepared as described in Flg. 13, were inoculated at a start-

'" ing level of 1 X 105 cells ml -1 into RPMI containing bovine 

h:;moglobin ( • ), horse spleen ferritin ( 
\:;;1 

o ), ferrous am-
6 

monium sulfate ( Â ) 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-~). 
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hemoglobin when started at a higher initial number of 1 X 105 cells ml,l 

than when they were started at 1 X 104 cells ml'l (Fig. 15) It is nal 

known whether inorganic Fe was directly available to the cells 

it was made available by traces of Tf which cotld have been 

or wlH'tlH'l" 

with the cells. Attempts were made tjJ minimize this by washing cells and 

incubating them in Fe and Tf - free media for 24 h then washing the cc lIb 

again~before using them'in an experiment. 

These results are interesting for two reasons. First, the rf>sul t~l 

demonstrate that EL4-l cells can utilize Fe sources other than Tf for 

,growth. Titeux et al. (1984) also found that Fe salts, hemin or hemoglohin 

could replace Tf for serum- free culture of 3 human leukemic çe 11 1 i nes 

Hemoglobin would probably not normally be available ln vivo as free "heow or 

hemogl'obin~rom lysed erythrocytes is normally bound by hemapexin or hllP' 

toglobin and removed fro~ the circulation. 
Cl 

During the tissue destruc tion 

which may accompany neo'plasti!c disease, however, hemoglobin Fe might b(~carn(' 

available to the tumor cells Secondly, these ~tudies demonstrate that Tf 

i5 a much more efficient Fe donor ta the ce Ils than the ather Fe sourcf'S 

studied. If Fig. 14 and Fig. 16 are compared it c~n be seen that the lyrn­

phoma cells grew almost as well on 50 ug m},l 50% saturated Tf (0 03~ u~ . 
. ml- l fe) as on hemoglobin providing 1 ug ml- l Fe and better than on fer-

ritin or inorganic Fe don~ting 1 ug ml -,1 Fe. 

4.2.3 Determination of cellular Fe, respiration rate, cellular h~me, 
a 

lactic acid production and enzyme profiles of the lymphoma cells 

The facto that the lymphoma cells could grow on such low levers of Tf, 
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Fe as 6 ug ml- l at 10% saturation providing 0.00084 ug 1lI1 ~ 1 Fe suggested 

that the cells have a primarily glycolytic metabolism as in this case 

little Fe would be required for the synthesis of ~ytochromes an~he other 

Fe-containing compounds of the respiratory chain. In order to investigate 

this, various aspects of the cellular physiology of the lymphoma cells were 

examined. Cellular Fe levels were measured by atomic absorption 

spectrophotometry; the presence of ce~lular hernes was investigated by look-

ing for a herne Soret peak at approxirnately 417 nrn when scanning a 

hornogenized cell preparation spectrophQtornetrically. The cellular respira-

tion rate was also measured (Table 5). The prësence 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 cyanide eliminated respiration completely. 

The Fe content of EL4-l 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 ta those found for EL4-l cells. lt is inter-

esting ta note that normal and rnalignant cultured cells such as the EL4 and 

rnouse hepatoma cells contain relatively equivalent amounts of cellular Fe 

This implies that there ls no enhanced storage of Fe by malignant- cells 

grown in v~tro. A similar observation was made by Schade (1976) in in vivo 

studies in plasmacytoma-bearing mice. 

.. To furt~er examine the gllcolytiC capacity of EL4-l 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. 

Cellular Fe, 02 consumption and he me Fe of EL4 cells. 

Cellular Fe 1 

Cells Grown ug Fe mg- l protein2 

, 

EI:4 in vitro 0.108 (0.042)5 

EL4 in vivo 0.075 (0.021) .. 

.. 
p 

EL4-l in vitro 0.168 (0.016) 

1 

02 Consumption3 

nmol/min/l06 cells 

(+ cyanide) 

0.62 

(cyanide sensitive) 

0.52 

(cyanide sensitive) 

not do ne 

V 

Herne Fe4 

cells 

-1 not 

detectllble" 

not 

detectable 
* 

not done 

110 

lCe1lu1ar Fe was determined on homogenized cel1 preparations using atomic 

absorption spectrophotometry in the graphite furnace mode. 

2protein assays were performed according to the method of Lowry et Ill. 

(1951), 

3Respiration s tudies were performed us ing a Clark po larograph ie O2 • 
electrode. DeterminatiQ were do ne with 3 ml samples of eel~s (l X 106 

cells ml- l ). 
, / 

After initial O2 uptake rates were established (approximate1y 

10 min) 10 ul of 300 lDM KeN was added and uptake was followed. for 20 min. 

4To detect hemes, cell homogenates were scanned from 450-350 nm (Perkin El-
/-
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mer 555 UV-Vis spectrophotometer). 
,-1 

....... ~-- .; --:.-
Horse heart cytochrome c was used as a 

standard. For Fe and heme analysis of in vivo cells, mice were bled corn-

pletely 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. 

5Numbers in parentheses, represent the standard deviation. 
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~ 
time both the residual glucose and the lactic acid concentrat\on of tht> 

1 

was determin~d ,that of the original 11 1 umorj ~ were measured. l t 

ml- l glucose present, 4.45 umol of glucose was utilized. This could 

theoretically give 'rise to 8.91 \Unol ml -1 lactic acid. The actual value of ,. 
lactic"8cid measured was 6.63 umol ml-l, 74.4% of the maximal theoretical 

value. Thus a substantial proportion of the glucos-e ',utilized was rnetabo-

lized to lac tic acid suggesting that these cells_'do indeed have a highly 

glycolytic metabolism anq this may at least in part account for the low Ft! 

requirements for growth . • 
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 eni~ontents of the ce11s were that the 

Fe-deprived cells demonstrated a VeiSlight positive reaction for alpha­

mannosidase and alpha-fucosidase. There were also several quantitativé dif-

ferences. Quantitation was, however, crude being by visual cornparison of 
r"'" • 

control and test color development. (The API ZYM system used for the en-

zyme analysis is fully described in appendix II.) 

4.2.4 
.. 

Growth of EL4-l cells on various transferrins 
'\ 

The next aspect of the study involved performi~ growth experiments ta 

de termine whether cells could grow on other forms of Tf besides hum~Tf; 

these included murine Tf, bovine Tf, lactoferrin (Lf) and conalbumin 

Figure 17 demonstrates th~t EL4-1 cells grow equally weIl on 50% Fe­

Jaturated mouse or human Tf at the low leveis of 3 and 6 ug ml"! (37.S ând 

7S nM Tf and Fe respectively). Figur 18 reveais that the ceIIs grew less 
, .. 

\ 
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. TABLE 6. 

Enzyme profiles1 of Fe-suffi'cient2 and Fe deprived3 EL4-1 cens. 

Number Enzyme Fe-sufficient 
() 

1 alkaline pbosphatase 1/24 1 

2 esterase (G4) 1 2 
('\. "'1 ." 

3 esterase lip5e (G8) 2 3 

4 lipase (G14) 1/2 1/2 
0 , 

5 leucine ~minopeptidase 5 3 

6 valine aminopeptidase 1 1 
/3l 

l" 
7 cystine aminopeptidase 2 2 

8 trypsin 

9 chymotrypsin 
0 

, 10 acid phosphatase 2 4 

11- phosphoamidase 2 2.5 

12 a1pha-ga1actosidase 

13 beta-galactosidase 1 2 
Q 

14 beta-glucuronidase 2 3 

15 alpha-glucosidase 1/2 1 

" 4" 
16 beta-grucosidase 1/2 1 

.. 
17 N -acEttyl-be'ta- .. 

; L' • • • 
glucqsaminidase 1 2 

18 a1pha-mannosidase 1/2 

C 19 alpha-fucosidase 1/4 

ft 
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1The enzyme profiles were done using the API ZYM system from Analytab 

Products .Division of Ayerst Laboratories. Cel1s were washed in saline and 

resuspended in 3 ml saline at 7.6 X 106 cells ml- l . The API ZYM strips were 

inoculated and incubated at 370 C for 4 h. Reagents A and B were added and 

the strips were read by eomparing the colour reaetions to those in the 

, 'colour chart provided. ç 

2,3EL4 _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 aboya, the other was grown without Tf or Fe for 

40 h. 

4The colour intensity was estimated on a scale fJ;'om 0- 5 âs détermined by 

comparison to a co1our chart provided with~he API ZYM system. 
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Fig. 17 

, 1 

r 

A comparison of growth of EL4- l cells and murine .. 
transferrin. The 1ymphoma ce11s, prepared as in Fig. 13, were 

inoculated into media containing 3l.b ( 3 ug ml- 1) ( • ) and 

75 ( a ) nM (6 ug'ml- 1) murine Tf o~ 37.5 ( • ) and 75 ( 0 ). 

nM hum an Tf at 50% Fe saturation. 
\ 
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Fig. 18 A comparison of growth of EL4-l cells 'on human and bovine 

transferrin. Lymphoma cells, cultured and prepared as 

described for Fig. 13, were inoculated into media containing 75 

nM (6 ug ml- l ) , • ) or 250 nM (20 ug ml- l ) ( 0 ) hum an Tf 
" 

'" and 75 nM ( • ) or 250 nM ( 0 bovine Tf at 50%lf'Fe satura-

tion. 
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• 
well on 50% Fe-saturated bovine Tf at both 6 and 20 ug ml- l than on human 

Tf (this represents 75 and 250 nM Tf and Fe respectively). Figure 19 shows 

that these lymphoma cells could not utilize Fe from 50% Fe-saturated conal-

bumin or Lf. Th~e results are similar to the findings of others using 
Q , 

different ce11 Hnes. For example, Messmer (1973) showed that Chinese 

hamster V79 cells grew weIl with hurean and rabbit Tf's but poorly with por-
'l. 

cine and bovine Tf's and conalbumin. Furthermore, Chinese or Syrian 

hamster serum ';'nd human serum were found ta be better Fe sources for the 

cells than were rat or mouse sera. Bartek et al. (1985) f6unti that MOLT-3 

human T-leukemic cells could grow on human, porcine or rabbit Tf at a con­

centra~ion of 5 ug ml- l but could not grow on bov,ine Tf at this concentra-

tion. Tsavaler et al. (1986) recently found that hum an K562 cells grew 

equally weIl on bovine or human Tf at the relatively high concentration of 

300 ug ml- l . Penha110w et al. (1986) found that for in vitro culture of 

HeLa 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-l cells grow better on human or 

murine Tf th an on bovine Tf and cannot use Lf or conalbumin Fe. Lf, 

however, would not be expected to be a good Fe source as it does not 

release Fe at low pH as Tf does; therefore it would not relinquish Fe 

intracellularly'within an acidic endocytic vesicle. 

, . 
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Fig. 19 Growth of EL4-1 cells 9n conalbumin and lactoferrin. EL4-l 

cells, prepared as in Fig. 13, were inocu1at~ into media con-.. 
taining 75 nM (6 ug ml- l ) h~n Tf ( • ), 1000 nM (80 ug ml- l ) 

t 

conalbumin ( • ) and lQ.OO nM Lf ( .. ). AlI proteins were 

oprepared to 50% Fe saturation. 
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4.2.5 Uptake of' 59Fe from 50% Fe-saturated hwn~n transferrin by EU.-1 

cells and the effect of the hypoferremic response 

The rate of Fe acquisition by EL4-1 cells was determined by measuriog 

uptake of 59Fe from 50% saturate'd Tf at concentrations from 12.5 ta 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 oH Fe and Tf Saturation of thE' Fe 

uptake system occurred at 1 1/250 of the physiologiea1 Tf leve ls Sub-

sequently~ the 'effeet of the hypoferremic response on Fe uptake WllS ex­

amined. Cells were incubated in aliquots with 75 nM 50%, saturated 59F"e_ Tf 

plus sufficient added apo-Tf ta reduce the per cent Fe saturation from 50% 
.., 

to 27, 15, 8 and 4% (Fig. 20C). It is evident thaL this suhstantia1 

decrease in saturation does not effect a proportional decrease in Fe uptake 

by the cells. This same data was plotted as upta~e velocity versus in-

crease in medium UIBC (Fig. 20B). The graduai increase in UIBC from 75 to 

1635 nM mimics the decrease in Tf Fe saturation and eorresponding rise in 

UlBC which wou1d occur in vivo during the hypoferremic response. The 

results demonst.rate thati the Fe uptake velocity i5 relatively insensitive 

to large increases in UIBC. 

In a subsequent experiment, uptake of 59 Fe from Tf "las measured by 

~ ce Us in the presence of 24 ug ml- l (300 nM) 50% Fe -saturated Tf and by 

cells in which Chis effective Tf saturation was reduced to 10% by the addi-

tion of apo-Tf (Fig. 21). With this five-foJ,d reduction in Tf Fe satura-

tion on1y a 34% decrease in Fe uptake was observed 
~ 

In contrast, when 

studies were performed in which unlabelled 50% Fe-saturated Tf was added ta 

o 



Fig. 20 Evaluation of Fe uptake from transferrin under various condi-

• tions. (A) The relad.ons~ip between the steady 9tate velocity 

1 of Fe uptake by EL4: 1 cells and the concentrq.tion of 50% Fe-

saturated Tf was determined. 59Fe-labelled 50% saturated Tf 
~ 

was added to EL4-1 ceUs (l.5 X 106 ml- I ) at the indicated 

concentrations at zero time. Uptake is calculated from totaL 
" 

... Fe taken up after one h incubation. Data are averages of 4 

t:eplicates. (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 is calcu-

lated from total Fe taken up after_ one h incubation of EL4-I 

ceUs (l.5 X 106 ml- I ) with 59fe-Iabelled Tf. In eath case, 

the 75 nM Fe was added as monoferric Tf and the UrBC progres-

sively increased by addition.of apo-Tf. Tf Fe saturation 

values for UrBC ,leveis of 75, 198, 415, 816 apd 1635 nM are 50, 

27, 15, 8 and 4% respectiveIy. The results are determined from 
~ 

data obtained in Fig. 20(C). 
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Fig. 20C 

• 
\ 

The éffect of the addition of increasing concentrations of apo-

Tf on Fe uptake was examined. SeventyJ>five nM (6 ug ml- l ) 

50% Fe-saturated 59Fe-labelled Tf was added to each of 5 flasks 

containing 1 5 X 106 ceUs ml- l . The control flask contained 

no further additions ( • ). To the remaining flasks increas-

ing concentrations of apo-Tf were added to give the final total 
l .1,) 

Tf concentrations 136 nM ( À ). 240 nM ( • ). 445 nM ( 0 ) 

and 855 nM 

at ~e 
( .1. ). Duplicate one -ml samples were 

spec1fied times and Fe uptake was measured. 

Data points represent the average of 4 experiments . 

'. 

• .. 

.. 

o 



( 
1 

'" 
" ..J 
..J 
lU 

~ 20 
o . .. 
::: 
0 
E 
CL 

"" lU 
~ 

.c 
t-

10 
G. 
:;) 

• \&,-

• 

-. 

1 

'" 

, 
2 • 

TIME ( hr ) 

• 

l ' 60,. 



Fig. 21 

.. 
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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- 1) were incubated' with 59Fe _Tf at 

50% saturation (300~ nM Tf, 300'nM Fe) ( .) and at 10% satura-

tion (1500 nM Tf, 300 nM Fe) ( ... ). Duplicate one-m·l samp1es • , 
were removed at the indica~ed times and Fe uptake was measured. 

Düta points represent the average of two experiments. 
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assays in ratios of 1: 1 and 1: 3 with radio1abelled Tf, uptake ~ 1abe~led 
Fe was reduced by 50% and 62% respective1y at 1, 3 and 6 h. Fe-cuntaining 

Tf has a much greater inhibitory effect on uptake than apo-Tf. 

In order to explore the reason for this slight inhibiti~n by'apo-Tf on 

Fe uptake, control microtiter wells of EL4-1 cells were i~bated with 24 

ug- m1- 1 SO~/ Fe-s~turattYll 59Fe _Tf at 40 C; test wells a1so contained un-

labelled sO%-saturated Tf or apo-Tf at ratios of 1'1, 1 .. 10, 1:100 and 

1:1000 to radio1abe11ed Tf This assay was performed at 40 C in arder to 

~ examine binding of Tf to ce1ls as opposed to uptake of F~. 'It can be ~een 

(Fig. 22) that 'relative to ferrated Tf, apo-Tf offered very little competf-

tion to labelled Tf for binding to the cells. 
\ 

As apo-Tf has very little 
) 

• 1 

binding affinity for the cellular tf receptors the addition of apo-Tf to 

uptake assays, to mimic the hypoferremic response, caused litt1e inhibition 

of Fe uptake from Tf. These resu1ts ~oncur with those of Dautry-Varsat et 

al. (1983) and K1ausner e~ al, (1983a) who found that eucaryotic Tf recep'; 

tors have high affinity for ferri-tf and a 10wer .affinity for ap-o-Tf at 

neutral pH. At acidic pH, however, the Tf receptor has a high 'affinity for 

apo-Tf. 1 t i5 this differentia1 response of -the receptor to ,ferri-
, 
and 

apo-Tf which enab1es the cellular Tf cycle to function. 

In Fig. 21 it was demonstrated that a 1'5 dilution of 50% Fe-

saturated Tf with apo-Tf decreased Fe uptake by 34%. In' Fig. 22 apo-Tf 

added at a ratio of 1: 100 to radiolabel1ed ferri-Tf did not affect binding 

of ferri-Tf at 40 C. It shou1d be pointed out; however, that in one case 

uptake at 370 C over a 6 h period vas being measuTed and 

binding at 40 Cafter 60 min was being examined. Fig. 21 

'-. -

in the other c~ 

demonstrate~at 

the difference in uptake at 50% and 10% saturation after 60 min was very 

" 



Fig. 22 Binding of 50% saturated 59Fe-labelled human transferrin to 

EL4-l cells in the presence of unlabelled 50%-saturated trans-

ferrin or apotransferrin. EL4-1 cells were added at a level of 
cr' - -~-

3 X 106 ml- l to 24-well mlcrotiter plates containing '24 ug ml- 1 

S9Fe-'lab~lled SO%-saturated human Tf (control wells). t 

wells also contained unlabe11éd SO%-saturated human Tf ( 

or apo-Tf ( • ) in ratios of ~:1, 1:10, 1:100 .and 1: 000 to 

labe11ed Tf. Binding proceeded at 4 0 C for 60 min. 
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slight. The apparent differenc~ between the data in Fig. 21 and' Fig. 22 do 

not suggest that sorne of th~ 59Fe vas non-specifically bound to the Tf as ,-

~he Tf was Fe loaded vith ferric citra~e vhich delivers Fe specifica11y ta 

the Tf Fe binding site. Al~o, Tf preparati~ns were checked for specifie 
1 

Fe binding by determining the. absorbance ratio at 465/280 nm (s'ction' 

3.5.1) which demonstrates that Fe is correce1y bound to the Fe bind1ng site 

of Tf. 
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4.3 Transferrin binding studies 

4.3.1 EnumerAtion of 'surface transferrin bindi~g sites on EL4-l cells 

The results of section 4.2.4 were interesting as they suggested that as 

the EL4-1 ce11s grew better on S~CifiC types of Tf, the cellular Tf recep­

tor 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-l cells were examined. rnitially, binding studies at 40 C were \ 

performed in which EL4-1 cells were incubated with various concentrations' 

of l25r-labelled Tf in RPMI 1640 media containing 0.1% BSA to minimize non-

spec ific binding. The amount of Tf bound at each concentration was 
1-

measured (Fig. 23). From this data, Scatchard plots were drawn 'and the 

number of surface binding sites were determined from the abscissa intercept 

(Inset, Fig. 23). In these studies non-specifie binding was corrected for 

using the method of Chamness and McGuire (1975). The cells were found to 

have an average of 1.1 X lOS surface binding sites per cell. The dissocia-

tian constant (Kd ) , determined from the slope of this graph, was 5.9 X 

10- 9 M representing the ligand concentration at which half the receptors 

~e occupied. This concentration is far 10wer than the mean physiological 

Tf concentration in the serum, 37.5 uM, indicating a very high receptor-

ligand affini ty . 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 EU-l cells. lt can be seen that EL4-l 

cells are very sim,ilar ta other cultured cell lines in both the number of 

binding si~es and the Kd' Ciechanover et al. (1983) found that HepG2 human 
q 

" 
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Fig. 23 Binding of radiolabelled diferric human transferrin to EL4·1 

cells at 4 0 C as a function of m~ium transferrin concentra-_ 

tion. EL4-1 cells were cul tured in vItro in RPMI with 0.3 uM 

human diferric Tf. Cells were harvested and incubated (37 0 C, 

90 min) to eliminate internal ized Tf. The cells were washed 

and 1.5 X 106 cells were added to microti ter wells prepared as 

follows. Ten ug of 125I-labelled Tf in RPMI wlth 0.1% BSA was 

added to well one Qf the microtiter plate then dlluted serially 

two-fold to weIl il. The final volume in each well was 200 ul. 

Binding p~oceeded for 90 min at 4 0 C. Data points represent 

the average of 4 Gxperiments. 
1 

above data. 

Inset: A Scatchard plot of the 

BSA (0.1%) was added to the medium to minimize non-specifie 

binding. For the 'Scatchard analysis, any non-specifie binding 

whieh occurred was corrected for using the method of Chamnes,s 

and McGuire 0.975). ~ 
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TABLE 7. 

A comparison of cell lines with respect to number of transferrin binding 

sites per cell and transfer~binding affinity. 

Cell'-line and type. (Reference) 

KS62-human erythroleukemia(l) 

.HGC-25-human pancreatic carcinoma(2) 

Human fibroblasts(3) 
1 

A431-human epidermoid carcinoma(4) 

HepG2-human hepatoma(5) 

L1210-mouse leukemia(6) 

Mouse teratocarcinoma(7) 

RILQ~mouse thymic lymphoma(8) 

Mouse spleen(8) 

Mouse thymu:;(8) 

Mouse reticulocytes(8) 

Rat erythroblasts(9) 

Temp. 

4 

37 

37 

5 

4 

'37 

4 

lS 

15 

15 

15 

o 

Binding sites K ~M" 1 a 

per cell 

1. 5 X 105 

0.37 X 105 

3.9 X 105 

.1. 2 X 105 

5.1 X 104 

6.4 X lOS 

5.7 X 103 

1. 2 X 105 

S. S~X 104 
<S.O X 103 

6.1 X 104 

5.0 X 105 

Kd - 2 . 1 X 10 - 9 

Ka -2.S8 X, lOti! 

Kd - 5 1 X 10 - 9 

Kd - 6. 7 X 10 - 9 

Ka - 5 . 1 X 108 

. B 
Ka -4.3XIO 

" 
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hepatoma cells contain 5 X 104 surface Tf binding sites and l X 105 inter-

nal sites. Thus the majority of Tf binding sites are internaI. The totlll 

number of binding sites can be determined by ~fOrming bir 1~.ng stud tes Ilt 

370 C but this was not do ne in th~tudy. 1 :rhe majority of experiments 

were performed at 40 C in order to exa~nding as opposed to uptake of 

Tf. 

4.3.2 _ Time course binding and uptake studies 

\ 
The time course of the binding and uptake of 1251 -Tf by EL4-1 ce Ils 

was perform~d at 40 C and at 37 0 C respectively (Fig. 24). Binding was 

rapid and a plateau ~a5 reached by 30 min at both 370 C and at 40 C Th~ 

curve at 37Q C represents both binding and uptake of Tf. Nume rous repor ts 

indieate that at 37 0 C bound Tf is internalized and the internal pool ot 

~D receptors is recycled to the surface of the cells for more binding to occur 

(section 2.9.2.3). In a subsequent experiment, cells were incubated at 37°' 

C for one b with 0.5 ug 125 I _Tf. They were then centrifuged, washed 3 

times and bound Tf was determined. Cells were then re-incubated at 37 0 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 medi,l,,1IJI: aEter 40 

min, 82% of the label had been released indicating that Tf 15 taken l.lp, 

presumably the Fe.,j,s removed and subsequantly the Tf i8 released from the 

cëlls. Karin and Mintz (1981) studying murine teratocarcinoma cell~ Eound 

that 80% of çell-associated l25 I _Tf ~as released after one h of incubation 

" ~ 

and was triehloroaeetic aeid insoluble indicating that there had been no 
./ 

gross degradation of ligand. 



Fig. 24 

, ' 

" 
1 

, 

Time course of transferrin bindi.ng by EL4-l ceUs. EL4-1 

cells were cultured and prepared.as described in Fig. 23. 
1) 

CeUs were added to microtiter wells contain1.ng 0.5 ug 

radiolabelled human Tf in RPMI, ~i th, 0.1% BSA at 37 0 C ( • ) 

and 40 C ( .). Binding was terminated at the indicateq 

times. 
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In section 4.2.4, growth of EL4-1 cells on s~ral dif~erent types of 
I( 

Tf ~as examined and it was found that of the Tfls 'tested human and murine 

Tf were the optimal Fe sources. Co~lbumin and Lf could not be used and 

bovine Tf was not as good as human or murine Tf. In order to deterrnine if 

\ this was because these cornpounds had a lower binding a~finity, competitive 

binding studies were performed at 4 0 C (Table 8). In these studies, cells 

were added to control wells containjrig 0.5 ug of l25I-labelled Tf and test 

wells containing labelled Tf and 0.5; 5, 6lr 25 ug of a competing unlabelled 

protein. It can be seen (Table 8) that when unlabelled human Tf was added 

to cells in an amount equal to radiolabelled Tf appro~imately 50% inhibi-
l' 

tion of binding occurred demonstrating. that the iodination procedure did 

not al ter the binding sites on the Tf or Tf binding to the receptors. 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 reticulQcyte uptake of Fe from Tf. Messmer (1973a) studied the bind­

ing of human 1251 -Tf t~ V79 Chinese hamster fibroblasts and found that it 

required 120 times as much bovine Tf as human Tf ta achieve 50% inhibition 

of labelled human Tf binding. lt was also found in these studies that 

conalbumin di4 not'compete significantly with hum an Tf for binding to these 

" 
cells. 'The.EL4-1 cells used in this assay had been grown in vitro in human 

Tf. To determine whether cells grown in fetal bov'ine serum and thus on 
cr 

bovine Tf responded in a similar manner, binding st~dies 'were performed 



1 
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TABLE 8 . 
t! 

• 
Effect of competition with un~abe1led human, murine and bovine 

transferrin, 1actoferrin and cona1bumin on the binding of 

radiolabelled human transferrin to EL4-1 ce1Is. 1 

. Ratio of Iabelled 

human to unlabelled 

Tf 1:1 1:10 1:50 

Ligand2 .. 
gom12~ting 

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 90:5 (2.1) 97.3 (2.8) 90.2 (2 .1) , 

' Lactoferdn 119.9 (3.4) 96.9 (3.9) ~4.0 (12.0) 

Conalbumin 127.4 (25.5) 96.0 (0.0) 101.0· (5.0) 

lEL4-l celis were cultured in vitro in Fe-extracted RPMI with O.}' uM 

133 

difer-

ric human Tf. Ce11s were harvested by centrifugation, washed once and then 

incubated 'for 90 min in Tf-free RPMI a,t 37 0 C to eliminate any intern~liz('d 

Tf. Cell~ were harves'ted and washed again at 40 C and added to we Ils con-. ~ 

taining 0.5 ug radiolabelled hum an Tf or labelled Tf and 0.>5 , 5 or 25 ug of 
c" • 

an unlabelled ligand. BinQing '(4°"C) was terminated after 60 ·min. 

2Numbers represent labelled Tf bound in the presence of unlabelled Tf as fi 

percent of labelled Tf bound in the absence of unlabelled Tf. 

3Numbe;s in parentheses represent the standard error of the mean. 

'\ 
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, 

using the original EL4 celi Une Whi4 been cultured in 'RPMI 1640 with 
, 

10% F. B. S for two months (Table 9) Similar results were obtained Thus 

even though ce 115 had been cultured in bovine serum for a prolonged period 

of time the cells preferentially bound human-Tf over bovine Tf. P This 

demons trates that this Tf receptor preference is not, unique to the EL4-l 

line or produced by: the selection for a serum-independent cell line. 

Jt~avaler et al. (19 ... 86) performed 4 0 binding studies with K562 eryth­
/ 

roleukemia cells and found that it required 2000 times as much bovine Tf to 

eta.in 50% inhibition of binding as for human Tf. Penhallow et al. (198&) 

Feported that a ten-fold excess of ovoTf (conalbumin) or bovine Tf did not 

compete with human Tf for binding to human HeLa ceUs. \ These authors also' 

performed ft soluble receptor assay using 5 nM labelled hum an Tf and various 
~ 

com~~ting le~s 

one-half ~~.limal 

of homologous and heterologous sera. With human serum, 

binding occurred at 6.5 nM Tf and wi th fetal calf serum 

~ne-half maximal bmding occurred at 3000 nM Tf. 

An interestlng finding was that murlne Tf did not compete as weIl as 

human Tf for binding to the receptors of these mouse ceUs al though the 

cells grew weIl on murine Tf (section 4.2.4) The cells used for these 

initial binding studies were grown in vItro with human Tf. To rule out the 

fact that this might have had sorne effect on binding, cells ~ere 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 

sarne results were obtained as in Table 8; therefore the apparent preferen-

tial b ind.ing of human Tf was not due to pre - growth in media containing 

human Tf. 

EL4-1 cells had originally b'een selected· because they could grow in 

/ 
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TABLE 9. > .. 
Effect of human, murine and bovine transferrin 

• on the binding of radio1abelled human transferrin 

"to the' original EL4 cells. 1 

Ratio of label1ed 

'It to unlabelled Tf 1:1 1;10 

ComI1eting; Ligand2 

Human Tf 49.5 (4.0)3 5.1 (1.8) 

Murine Tf 100.1 (0.5) 88.8 (0.4) 

• 
,Bovine Tf 104.2 (2.4) 109.0 (0.5) 

1 EL4 ce11s were cultured in vitro for two months 1n RPMI 1640 w1th 10% 

F.B.S. Cells were prepared and binding assays performed as in Table 8. 

2Ntunbers represent 1abel1~d Tf bound in the presence of conlpeting Tf as a 

percent of 1abel1ed Tf bou.d in the absence of competing ligand. 

3Numbers in pârentheses represent the standard .error of the mean. 
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TABLE 10. 

Effect of human and murine transferrin on the binding of radiolabeUed 

human transferrin to EL4-1 cel:ls' cultured with human or murine transferrin 

as their Fe source. 1 

Murine Tf Human Tf 

\ grown ceUs grown ceUs 

----------~~----------------------------------------------------------------------~----------------~-------o 

Ratio of labelled 

~o un1abelled Tf 1:10 1:1 1:10 

~omRet1ng Li&and2 

Human Tf 48.2 (2.2)3 13.6 (1. 8) 52.1 (1. 5) 9.1 (1.1) . 

Murine Tf 101.8 (O./g ) 84.9 (4.0) 100.6 (0.2) 81. 7 (1. 3) 

lEL4 -1 ceUs were removed from the peri toneal cavi ty of a mouse and were 

" 'cul tured in v ltro in RPMI 1640 containing 0.3 uM diferric human or mouse Tf 

• 

1 
for 48 h prior to the binding assay. The growth dur in&, this time repre: 

sented 2.5 doublings. Details for the binding experiment were as in Table 

8. 

2Numbers represent labelle'\i Tf bound in the presence of unlabelled 
'\-

(competing) Tf as a percent of la1;>elled Tf bO,und in the absence of', un-

labelled Tf. 

3Numbers in parentheses repreSent the standard error of the mean. 

) 
l 
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RPMI synthetic merlium and human Tf in vitro. For the results to hl' 

o 

generalized it was necessary ta know if the receptors on these cells we1'e 

somehow different from other murine cells. Therefore competitive bincling 

experimentcs were also carried out using YAC-l cells, P8l5 cells and nannHl 

bone marrow cells from adult CS 7 black mice (Table 11). Tlw 1'f' 1 dt i v(' 

response of aIL these cell types to murine and human Tf was similar J 

Rich et al. (1981) compared the effect of human and mou~e Tf's on in 

~ 

vitro growth of eatly BFU-E and late CFU-E eryt*opoi'etic precul"!;ors ln 

murine bone marrow. They found that mouse bane mariow cells have grenter 

specificity for mouse Tf than human Tf as 950~ - E~ co 10nies/105 ce Ils we!"!? 

obtained using mouse Tf and 650 CFU-E colonies/lOS ce11s were obtal ned wi th 

human Tf. Lappin et al. (198S) ~also .found that mouse Tf WHS more 

~timulat()ry than human Tf in the mouse spleen cell mict'oassay for estima-

tian of erythropoie tin. Rich et al. (1981) suggested that mouse Tf i., 

better able to, bind cell receptors and transfer Fe to proliferating and 

differentiating murine erythroid cells than human Tf. It is dlHicult', 
r 

, . 
ho~ever, to compare growth studies in which only one type of Tf 'is present 

over a re~ati'vely long period of time with competibfon studies at ,~o C in 

which two types of Tf are present simultaneously for a - short period of 

time. In the present studies, EL4-l cells grew equally weIL on human and 

murine Tf but when both were present in binding studies human Tf' wus 
Q 

preferentially bound. Also, it is _difficult to compare tumor celis with .. 

J erYl=hrOid cells as erythroid cells have a much higher Fe requirement for 

hemoglobin synthesis. Lane (1972) found that: on1y hal~ as much human Tt 
• ... 

was bound to rabbit reticulocytes as rabbit Tf and suggested. that fewer 

receptors can bind human Tf because the mo1ecu1e is larger and when bound 

• 
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TABLE: 11. 

Effact of unlabelled hum an and murine~transferrin on the 

binding of radiolabelled human transferrin to EL4-l, 

P8ls, YAC-l and normal murine bone marrow cells. l 

• 
Human Tf as ~he.competing ligand 

Ratio of labelled 

to unlabelled Tf 1:1 1:10 1:50 

Cell type 

EL4-l 2 49.4 (1.5)3 10.9 (2.5) 2.0 (0.6) 

P8l5 45.6 (2.0) 10)9 (0.8) 2.4 (0.5) 

YAC-l 60.2 (1. 8) 15. S· (2.3) 3.8 
• 

Bone Marrow 48.1 (3.0) 19.1 (2.9) 
• Il 

'" "" '. 

Hurine Tf as the competing ligand 

Ratio of 'labelled 

to unlabelled Tf 1:1 1:10 1:50 

Cell type 

EL4-l 101.8 (3·9) 91. 0 (2.6) 62.9 (4.2) 

P8lS 93.8 (1.4) 84.9 (5.2) 63.9 -< 6.1) 

YAC-l 100.0 (2.0) 91. 3 (1. 8) 71. 2 (2.5) 
~ 

Bone Harrow 98.5 (2.5) 100.6 (4.4) 65.7 (6.6.) 

(j 
'" 
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EL4-1 ce11s were cu1tured as described in Table 8. P81S and YAC-l ce11s 
, 

were maintained in RPMI 1640 with 10% F.B.S ..., Murine borM-- marrow ceUs were 

obtained from adult. ~CS 7 mice as described in section 3.2. CeUs were 

l ' 

prepared for the\assay and the assays performed as described for Table 8. 

2Numboers represent label1ed Tf bound in the presence of unlubelled 0r 
\ 

(competing) Tf as a percent of labelled Tf bound 4.n the absence of un-

labe11ed Tf. ~ 

3Numbers in parentheses repre~ent th~ ~andard error of the mean. 

1 ( " 

c , 

, .' 

1 " , 
" , 

• 
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inhibits binding of other mo1ecu1es to binding sites. The results 

from the present st~dy might be unique to the rarticular mouse Tf used i.e. 

to ite murine source or purification pr~cedu~e: How~ver, the protein was 

1 
pure as determined by SDS-polyacrylamide gel e1ectrophoresis, bound Fe like 

human Tf, as determined by absorbance at 465 nm, and the EL4-1 cells were 

able to grow weIl on it. Perhaps human Tf binds more readily ta murine 

receptors because of its molecular weight and/or conformation but does not 

re1ease Fe as readily lntracellu1ar~y. Thus mouse Tf might remain a better 

,. . Fe source for growth and different:f.ation of murine erythroid ceI1s with 

their high Fe requirements. There is at present no evidence for this. 

4.3.4 
t 

TQe effect of deglycosy1ation of tr~sferrin on binding 

Transferrin is a glycoprotein and hum an Tf contains 6% carbohydr"lte. 
1 

The 'molecule con tains two branched carbohydrate chains which terminate in 

sia1ie aeid residues; the carbohydrate chains are found in the C-terminal 

half of the moleeu1e attached to asparagine residues 413 and 611 

(MacGilliv'ray et al., 1983). The proportion of carbohydrate varies, 

howèver, among the different species of Tf's. Hatton eê'al. (1974) deter-

mined the carbohydrate content of bovine, porcine, rabbit and dog Tf's and 

found that human Tf has twice the amount of carbohydrate as ,these species. 

Cona1burnin has only one carbohydrate chain consisting of 4 residues of man-

nose and,8 of N-acety1g1ueosamine. Chieken serotransferrin, on the other 

hand a1so 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 
1 
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functions including: 
,1 

labelling of secreted proteins for export, recogni-

tion of proteins by target ce Ils or protection against proteolytic damage 

(Olden- et al. 1982). 

Since the carbohydrate content of Tf varies among species and s Ince 
" . 

. there are definite differences in the binding of various species' bf Tf ta 

ce Il receptors the importance of the carbonydrate chain of the Tf molf'cule 

ïn receptor recogni tion of the ligand was examined. Humlln Tf WIlS 

'1 
deglycosylated using the enzyme N-glycanase,obtained from Genzyme Corp and 

~ 

the deg1ycosylated Tf was used in competition binding studies (Table 12A ) 

That the carbohydrate had been removed was ascertained by running nativp 

and deglycosylatetl Tf' s on an SDS-polyacrylamlde gel, silver stolning th~ 
{ 

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 1anes in which deglycosylate~ Tf was run 

thlee bands are apparent The faint band ~f highest molecular wPlght i5 

\ ~ 
believed to be a smal~ quantity of native non-deglycosylated Tf The two 

c ' 
lower molecular weight bands are thought to repres~nt mono 

1 
BnH di-

~ 

.deglycosylated Tf, that is, Tf from which one and two oligosaccharidf' 

chains have been removed. Deglycosylation was further examined by Pardo 

Pannunzio of this department using a Western blotting procédure. The Tf's 

were run on a SDS-polyacrylamide gel, were blotted onto nitrocellulosp 

paper and probed wi th concanavalin A coupled to horseradish perox Ldase 

,The results in Fig. 25B) confirm that the enzymatic deglycosylation was 

successful. The deglycosylated 

Tf when added in concentrations 

protein was as competitive as native human 

equal to -tabe-lled ligand but was somewhat 

less competitive when a lü-fold excess was used. The results of the 1:1 

/ 
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Fig 25A 

? 

" 

l 

A comparison of native and deglycosylated hUrnan transferrin by 

sodium dodecyl sulfate polyacrylamide gel electrophoresis. Na-

" tive and deglycosylated human Tf were 

described in section 3.9. The gel 

using the silver staining method. 

was , 

Larl& l-deglycosylated hum an 'Tf (2.6 ug) 

Lane 2-deg1ycosy1ated human Tf (1.3 ug) 

Lane 3-native human Tf (2 ug) 

Lane 4-native human Tf ,1 ug) 

Lana M-lov molacular weight ma~ 

run on SDS - PAGE aSi 
subsequently staineh 

/ 
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Fig. 25B 
.... 

\.-

1 

A comparison of 'nati~e and d~glycosylated hurnan and murine 

transferrins ~y Western blotting. The ~~'s were run on SDS­

PAGE, blotted onto nitrocellulose paper and probed with con­

canavalin A coupled to hQrseradis~ peroxidase. 

Lane 1- deglycosyJ.a.ted murine Tf 

La~ 2-native murine Tf 

Lane 3-deglycosylated hurnan Tf 

Lane 4-native hum an Tf. 

. \ o 
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TABLE l2A. 

Effeçt of native human and deglycosylated human transferrin 

on the binding of radiol~belled human trànsferrin 

Ratio of labelled to 

unlabelled Tf' 

Competing Ligand2 

HunÎan Tf 

Deglycosylated 

human Tf 

to EL4-l cells l . 

1:1 

3 61.5 (2.5) 

67.4 (2.4) 

Q " 

1:10 . 

14.8 (0.4) 

35.3 (3.5) 

144 

lEL4-l cells ~ere cultured and prepared for the assay as described in Tabl~ 

8. Control wells contained 0.5 ug labe1led Tf, test wells contained 

lab~lled Tf and 0.5 or 5 ug of either native or deglycosy1ated Tf. Binding 

proceeded for 60 min at 40 C. 

2Values represent labelle~ Tf bound in the 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 that the deglycosylated Tf binds as weIl as nativE' Tf. 

At al: 10 ratio the. deglycosylated Tf demonstrates good ('.:)mpe'titi4hut is 

not as competitive .as native Tf. The six per cent decreâse in moleculllr 

weight may make'it somewhat less competiti.ve with the larger~ native 

tnolecule, this being 

tivély, removing the 

more evident at higher competitive ratios~ 

Ca~OhYdrat..e. from the molecule may affect 
l' / 

Alterna-

the charr,l' 

of the molecule causing it to adhere to non-receptor sites or other prort'lll 

molecules. Similar studies were performed using murine Tf (Table 12B). 

There appeared to be no difference in molecular weight between nallw [lnd 

deglycosylated murine Tf on an SDS-polyacrylamide gel (data not shown). 

This sugge~ts tha~ murine Tf has a 10wer carbohydrate content and there fort> 

the decrease in molecular weight due to deglycosylation was not enougb to , 

be seen on a gel. Western blotting, however' (Fig. 258), reveale.d rhal 

murine Tf was successful~ deglycosyl~ted. 
" 

Deglycosylation of the mOllse Tf 

did not improve its binding to EL4~ 1 ceUs; it was still -not competftivl! 

t 
vith hum an Tf in competition assays (Table 128). 
~ 

Tl?-ese results suggest that the carbohydrate èhain does not hav(~ li 

.. 
role in either receptor recognition or binding of Tf I!O the tumor ce 11 

receptors. The carbohydrate chain may have a role in labe11ing Tf for 

secretion from hepatocytes or in protectirrg the molecule from proteolytic 

,degradation. Urushizald et al. (1984) found using Scatchard plot analysi'.l 

that there was no di'fference in binding of siko- and .asialo-Tf to the Tf 

~eceptors of K562 cells. KorI'\feld (1968) removed a11 ,the sialic acid 
• 

residues from human Tf and found that this treatment did not affe~t the up-

take of Fe by rabbit reticulocytes. The carbohydrate was further removed 
, . 
enzymatically using beta-galactosidase. alpha-manhosidase, and beta-N-

1 

1 
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TABLE 12B. 

Effect of native murine and deg1ycosy1ated murine transferrin 
, 

on the binding of radiolabe11ed human transferrin 

to EL4-l cells l . 

• 4\ .. -. 
Ratio of labe1led to , 

unlabelted Tf 1:1 1:10 

Competing Ligand2 

Native human Tf 14.9 (1. 8) 

Native murine Tf 103.0 (1.5) 92.4 (0.4) 

Deg1ycosy1ated 

murine Tf 102.2 (0.7) 
\ 

102.3 (1. 5) 

lEL4-1 ce1Is were cu1tured and prepared fôr the assay and the assay WflS 
; 

carried out as described in Table l2A. 

2Values repres.ent 1abelled Tf bound in -th~ presence of competing Tf as il 

percent of labelled ~f bound in the absence of c~mpeting ligand. 

3Numbers in pare~theses represent the standard error of the mean. 
, , 
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. acetylglucos'a'fninidase . 

~ 

Tf preparations which had 39 and 47% of their 

" 
remaining sugar residues removed were able 

'a 'normal fashl.onJl le was ,a1,0 found eha1: 

4id not i.nterfer-e with the ability of Tf 

to. donate Fe to ret{culocytes in 

iso1atep heterosacchar;de chains 
, 

to don~te Fe to reticulocytes. 

Hemmaplardh and Morgan (1976) tlie,at~d rabbit, reticu10cytes with 

neuramirtidase in order to release 30-50% of the me~brane sia1ic acid. This 

treatment had no ~ffect on Fe or Tf uptake or incorporation of Fe into 

he me ' .. The autpors concluded if sialic acid fs present on the Tf receptor 

it is not important in-its interaction w'ith the Tt protein. 

In vitry rec~ht studi~s, Re.;khow and Enns (198.7) incubate~ A431 hum an 

-
carcinoma cells with tunicamycin, an antibiotic which inhibits 

glycos-yration; this prevented formation 9f di .. u1iide bonds between the two 

rèceptor subunits. The resul~ing ,monomeric ungl~cosylated receptor could. 

not bind Tf and was not transported to the' cell surface', Thus removal of 

#' 

receptor carbohydratè from receptors alr~ady in .situ and preventing initial 

gly,cosylation have ~ery different effécts. The results of Reckhow and Enns 

suggest that the carbohydrate labels the receptors for translocation to the 

4. cell surface and that the carbohydratj:l chalns are important in l.nserting 

the receptor in the membrane in the correct orientation. 
'-!Il' , .. 

The' disulfide 

bonds are probably important in stabilizing the proper receptor conforrna-

tion. 
" 
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o 

Binding of transferrin to Neisseria menlngitidis 

Rationale for binding studies , 
o 

The pathogen Neis~eria meningitidls can 
1 

obtain Fe from Tf, not by the 

production of siderophores and oute~ membrane. sider8phore receptor proteins 
l 

but by binding ~f direct1y (Archibald aqd DeVoe, 1979). Ho1beip (1980), i~ 
~ 

the mouse mode1 of meningoçoccal infection,. demonstrat"ed that thé hypofer-
1 • • • 

remic response was important in controlling N. menlng1tidls infect Lon. 

Subsequently, Simonson et al. <.*982) demonstrated that when N. meningltldls 

~ 
was presented with 30% saturated Tf or apo-Tf. at physio10gical concentrn-

- , . 
tions the sarne number of Tf mol'cules were bound. These authors also 

showed that a tw:enty-fold excess of apo-Tf inhibited Fe uptake from 30%-

saturated Tf by over 90%. 

The results of· these authors together with the results obtained in 

"this - work which suggest that the hyporerremic' response has lfttle in-

hibi tory effect on tumor cell Fe acquisi·tion led to the fo 110wing 

hypothesis. . The hypoferremic response is effective in Umiting infection-' 

. 
with N. meningitf.dis and has' little 'effect on the growth of eucaryotic 

tumot' cells because of the difference in - the abiUty of the two receptor 
• Q , . 

systems to disting~ish between ferric and apo-Tf. This abilit~ 15 very lm-

• portant in the case of tumor cellS which have 'a very hlgh affinity for 

diferric Tf and a much lower affi~ity for apo-Tf and it 15 suggested that 

the procaryotic neisserial re~eptors are 1ess able to discriminate,between 

Fe -bearing and Fe - fre,: Tf. 
~ 

Thus in the case of .menlngococcal infection . . 
& 

'<'? 
host hypoferremia i5 beneficial in opposing the p~thogen . 

• 

. ... 
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In the next phase of the work, severai aspects of the binding of Tf to 

. 
the pathogen N. meningicidis were examined. 

Plate assays 

1 . .. 
Initially, it was verifiad that ~Àis bacterium could utilize Fe from Tf 

, ' 

when Fe-.starved and that the non-pathogen Neisseria sub,fla.va. could not. 

This was dO~ using plate assays in Mueller-Hinton agar (MHA) containi~g' 
.-

ethylene-dialI!ine -di-ortho-hydroxyphenyl ace tic ac id ~EDDA) ~o seques"t:..~r 

. 
medium Fe. The cultures were plated by the spread plate II!ethod. Jolells 

- ' 
were made in the agar and charged ,e,ith .'various ,amounts of Tf having 100%, 

50%, 25% or 0% Fe sat:uration and then plat:es were incubated,.. The results 

are sh,own in Fig .. 26A an,d Band Tablè 13. In Table, 13 , results are 

expressed as the area of the Zone of growth or growth in,pibition. N. 

~ 

meningi ~idis was able to grow on uns atUll"ate d • Tf (50%, 25%) while these un ... 
o 

saturated' Tf' s caused growth inhibition of the non-pathogen N. subfla.va.. 
, . 

the area of growth inhibitipn being proportional 'to the degree of unsatura-, - . 
o 
tion of the prote.iI].. lt was also found, using si-milar pl~te assays, that 

the meningococcus couid obtain Fe from 50%' saturated Lf but not from 50% 

saturated conalbumin. Oh the.other ha~d, N. s~bflava was growth inhibited 

by bot~ unsaturated proteins. N. meningicidis could utili~e boyine Tf Fe . 
but only "at higher .Tf leve~s th an "for human TÎ suggesting that N. menin­

gltldis. a human pathog!i)n •• ha"'s ;; preferenc.e f.or h~an Tf. 
1 

Mickelsen and Sparling (1981) examined 21 strains of N. meningitidis, 
. ) 

, ... 
29 strains of N. &onorrhoeae and '4\ commensal t)eisserial st~ains and found 

that al1 of1t~e strains,. ~f pathog~nic neisseriae cou1d o~~in ,Fe from 25%-

01 

11 
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F.ig( 26A Photographs of plate ass~ys demonstrating the nutritions 
" \ ' . 

avail~bility of Fe from various. transf~rrins"fqr N. menin- \ * ,'1 • i 

gitidis. Mueller-Hinton agar plates contained 3 Umql EDOA y 

umol- l Fe. 
", 

Top: l' 

k1 1-286 ug h1.!lllan Tf 100% saturaterd 

e l 26-57~, ug human Tf 100% saturated 
b 

Well 3-571 ug human T"f 50% saturated ' 
-

WeIl 4-5,71 ug human Tf 0% saturated 
." 

5-571 t ug human Well Tf 25% sa):~rated 

Bottom: 

-
, 

WeIl 1:286 ug human Tf 50% saturated 

,Well 2-286 ug conalbumin 50% saturated 

WeIl 3-143 ug conalbumin 100% saturated 

WeIl 4-286 ug human Lf 50% saturated 
. 

WeIl 5-143 ug human Lf 100% saturated 
.tJ 
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Fig. 26B 

v -
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r 
, 

{ 

0, 
Photographs of plate assay~ dem<>nstrating the ~u-tritiona1 

availability of Fe from yarious transferrins for N. subflava.: - . 
Mueller-Hinton agar plates contained 2'6mol EDDA ~mol-1 Fe, 

Top: 

Well 1-286 ug human Tf 5Q% 

Well 2 -143 ug human Lf 100% . 
Well 3-286 ug'human Lf 50% 

1 

Well 4-143 ug /conalbumii'l 100% 

Well 5-286 ug conalbumin 50% 
~ 

Bottom: /-

Well 1-286 ug human Tf 100% 
'" 

Well 
.. .z...' 

2-571 ug ~aR Tf 100% 

Well 3- 571 ug human~ 0% 

Well 4-571.ug human Tf 25% 

Well 5-571 ug human Tf 50% 
~ 
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TAlLE 13.· 

-Nutri tional availability of -Fe bouod to various transf,errin proteins 

Type of total 

..., 
to N. meningi~idls and-No subflava. 

% Fe 
'!? 

total ~ growth respons~ (area mm2) -

Tf used ug protein satur- ug Fe N. meningitidis , N. subflava 

per well ation par well 

• 
"- • 

Human Tf • 286 100 0.4 UO-E2 0--. 
0.8 200-E 0 0 , Human·Tf 571 100 

HUman Tf 571 ' 50 0.4 20Q-E • 90-i 3 

Human Tf,· 571 0.2 200-E l80~1 

Hwnan Tf 571 o ~ 0.0 0 240-1 

• !S 

Human Tf 286 50 0.2 140-E 240~ l 

0.2 
4 

Human Lf 143 100 ,40-, 0 

Human Lf 286 50 0.2 40~E -lna·1 
o 

. Conalbumin 143 100 0.2 80~E 
\. 

a 

Conaibumin 286 50 0.2 a 240-1 

Human Tf 286 50, 0.2 '260-E 

Bovine Tf 286 50 0.2 0 

Bovine Tf 571 sq 0.4 l~O-E 

Bovine Tf 1142 50 0.8 130-E 

(1 

lCel1s from cultures grown on MRA plates ~ere suspended in MHB containh\g 7 
~ 

, 
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ug ml~l EDDA and plated on MHA 'plates 'cootaining 2.0 umoi EDDA ~ol-l Fe 

for N. subf lava and }. O· umo1 EDDA umo1 -1 :e for N. meningitidis. eueures 

were plated by the spread plate method. 'Yells of approximately 5 _"\ in 

diamèter were made in the agar, -, thën- the desired amount of Tf was added. 

'Plates were incubated at 370 C with 5% CO2 .. 
- . 

N. meningitidis plates were 

• incu9a~ed for 18 h, except for the plate .. with bovine Tf which was incubated 
• l 

46 h, N. subflava plat~s were incubated 30 h. 

2G~o~th enhancement. 

3Growth inhibition. 

\ , 

" 

, 
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" 
saturated Tf but only 22% of' the non-pathogenic néisseriae could do sn, 

Simonson et al. (1982) found that N. s)cca and N. f lava could not t.dœ up 
.. 

Fe from 3Q.%-saturated '59Fe _Tf even when thes~ cultures were stlll"vpd fOL 

Fe. Micke1sen and, Sparling (1981) -also found that none of the ne iSSt'l" LIIO 

strains tested cpuld obtain Fe from 25% ,Fe-saturated conalbumin. Mic\wb('lI 
6 

et al. (1982) found that all N. meningltidis strains tested could util17.o 

Lf Fe for groWth but only 53% of N. gonorrhoeae strains and 24% of COllll11t'll-

saI strains tested cou1d do ,sa. An important question arose frolll the 

>-

results of the plate assays: can Neisseria subflllVll not utt1ize Tf-Fe be-
l 

-
cause it cannot bind to Tf or Qecause it ii unable to remove Fe fr~pm tht> 

, '1 
prote in? 

'" ~ b 

\ . 
4.4.3 Enumeration of Neisseria meningitidis transferrin binding sites 

\ 

In this phase of the work, 4 0 C binding -studies were performed with 

N. meningitidis in order ta determine the number of _ cellular 'If bindLnp, 
/' 

sites and their Tf diss'ociation constant (Kd) as was done for' ;h~ EUI-l 

cells (section 4.3.~). In an initial experiment, this was done in a mannpr 

identical to that used for the EL4-.l cells using very low ligand concentra-

tions. A Scatchard. plot revealed 14 mo.lecules of Tf bound per ce 11 (F l p" 

27). This~ value for the number of binding sites seemed extremely low If 

the affinity of t~e neisseria1 receptor is nct as h1gh as in the eucaryotic 

J 
system perhaps higher " concentrations of Tf are r'eguired ta obtain !>ig-

nificant binding. The experiment was répeated using higher availab le Tf 

concentrations (Fig. 28). The average linear range for these SCBtchard 

plots was from 2 to 63 ug. The number of binding sites per cell was 252 
->e 

, i 



Fig. 27 
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A Scatchard plot of binding of radiolabelled human diferric 

transferrin to N. menlngitidls cells at 4° C. N. meningltidis 

cells were grown in MHB then. harves ted and resuspended in RPMI 

witl1 e .li BSA. Cells (2.6 X· 109) were fdded ta microtiter wells 
~. <... 

containing ~arious levels' of l25I-labelled hurnan Tf as 

'described' in Fig 23 for EL4-l ceLls. Binding proceeded for 30 ~ 
~ 

min at 4~ C . 
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Fig. 28 
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Binding of radiolabel1~d d:Herric human transferrin ta N. 

meningitidis cells at 4 0 C as a function of available transfer-

rin concentration N. meningitidis cells were grown in MHB. 

h~rvested and washed in NDM with 0.1% BSA. 

were added ta microtiter wells containing different amounts of 

labelled Tf in NDM wi.th BSA at 40 ë:. Binding proceeded for 30 
, 

min at this temperature. 

4 experiments. The Tf 

Data points' represent tn~~erage of ô 

concentration on the X-ax~s ~presents 
Tf available in pmol in a fina1 volume of 200 ul. This would 

represent 0-4000 nM available Tf. Inset: A Scatchard plot of 

the abbve data. o • 
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and the Kd was 7.5 X 10- 8 M. 
. 

Most.of the experiments with N. meningitidis 

were pe.rformed, at 4 0 C in order that coml?arisons with the tumo,..r ce11 work 

cou1d be màc;le. A1so in these studies a re1atively hfgh ce11 numJ>er was 

• 9 0 
used (5 X. 10 cells per well); by p'erforming assaYfI at 4 C prob1ems due 

to éellular ,auto1ysis and production of metabo1ic acid by the cel1s were 
\ 

prevented. 

In order to eva1uate the effect of Fe deprivation on Tf binding to the 
/.~~ 

o r ... ~ 

meningococca1 cells, similar. studies were carried out comparing Fe-

sufficient and Fe-deprived cells. grown in MH-EDDA' for 4 h (Tablé 14 and 

Fig. 29). It was found that the numoer of binding sites was significant1y 

higher in Fe-deprived as compared to Fe-sufficient cells (Student's t-test 

t ... - 3.54, P < 0.05). The Kd ' s of the two groups w~re not, however, sig­

nificant1y t>dif.ferent. 

Although 356 Tf bihding si\ès is significant1y higher than 136 it 

l1j,ight be questiéoned whether 356 ~ signific~nb1y higher th an 252 bi~d~rig~ 
sites. There.is a certain degree of variation in the number of T~.binding 

sites per ce11 from experiment to experiment. This resu1 ts from} sorne 
. 

variation in the cells themse1ves and amount of'Qjnding varies with the age 

of the _ ~abel1ed Tf used. Thus on1y Fe-deprived I1nd Fe-9ufficient cells 
, . 

*hièh have been prepared and assayed at the same. time can be compared. 
Il 

This was, done in the above experiments é\nd it: was demonstrated that there 

was a signtfic~nt dif~erence in th~ n~ber of Tf bin~ng sit;s between F~-

üepriveü and Fe-s~fficient meningococca1 ce1ls. 

Simonso'n et - al. (1982) measured b'in~ing of 1251 -label1ed' 30'% Fe-
, 

saturated Tf at a con~ehtration of 2.5: mg ml -1 under Fe - sufficient, and Fe-

deprived €onditions and found that 4.5 x'tŒ4 and 4.6 X 104 mo1ecu1es of Tf 

. '" 
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TABLE 14. 

, 
--

'"Binding of human transferrin ta Fe-sufficient and 

/. 
Fe-deprived N. menlngitidisl . 

Fe-S~ffièient Cells Fe-Oeprived Cells 

Binding Sites P7r Cell Binding Sites per Cell 

136 - (11.5)2 9.7, X 10'-8 356 (61.0) 

. 
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IN. meningit:ldiS was cultured in MHB for 16 h. Aliquots of this culture 

were cen-trifuged and washed once. in Ùther MHB or MH,B with, 3.0 UJnbl EDDA 

umo1- l Fe befora' inoculatiQn iDtO" these same media. Cells were Incubated 

far 4 h at 370 'C" (5% CO2 • 100 ~pm) ~hen harve~ted by c~ntrifugàtion. Suh- 0 

sequ,ntly : the cells wére washed in NOM with 0.1% BSi\ (4° C) and 
< 1 

tesuspended in this medium at the sarne temperature. Ce Ils wére adde'd ta 

.1 • 

microtitet wells p~epared as f6llows. Four ~g unlabelled diferric Tf vas 

" added to weIL one in NOM containing 0 .. 1% BSA. 
1 

This was serial1y di1uted 

two-fold in this sarne medium ta 'Wall 12. 0.5 ug 125r-Iabelled diferric Tf 

was'then added t~ each weIL and the ~ontents were mixed .• B}nding proceeded 

at 40 é for 30 min; ~el1s were harvested as described i~ section 3.10.3. 

2Numbe'rs in par'~ntheses represent the standard error of the mean. ,?alues 

are the average of three separate experiments. 
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Fig. _ 29 
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Scatohard' plot~ of binding data for' ,Fe-sutficient and Fe-

deprivea.N. meningltldls célls. N. menlngitidis was culiured 

for 4 h in MHB or MHB containing 3 umol EDDA'~b~ol Fe to ob-
~ . 

", 
tain Fe-sufficient ( • ) and Fe-:deprived ( o ) cells respec-

. , \,. 

tively. Cells were harvested a~d binding was per~ormed as in 

Fig. 28. The abscissa intercepts .represent pmol Tf bound per 5 

X 109 cel1s. Thè data is ave~aged xrom 3 ~xpèriments. 
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respective1y were bound per ce11. This is a much higher 1eve1. of binding 
1," 

than obtained in tne present stud~as but the 1inear Tf concentration ~ange 
• to • 

for the Scatchard plot was mhch lower 3.9-0.13 uM as opposed to 31.2) uM. 
" , 

This further suggests that the amount of ........ Tf bound is dependent on the 

available '1f concentration. There ara t'iO possible exp1anations fo'r the 

differing resu1ts concerning lrFe-deprivation .in these ..... two studies. Perhaps 

the ennanced effect on b[nding is evident on1y at the lower ligand con-, 
.. 

centrations A1so in these studies, 18 ug 

ml- l EDDA was added to the medium while 7 ug ml- l were used in ~he studies 

of Simonson et al. (1982).- The higher concentration of EDDA used in the 

present studies may have caused increased Fe\deprivation which resu1ted in 

enhanced binding. 

" Tf .binding to the meningococcus was subsequently examined at 

physiological Tf levels in a microassay at both 40 C and 370 C to ascertain 

whether temperature had an effect on the amount-of Tf bound. Cells (1.2 X 

109) were added ta either 200 ul NOM or 200 ul NOM with 0.1% BS~contain-

ing 500 ug Tf. Binding was terminated after 30 min incubation of cells 

(100 rpm)'by adding th& cells to a 20-fold excess of unlabelled diferric Tf 

(Table lS) Fewer molecules of Tf were bound at 370 C than at 40 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 numbel!' of molecules of Tf binding to the cells. This ,suggests that in 

J:he absence of BSA there is a component of non-specific binding of Tf to 

the ce1ls. Compared to the results obtained with Scatchard analysis, 

roughly ten times more Tf'was bound ~sing the higher physiological levels 

of Tf. This higher le~el of total binding probably represents -the sum of 
.,L 

d 
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TABLE 15. 

Binding of transferrin to N. me~lngitidls at 40 C and at 37 0 Cl. 
~ 

pmol Tf bound 

par 1~2 x 109 cells 

NDM 8.6 (0.4)2 

NDM 8.5 (0.9), .. 

NDM+BSA 

5.2 (0.7) 
• 

, ,} 

binding sites pmol Tf boundQ binding sites 

per cell pe~ r.2 X 109 cells per cell 

• 
4330 .(221) 

4228 (.~39) 

2662 . (353) 

6.7 (0.4) 
( 
5.7 (0.4) 

3.8 (1.6) 

3512 (175) 

2860 (192). 

1879 (822) 

lN. meningitidis was cultured in MHB for 16 h. Cells were harvested and 

_~hed as described in section 3.10.2 ~nd resuspended in either NDM or NDM 

with 0;1~ BSA. At zero time 1.2 X 109 ce11s~ere adaed to vials containing 

physiologica1 revels- of radiolabell.ed _human 'H in a final volume of 200 ul 

of NDM or NDM with BSA. Cel1s were incubated for 30 min at either 370 C or 

40 C (100 rpm). IHnding was terminated by adding the cells to micro-

centrifuge tubes containing a 20-fold excess of un1abelled diferric Tf. 

2Numbers in parentheses represent the standard error of the mean. 

/ 



c 

" 

c 
162 

high affinity binding sites revealed by Scatchard ana-lysis and <fe,rhaps ~ 

populatIon of lower affinity binding sites. 
~ 

bind with a lower affinity. to ather cellular 

It is possible that Tf may 
~~J) ~ 

binding si tes, for e,xample, 

there might be a éertain degree of 7ross-reacÙvity with the cellular ~f 

binding sites (see Table 16). This would on1y be evident at hfgher Tf con-
\ 

centrations as Scatch~rd analysis reveals o~ly high affinity binding\~ites. 

In pèrforming the Scatchard analysis (Fig. 28) non-specifie binding was 

corrected for u~J..ng the method of Chamness and McGuire (1975). However,' 
\ i''''-f. ~ 

wi th physiologhMl Tf -leve ls even in the presene~ of O. 1% BSA:~ ') ere is 

probably sorne degree ~f non-specifie binding of-Tf to the ce1ls~ the ab! 

sence of the many other serum proteins found in vivo whieh may furthe,r 

eompete for non-specifie binding to the cells. This number of binding 

,sites is still lower than that found by Simonson et al. 
\ 

However, several 

aspects of the present experiments and those of Simonson et al, were dif-

ferent and might aecount for the differenees in the numoer of binding 

sites, The degrée 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 in the two studies and the iOdinatedjProteins were prepared to dif­

ferent specifie aetivities. In the studies of Simonson et al., BSA or 

otber serum proteins were not - ineluded. in the medium to miniJ;nize non-

specifie binding. Therefore sorne of the binding observed may have, bean 

non-specifie, The possibility ,that the organism itself had ehanged s.ome­

wttat by subsequent in vitro passage also cannot be ruled out. The impor-

tant point ls that both studies indeed' demonstrate that Neisseria menin-

gltidls does directly bind Tt and this is how Fe is obtained. 

Similar binding studies were performed with both N. subflava and E.'1 



• 1&3 

,coli. In both cases there was no specifie binding of Tf to the cells as 

there was for N. meningitidis. With bo'th E. coli "and N. subflava binding 

studies were performed . as 'for N. menLngitidls in. microtiter wells in NOM 
/) 1 

, '1 
containing 0.1% BSA by adding 4 mg un1abelled diferric Tf to we 11 one and 1 

performing seria1 two- fold dilutions to well 12, Subsequently, 0,5 ug 

l25I-label1ed diferric Tf was added ta e~ch w~l1 and mixed' with ~t!1e un-

labelled Tf. With both E. coli and'N. subflava the number of counts bound 

~ ta the cells in each weIl varied randomly from well to weIl, There was no 

increase_ in binding of radio1abelled Tf with deéreasing concentratfon of . ~ 

unlabelled ligand suggesting no competition _ for a common binding site..ps 

there was for N°. meningitidis. In'the case of N, subflava, the number of 
,. 

counts per weIl ranged from 44 to 82 cpm above the counter background 

(approximately 30 cpm). 

above background~ With 

For E. coll. cOl!nts varie~om 58 to ?SO cpm 

both .these organisms this s'maU ~egree of binding 

was'" interpreted to represent non~specific binding to the cells. l t wouléi 

not 'D~ lpected that E. coli would be able to bind Tf as this organism has 

evo1ved other high-affinity Fe acquisition mechanisms involving the ~yn-

t;,hesis" of siderophores and corresponding "outer' membrane siderophore-

receptor proteins. As discussed in section 2.9.1, siderophores have a h1gh 
\ 

"affinity for Fe and are thus able to remove Fe from Tf and transport it 

to the bac teria1' ce 11, 
o 

These findings are interesting as they reveal a ma] or difference be-

tween the pathogenic Neisserla menlngitidis and the commensal NeisseriJl 

sub:flava, the ability to bind and obtain Fe from the serum protein Tf. 
" . 

; Presumably. this is because the path<;>gen has the ability ta synthesize 

outer membrane Tf receptor bindtng sites and the non':pathogen lac~ this 
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abUi.ty. This mitht there.fore be an important characte~istic of virulence 

for N.~menlngltldis . ... 

4.4-.4 Time course binding 

Time course binding studies were performed with the meningococcus at 
~ 

40 C only (F.ig. 30). Binding was found to be rapid as lJIaximal binding was 

achieved after 5 min. A zero time point was not included; it was nat pos-

" sible- to accurately measure zero time binding as cel1s had to be removed 

from the .wells inta microcentrifuge tubes, centrifuged and washëd. The 

•.. ~arliest time point that cou1d accurately be measured was two min. 

4.4.5 Competibive binding assays 

". 

Com~etitive binding assays were performed on the meningococcus in a 

manner similar to that used for the tumor ce1ls excep~ that in the control 

wells 0.5 ug of 1abelled diferric Tf was mixed with 69.5 ug of unlabelled 

- '. 
diferric Tf. This concentration of ligand was used ta ensure saturation of , . 

bindi~g sites. Competing proteins in test wells include& diferric and apo 

human Tf, human Li' and conalbumin added in concetltrations of 70 or 700 .. ùg. 

Competition assays were performed on both Fe-sufficient and Fe-deprived 

cells (Table 16) and similar resu1ts were obtained in both cases. The 

resu1 ts for human diferric Tf were as expected, the addition of an equiv-

,aIent amount of unlabelled diferric Tf resulted in close to 50% inhibition 

of binding. Apo-Tf offered as much inhibition as did diferric_ Tf. This 

suggests that neisserial receptors do not discriminate between fer~i and 



Fig. 30 

. . 

• 1 

.. 

• 
.., 
• 

Time course binding of diferric human transfe:rrin to N. 0 

• = 

meningitidis cells at 40 C. Cultures of N. meningltldis,celîs 

were prepared as described in Fig. 28. Cells were added: to 

w~lls containing 70 ug :25I-labelled human Tf in NOM containing 

BSA in a final volume of 200 ul at 40 C. The Tf concentration 

was therefore 350 ug ml-! or 4.4 uM. Binding was terminated at 

the, indièated times . 
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\ TABLE 16. . , 

Effect of human transferrin, ;l:a~t4in ~nd cona1bumin on thé lyf.nding of 
'\.. 

,radiolabelled human transferrin to N. menlngîildls gr~wn under 
\ 

Fe-sufficient and Fel-deprived conditions'.l .. 

Ratio bf 1abelled '\ \ 

to un1abelled Tf 

1" 
Competing L~n~2 

1: 1 Human -ff 

1:1, Human Apo-Tf 

1 : 10 Human Tf 

1: 1 Human Lf 

1:10 Human Lf 

. , 
1 : 1. Cona1bumin 

1:10 Conalbumin ~ -

Fe-sufficient Ce1ls 

. -. 

" 

52.8 (3. ~~3 
,50.9 (10.1) 

p.2 (3.2) 

85.7 (S.9) 

83.7 (10.3) 

73.4 (3.9) 
- r-

86 . 6. (1. 9 )\ 

Fe-deprived Ge1ls'~ 

52.6 (4.7) 

8.9 (1.3) 

86.6 (2.1) 

85.4 (2.7) 
'" -, 

1Cultures were grown and p~parQd-àS described in section 3.10.3 and Table 

14. Control w~11s contained 70 ug labêlled-Tf in a final volume of 200 ul 

• (350 ug ml- l or 4.4 uM' Tf); " this concentration represents 11.6% of' the 

physiological Tf concentration. Test wells contained ~~led Tf and 

ei ther an equivalent amount of unlabelled competing protein oU ten- fold 

excess. Bindin~was carried out at 4 0 C for 30 min. With the exception of 

apo-Tf, a11 proteins ...... including radiolabelled Tf were prepared to 100% 

saturation. 

.' 
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2Values represent fabelled Tf bound in the presence- of un1abel1ed 

(competing) Tf as a percent or' 1abelled Tf bound in the absence of un­
"'~ 

1abelléd Tf. 3Numbers in pa~entheseso represent the st?ndard error of the 

mean. 
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apo-Tf to the same degree as euéaryotic Tf receptors. 

Lf, ~h.en 'ldded to cells at a concentration equal ta that of hUlUlln Tf, 

offered about 15% inhibition. A ten-fold greater concentration, howéver, 

offered no further~' competi tian. The resul ts 0 f the p~a te ass ays 

demonstrated that tbese bacteria are able ta utilize Lf Fe. The bindlng 

o 
resu~tS' saggest that -there are two separa te sites or binging systems for Tf 

and ,Lf. Since ,Lf did offer 15% inhibition -ta Tf binding there must be il 

certain degree of cross-reactivity i.e. Lf can bind ta sorne of the Tf bind-.... \ 

, 
.ing sites out further addiÙon of Lf caused no more binding ta thase few 

sites, Alternative'ly, when tf is bOllnd to its specifie sites on the' caU 

,this may cause steric inhibition of Tf binding ta a smalt proportion of lts 

binding 'sites. Mickelsen ~et al. (1982) examined Fe acquisition in N, 

gonorrhoeae and found that aIl gonococcal strains studied could obtain Fe 
'Gr l " ( 

from Tf but only certain ones could obtaiu Fe from Lf. These authors 
". 

therefore also suggested that two independent Fe acquisltion systems are 
, . 

involved in obtaining Fe from T.o and Lf. Conalbumin also appeared to be 

competitive in our assays although accot'ding ta results from our plate as-

says this bacteriurn cannat obtain Fe from this protein. 
\. 

Cona1bumin mlly 

have caused inhibition of Tf binding by sorne form of' steric hindrance or 

'inhibition rather than by sp.ecific occupation of cellular binding sites. 
< 9, _. 

It" is also possibl~ that the binding of .conalbumin' represents a lack or 
sp~cificity in the binding of-Tf ta neisserial receptors. 

, . 
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S.GENERAL DISCUSSION, 'SUMMARY AND CONCLUSIONS 

5.1 Introduction -

I,n any Clisease process such as infectlon, cancer" or other form of 

• 
chbcnic dis~a_se, the respopse or lack of response on tha part of the host 

~ ii of great importance; Profound changes in host Fe met2.bo1ism o~cur due 

to inflammation, infection, and nYalignancy. 
. 

One of the maj or èhanges Ls 

the occurrence of .the hypoferremic response. lt has been established for 

sorne timè that this response is beneficial during infection and has been 

- " 
regarded ~s a host response to deny invading pathogens necessary Fe, a con-

cept termed nutritional ilnmunity. This form of nutri tional immuni ty is 

very effec,t:ive in helping to control Neisseria meningit:idis infection in 

mice. As this organism obtains Fe by binding Tf directly as tumor celfs 

do, i~d been suggested"'that hypoferremia migNi: a1so 'withhold Fe fram 

tumor cells (Weinberg, 1981; 1984). lt was postulated that if this was the 

case that ; hypoferremia could be created or augmented as an adjunçt to 
• iF" 

other forms of neop1astic therapy. For examp1e; BCG or Corynebacterium 

Esrvum might have been useful' agents in causing or" increasing hypot'err.emia ,. 

in an experimental mode l,. Alternatively. as Fe is required for growt~. 

perhaps tumor ceU Fe acquisition could be specifically interfer:sd witn in 
V, 

sorne manner. '--

The EL4 tumor model proved to be an appropriate one for thl$ study. 

This is a tumor of CS 7 black mi ce and Fe metabolism in thE:se mice has been i 

well-characterized in previous studies (Holbein et -al.. 1979; Holbein, 

1980; ~98l;'Letendre and Holbein 1983; 1984; 1984a), Several 'manifesta-
• 

1 • 
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tions of clinical deoplastic disease were exhibited in mi ce bearing this 

twnor fncluding: hypoferremia:" anemia and a decrease in organ weight late 

in the disease' proeess. As the tumor was an ascites tumor it was con-

venient to count peritoneal twnor cells to monitor in livo growt.h 'l1nd also 

to 'transfer cell-s to 'tissue culture for in vitro growth. 
• 0 

The _abil ity of 

the cells to grow in-vitro in tissue culture media with human Tf instead of 

serum was a di~tinct 'adva~tage as cOells could be cu1tured and growth 

assessed in a, simple, well-defined system. 

" L ........ 

5.2 Initial s~Jdies • o . ' 
.. 

.. 

. . 
Initial experiTents ,howed that although ther~ was ~ j-marked hyp'ofer-

- 0 
remia, its onset was late in the course of dise.tise after much tumor' celi 

.. ; 4'" 

proliferation had occurred. If LEM or IL-1 is .the triggerl'ng' agent for the 

stimulat~on of peritonea'l macrophages would be 

required for the synthesis and release of thi~ compound and the results 

suggest that this did not occur until the tumor burden was very high. It 

o 

would appear that it is only when ,the peritoneal cavity 15 extremely 
( 

III 
crowded with tumor cells that an inflammatory response occurs i.n the 

peri~on~al C,\ity . As hypoferremia is only one aS'pe~t of the entire host 

inflammatory response this sugge5ts that other aspects, of the host 

response,may also be suppressed during ·neoplasi~. Numerous mechanisms have 

been postulated' whereby tumor cells evade the host immune response. Tumor 

c~l1s , although they do poss' ss distinct tumor-associated antigens, arise 
~ 

~ , .\,·r 

from host tissue ~ntigenical1y similar to other host cells. 

Tumor cells may can form.blocking immune complexes or 

. -

" 
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1: 
malignant cells may release immunosuppressive factors. Invasion of, the 

. 
bone marorow by tumor cells may cause inhibition of ,production of macro-

~hagesG and othe~, 'ceUs of the immune system. It ii .not known in this 

lnul!'ine, ascites cell system which factor(s) acc'ount for the late onset of 

't the inflammatory response. 

The mechanism of the occurrence of hypoferremia was net examined - in 

, these studies. It was assumed that as in infection and inflammation t~ oc-

curred due to impaired re-entry of senescent 'erythr'ocyte-derivèd Fe into 

the Tf pool. The cause of artemia in thi~ tumor model was also not explored 
\ 

but wa~ most likely~ 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 to Vsnemia during neoplastic disea,se. 

A considerable amount of work has been done to explore the ùse of 

monitoring serum Cp levels as a marker for malignant dise~se. Letendre and 

Holbein (1984a) suggested that 'serum Cp levels increase during the con-

vales~ent phase of infection f61lowing hypoferremia to re-establish normal 
$0 

serum Fe leveis. ln this tumo~ mode 1 , serum Cp leveis rose somewhat early-

in the disease before the onset of hypoferremia; the reason for this, 15 

" unknown. The Cp leveis in tumor-bearing mice were not' significant.ly dif-
1 

ferent from those of control mice at any of the time points examined. 
, . 

'There was no recovery phase to this disease p~ocess as ther~ was for 

meningococcai infec'tion in mice; the serum Fe leveis contitlUed ta deèline '" " r - ~ 
until the death of the ~ice. One could posèulate in terms of Letêndre and 

Holbein 1 S theory that ~s ,there was no recovery phase there was no host 

Fesp~nse to in~rease serum Fe levels and ther~fore no increase in çp 

" 

levels .. To further evaluate the role of Cp in Fe, metabolism it would be 
, , 

-{ 
o 
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3 " 

interesting to monitor serum Cp and Fe levels in an experimental system" in 
\ 

which the animaIs' condition was improved by removal of the tumor or by 

radio- "or chemotherapy. A rise in serum Cp and Fe levels might then be 

expected to occur . , 
• 5.3 A comparison between the EL4 tumor and Nelsseria menlngltldis 

, 
systems 

~urther eàrly studies demonstrated that it was difficult to manipula te 

.. 
tumor cell growth ln vivo by withholding or supplying additi0T!al Fe. lt 

was initially believed tb~t it was the late onset of hypoferremia which WQS 

important and that if this response could be induced earlier tumor éell 

growth would be inhibited by Fe deprivation. ,Elicitation of an early 

hypoferremia with turpentine. however. had no increas~d inhibitory effect, 

on tumor cell pro~~feration. ALI of the ln vIvo results in this study were 

~uch differ~nt from those observed with murine meningococcemia (Holbein et 

al .• 1979; Holbein, 1980;· 1981; Beaumier et al .• 1984) even though in both 

systems Fe is obtained by direct binding of Tf. In.the neisserial system, 

hypoferremia was much more severe as serum Tf Fe levels d'lere undetectal;>le 

at 18-24 'h post injecti~n (Holbein. 1980) and l1ypoferrem:L.a could suffi-

ciently deprive cells of Fe to cause inhibition of growth. Furthermore. in 

vl~o growth of N. menlngitidis could be enhanced by addition of Fe or 1n­

hibite~ by desferrioxamine o~ tùrpentine-induoed hypoferremia~ ~n the bac-

\ terial sys~em, the onset of hypoferremia is rapid. This suggests that the 

inflammatory response is elicited immediately. This could be because of 

the much faster growth rate of th~ bacteri~l cells~compared to tumor celis 

", 

/ 
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and the facf that the bactetial antigens are immediately recognized by the 

host as foreign. Although the time of'onset of hypoferremia does not ep­

pesr ta be 1) important as far as inhibi ting tumor growth is concerned, i ts 

late onset emphasizes the point disc~ssed ab ove that during neoplastic dis-

ease the host response does not function as it s~ould . 
. 

The results observed in the tumor ce Il and meningococca1 systems sug-
l> 

gested that there are important fundamental differences in the response of 
, 

the two cellular systems to Tf. I~ ~ppeared as it the tUmor ce1ls had a 

unique ability to ob tain sufficient Fe under conditions of extreme1y low Tf 

saturation. 
i, This was verified by subsequent in vitro work. These tumor 

cells could grow on the relative1y minute Fe 1eve1 provided by 6 ug ml- 1 
c oP ./ . ' ~ 

10% Fe-saturated hwnan Tf. Fe uptake frpm 50%-saturate'd Tf was saturated 

at 150 nM Tf and Fe which is approximately 1/250 of the normal serum Tf 

concentration, Furthermore, addition of apo-Tf to mimic hypoferremia did 

not decrease Fe uptake proportiona11y to the amount of apo-Tf !idded, lt 

was therefore demonstrated in three ways: by in v.ivo studies and by bath 

growth and uptake studies that the hypoferremic response is not effective 
J 

in limiting Fe acquisition by tumor cel1s. 

These results are entire1y reason~ble in light of what is now known 

about"the eucarJotic Tf cycle ....... Dautry-Varsat ~t a1.
0 
(1~83) 'and Klausner et • . 

al. (1983a) demonstrated that there is a difference in the affinity of the 

Tf receptor for ferri-Tf and apo-Tf at physio1ogieal pH. As the Tf recep-

tor has very little affinity for apo-Tf at this pH it offers very little 

~ompetition to ferri-Tf for receptor binding. Binding studies with EL4-1 

cells demonstrated that the Kd (5.9 nM) for Tf binding was 1/6356 of the'· 
"1 

'1 

concentrae'ion of' Tf i,n the serum or 1/100,000 of the concentrati.on of 

~ 
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, . 
se'rum proteins (Dau~ry-Varsat and Lodish; Q84) revealing an extre~ely high 

ligand-receptor' affinity. For neisserial receptors to be half occupied 7.5 
• 0 

X 10- 8 M direrric Tf was,required indicating a somewhat lower ~eceptor af-

finity. Diferric and apo - Tf appeat;:ed ta be equally competi ti ve in N. 

meningitidis binding studies. Based on the resul ts of these studies !lnd . \. 

thbse of Simonson e~ al. 

explain the differen~ in 

(1982) the following hypothes!s was suggested to 

effectiveness of hypoferremia in the two sys~~ms. 

The hypoferremic response'is effective in the case of N. menlngitldls and 

ineffective in ,the case of tumor cells because of the difference in the 
r .1.. " 

ability of the two receetor systems ta di~tinguish between Fe-bearing and 

Fe-free Tf. This ability ls high in the case of tumor ce1ls and lower in 

the case of N. meningitidis. Therefore when tumor cells are growing in 

vivo and hypoferremia occurs although there is an increase in-·the number of 

Molecules of apo-Tf present_ in the serum or ascites f1u~d the tumor call 

receptors, haviDg relatively little affinity for apo-Tf, preferentially 

bind ferri-Tf. When N. meningltidis is growing ln vivo and hypoferremia 

occurs the cell receptors, being 1ess discriminating. recognize the prote in 
~ 

not the Fe moiety and apo-Tf ois bound inhibiting the binding ofVerri-Tf: 

Fe-sufficient N. meningitidis were found ,ta have 252 Tf binding sites . . 
per cell which âppears extremely low when compared to the number of bindlng 

\ sites found on EL4-1 (1.1 X 105 surface binding sites) and other tumor 

celis. However, the relative sizes 9f the two types of cells must be con-

sidere'i as meningococca~ cells are much smal1er than the eucaryotic t~mor 

cells. If the number of binding sites per um2 of cell surface for the two 

.... 
types of ce Us is compared, Fe-sufficient meningococci have 164 b1nding 

sites per um2 of surface area and EL4-1 have 116.sites per um2 ~f surface 
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area: Therefore N. mening1tidis has 30% more binding sites per wn
2 . To il- -

, lustrate thts, the bind~ng of Tf molecules on the basis of cellular surface. 

are a for the two ceU types is. compared in Fig. 31. The data for this 

figure were taken from Figs. 24 and '30. A comparison of these binding data 

. 0 
for the meningococcus and EL4 -1 ce Us at 4, C in these particular experi-

men~ suglests that N. meningit:idis is binding 113% more molecules of Tf 

'per mm2 of cell surface area. 

5.4T A discussion of the EL4 work and implications for future research 

lt could be asked whether similar results concerning the hypoferremic 

1 
response might qe expected in other tumor models, for example, in a solid 

tumor model of neoplastic ~isease with entirely different growth kinetics. 
/' 

However, in s~eral tumor cell lines studied by others (Dautry-Varsat et: 

.al., 1983; Klausner et al., 1983a; Urushizaki et al., 1984) the same pri",-, 

ciples apply; that is., the Tf' receptor has a very high affinity for ferri-
. 

Tf an~ a much lower .affinity for apo-Tf. On this basis i t could be pre-

dicted that similar'results would be obtained in other tumor systems. 

The fact that turnor celis can utilize other sources of Fe such as 

hemoglobin and ferritin make it more unlik~ly that tumor cells growing in 
o 

vivo would be Fe-deprivee1. Normally, neither hemoglobiri nor ap.preciable 

ferri tin would be available. During malignant disease, especially in the . 
Iater stages in which both hemolysis of red blood cells and tissue invasion 

and destruction occur, these sources of Fe would likely become more avail-

able. The mechanism of -Fe uptak$. from these two Fe sources was not inves-

tigated in. this study. lt is not known whether these cells possess recep­, 

.. 



Fig. 31 
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A comparispn of the time course of binding of' diferric human 

transferrin to EL4-1 and N. meningltldis cells. Time course 

binding .resul ts were taken·· from Fig. 24 and Fig. 30 for com­

parison, N. meningitidis ce Us at 4° C ( • ), EL4-1 cells at 

370 C ( • ) and at 4 0 C ( Â ). 
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tors for hemoglobin oF whether this cOIllI;>pund is _taken up by non~specific 

or flpid phase erldocytosis. Ferritin, a large moie~ule, may. have to be 

broken down at the cell surface before Fe uptake occurs .. It was recently 
• 

reported (Fargion tfft al.. 1987) that certain cell lines. includin-g the 

hwnan erythroleukemic K562 line, possess specific 4eceptors for the fer-

ri tin H subuni t . This suggests a mechanism whereby Fe could be obtained 

~ - < 

from ferritin and it would be interesting to dètermine whether the murine 
~ 
tumor~ cell.s also exhibit ferritin subunit receptors. It i5 also possible 

that binding of ferritin to cells may serve a purpose other than Fe trans-

fe.r. such as sorne form of immune regulation as serum ferritin is generally-

Fe-poor. ) 

The -present studies and those of other~ have demonstrated clearly that 

eucaryotic cells have distinct Tf species preferences for grawth. 
~ 

Campe ti· 

tion binding studies determined that in most cases growth preferences· were 
- . 

dir,,<::t'1y correlated with the binq.ing affin:lty of a part~cular Tf for Tf 

receptors. In gerieral, ceUs of a particular' species have been found to 

prefer the homologous Tf. The murine tumor cells used in. these studies and 

several'- human lines examined by others have little affinity for bovine Tf 

and hi~er concentrat:,ions are . required in media for growth. Ce 115. are 
- , 

genera11y 'cultured in media containing fetal bovine. serum at a concentr~ 
11)) , 

tion of 10% which would provide 300 ug ml- l Tf,' a re1atively high con-

centration, which has been shown to be adequKte for two human lines 

(Tsavaler et al., 19'86; Penhallow et:' al., 1986)' and would be sufficient for 

ElA-l cell~. 

Conalbumin and Lf do tiot compete for binding to Tf receptor sites. 
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Specifie Lf receptots, distinct from Tf biRding sites, have been reported .. 
on phytohem-agglutinin- s timulated human periphera1 blood lymphocytes , 
(Mazurier et al~, 1987). It cannot be ru1ed out that EL4 ce11s which are 

1ymphoma _ cells may aIso possess specifie Lf binding sites; -a1ternative1y, 

these sites 

mination of 

may hav~ been lost during the. transformation f.r~cess. 

specifie Lf binding sites on EL4-"1' cells could be 

Deter-

made by 

radio1abelling Lf and measuring bindirig, as was done fO~' Tf," and then by, 
"" . .. , 

perforrnillg competition studies with unlabelled Lf: ~t WO\Uld be interesting 

to see whether Lf binding sites were present on the EL4-l cells as we11 as 

on mitogen-stimulated murine lymphocytes. If Lf is acting as an Fe source 

\ it would have to undergo a different intrace1lu1ar mechanism for Fe release 

than Tf as Lf does not release Fe at low pH. Lf ms.y be degraded in Jhe .. , 
lysosomes and the Fe re1eased in this wtJ.y. lt has been' suggested in the 

case of lymphocytes that Lf may P9ssess some function apart from Fe trans­

fer. for example i t m80/ have a~ immuno -r~atory role (Màzurier et al .. 

1987). It would be interesting to de termine whether maligna~t lymphocytes 

still possess these receptors as this could be a possible immune 

mechanism to which malignant lymphocytes are no l~nger susceptible but 

which may control proliferation of normal lymphocytes. ... 

The exception to the _rule that c~lls prefer their homologous Tf in 

these studies was murine Tf which <l-.id not bind as readi~y as hum an Tf to 

EL4-1 and to the other murine cells examined. As mentioned in section 
"\ . 

4.3.3. th~ murine Tf ~sed for these stuc!~es appeared to be pure and func-
. 

tional. Ideally. the studies should be repeated with another type of 

m~rine Tf to verifx the observed murine r~ceptor preference for hum an Tf. 

On the basis of the present studies it appea;-s that the three-dimensional 

1 

~ 
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cçmformation of human Tf has a hetter "receptor fit" -th an :uri~ in 

competition s'tudies it bind~o a greater degree- t.han, mouse Tt;. Elucida-

tion of the tertiary structure of both Tf' s and of the r~ceptor and _dettfr­

mination of the sites where ligand and _receptor intera~t ~uld d:mon's~rate 
why the murine receptor preferential:ly binds hum an Tf. 

Thesé and other s~udies !ndicate'that although the carbohydrate moiety 

is one portion, of the Tf mo1ecule that differs from species to species it 

is not the variation in c-:rbohydrate that causes differences in Tf binding 

,affin{ties. As the various specie~ of Tf evolved certain critical resldues 

were conserved such as, those involved with Fe binding and ,those forming 
o 

stabilizing disu1fide bridges (Williams. 1982). The differences in the .. 
bindin~ affi~ities of the various Tf' s suggest that there have been amino 

t , 

acid changes in t~e regions"ct()f the molecule imvolved in binding to the 

receptor. The primary andno ac id~ sequence deterinlnes the three dimen-

sional., conformation of the molecüle (!nd this 1.!? what ls recognized by the 

receptor, Determination, of the receptor binding domain on the Tf molecule 

is an important problem in the area _of Tf research, The amino acid 

sequences of human Tf , conalbumln and Lf are now known as is the sequence 

of the human Tf receptor. The e1ucièiation of the amino acid sequences' of 

other species of Tf and the tertiary structures of the various Tf' s would 

be important steps in answeriQg the question of how ligand and receptor in-~ 

teract', This problem has also been approached - in studi~s in which Tf' ~ 

have b~en enzymatically cleaved .into N and C terminal halves. Monoclonal 

antibodies ha've been made to the entire mo1ecule and to' the N and C-

. 
terminal moieties and binding behaviour in the presence and absence of the 

, 
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monoélonal antibodies examined. York by Brown-Maso~ and (1984 ) 
, 0 

• . 
us~~g_ivOTf (conalb~in) and chick em~ryo erythrocytes suggests that both N 

and C terminal domains of the prote in are necessary for binding to occur 
, ~ 

indicating 'that both 'domains contain sequences necessàry for receptor 

[he results in this thesis which indicate the difficulty in manipulat-
~ 'l, 

i,ng twnor' cell growth in vivo' by supplying or withholding' Fe do no,t nèces-
,~ , 

sa~)lY ni'ean that certain prix;ciples' of Fe acqtlisitio~ cannot be, used in . 
tumor therapy. Several interesting studies have been perform€d using 

monoclonal antibodies to twnor ceU Tf receptors. As pointed out by Ward 

(1987), a serious probletn in cat:cer therapy is 'directing the therapeutic' 
1 

agent solely tGo the twnor cells. and not to nor;;E;io tissue and monQclonal 

ahtibodies to tumor antigens might. be an appropriate means of doing this. 
'" 

~ 

For example, Trowbridge and Domingo (1981) demonstrated that monoclonal an-, ~. 

tibodies to Tf receptors could be coupled to ricin 0; diphtheria toxins and 
, . 

these conj ugates were toxic to twnor cells in vitro. 
" . It was also found 

that the monoclonal ant!bodies alone and the racin-antibody conjugates in-

. 
hibited the growth of mela~oma cells in nude mice. Ip another study 

(Trowbriage et al., 1984), i.v. or ·i.p. i~jection of the Tf receptor 

monoclonal a'ntibody R17 208 had'" a signific4nt effect on in 'vivo growtn of 
,. • p • 

• 
SL- 2- murine T-ceU leukemia -celis. Mice treaeed with the monoclonal an-

tibody' demonstrated enhanced survival and inhibition of the primary twnor 
.. q • j , 

at- the inoculation site .. It ha:s, however 1 - .. been pointed out th"'at other 

( .cells including erythroid ceUs also have Tf reè~ptors and wotl~d be sus-

cepti~le to these antibodies" or antibody-co_njugates perhaps resUIt:ing in 

• 
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anemia. Ward (1987) suggested that such anemia might be relatively easy to 

treat and this fOJ:m of therapy might involve less to,;icity th6ln other torms 
1 

of anti-neoplastic therapy. 
1 

The r.esults presented 'in section 4.1.3 suggested that in~ia:i1-Y 
on EL4/tumo r 

des -

ferrioxamine injections had an inhibitory effect call 

proliferation in vivo. 
~ 

Lederman et al. (1984) demonstrat~d that when 

lymphocytes are exposed to desferrioxamine in vitro this Fe chelntbr nf-
... 

fects cellular DNA sy:nthesis, it decreases intracellulnr pools of 

deoxyribotlucleoside triphosphates and b'l.ocks cells in- early S phasE'. A!} 

- , 
1bthe enzyme .. ribonucleot,ide reductase requires Fe as a co-factor, these in-

hibitory effects can be directly attributed to Fe ~vati~n. This sug--

gests possible applications for use o.f this drug in, neopl'asti~ therapy. 

Perhaps if continuous infusions of this drug ~ere given, as for Fe overloncl 

ther~y, tumor cell proliferation could 'obe inhibited by Fe deprivntion or 
~ i 

tumor ce Ils could be synchronized in early. S phase and then other cytotoxi~ 

drugs which act on S phase cells could be given to kill this -fraction 'of 

tumor ce Us . 
G 

During the past several years, much information has been gained con­
• 

cerning eucaryotic cellular Fe acquis i tion and the endocytic Tt; cycle. 

Several interesti~g and challe~ging questions, however. remain to be 

answered.' The problem of eluc~dating the relative si tes of ligand and 

receptor interaction has already bee~ discussed. Also, it is still not , 
known what triggers Tf-Tf receptor internalization. ~inding' of ligand ap-

"pear:s not to be the tri'gger as evtdence suggests that receptors are in-

ternalized in the absence of bound ligand (Watts, 1985). Receptor phos' 

phorylation had been suggested as a possible signal for internalizatifn but 

/" 
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o more recent evitience suggests that this is not the case (~othenberger et 

.sl., 1987). It lS known that the cytoplasmic domain is required fo.r Tf 

interna~ization; perhaps conformational changes in this _ regiop ,?f ~ the 

lj 

receptor may be involved. ~lternatively there may be intracellular signaIs 

or binding factors which 'aK on this domain which cause internalization. 

" Further deletion mutagenesis studies should pin-point the actual part of 

the cytoplasmic domain needed for internalization. If phosphorylation is 

not an internalization signal, what is its raIe, if any, in endocy~osis and 

does i ts role vary with cellular type' or be'tween transformed and non-

transforme-d cells? It has been suggested that Tf-receptor interaction may 
Q 

have a role other than Fe acquisition such as a role in celluJ.ar growth 
" 

regulation (May and Cuatrecasas, 1985). Phosphoryl'tion of the Tf receptor 

may provfde an intracellular signal which is important in this regard. 

Whatever the role of receptor phosphorylation it is an interesting question 

to be,answered. 

Several ..questions need to be re~olved toncerning what be~omes of Fe 

intracellularly dnce it has been released from Tf. Does Fe initially be-

come part of a labile pool; 15 it bound to a low moleculdr weight carrier 

(Jacobs, 1977)? What is the nature of this carrier an~ is it involv~d in 

intracellular Fe transport for example in transporting Fe to the 

mitochondria for heme sY?thesis? / 
Finally, an interesting problem is how different ligands and receptors 

are Borted intracellularly; what directs certain ligands and jor receptors 

to the lysosomes to be degraded while- Tf and" its receptor are kept within 

ttlistirict vesicles and recycled 'to the cell surface? The fate of ligands 

and réceptors seems to depe~d on the role of the ligand. Sorne. provide in-

1 
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formation or signa1s to the' ceU and these are genera11y degraded. Othetr . , 

1ig"nds su<:h as Tf provide a necessary nutrient (although lis suggèst('d 

. 
above., Tf l!Iay have a ,dual ro1e) and it is certain1y an advantage to an or-

ganism ~o have both the receptor and ligancPrecycled. Information obtained 

concerning. intracel1ular sqrting will not on1y further elucidate the Tf 

cycle but will also yield important information about cellular growth and· 

physio10gy in genera1. 

5.5 A discuss~n of Neisseria meningit!dis work and implications for 
o· 

future research 

The findings in t~is thesis confirmed previous findings of others thnt. 

Neisseria meningitidis can utilize Tf and Lf Fe but not conalbllmin Fe. It 

was a1so observed that this organism hàd a preference tor human over bovi}'le 

Tf. These studies a1so confirmed that N. meningl tidls directly blnds Tf 

- (Archibald and DeVoe, 1979; Simonson et al, 1982) as it possesses surface 

binding s1.tes. This ~tinguishes the pathog:nic ~rom the commensal n~l'. 
seriae as N. subf1ava ~annot utilize Tf Fe as it does not possess' receptor 

.JI' 

binding sites. This Indlcates thli-t possession of these b,lnding sites and 

the ability to remove Fe from Tf 15 an important characteristic of 

virulence. It was also found that E. coli 1 a siderophore-producing bac-

terium, does not have Tf binding sites. 
al 

When one considers bacte'~ia1\ mechani'sms of Fe acquisition ln vivo, 1t 

is interesting that the majority of bacteria have evolved sider:ophores 

while a minority, such as N. meningltldls, Haemophl1us lnfluelàl!a~:; and Bor-
1 v,f 

detella pertussis (Redhead et al., 1987) have -not. 
\ 

This diffe>rence. can 

f 
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probably be related to the envirorunent iI} which the organi;;ms are found . 
. 

Bacteria such as E. coli and Salmonella are enterlc hat:teria and are found' 

in the vertêbrate \ntestine where under certain cir:umstances they may 

cause disease. They 'are also hardy organisms. and can survive in soil, 

sewage and other environments for sorne time. The ability to synthesizè 
/ ~ ; 

siderophores would enable the organism to obtain Fe in vivo or 'in these ex-

'ternal environments. N. meningitidis, Haemophilus and Bordetella are 

neither ubiquitous nor resistan~ organisms and cannot live for long outside 

the human host and therefore are evolved to oh tain Fe in ·vivo only. To he 

able to obtain Fe by ,bindfng Tf directly is a defi,nite advantage, for a 
~ 1:1 Ï)' Ô .. 

pa thogen ovèr the production of 5 iderophores. S iderophores' ~us t be 

released, bind Fé and return it to the cell. This mechanism of Fe acquisi­

, "" 
tion may not be as secure '~\/direct Tf binding as siderophores are dilated 

J 

. by secretion into the blood and obtaining Fe will be directly dependent on 

the concentration of siderophore attained. 

The fact that Nelsseria and Bordetella can utilize Lf~e presumably be-

cause this protein also binds to surface binding sites would provide these 

pathogens with a ·another ap,vantage. Lf 1s found in the mucosal s,ecretions 

of the naso- and oro-pharynx where these pathogens would initially gain 

entrance to the body. The function of Le in this' location is ta bind Fe 

and withhold it from invading pathogens. Those bacteria ~hich are able to 

bin? and deferrat~ this protein would nb~ be 'inhibited and ~ould b~ at an 

advantage in the initial-stage of infection. The binding of human Tf or Lf 
, 

to the bacterial ceU might also serve to mask or caver up bacterial sur-

face antigens and reduce the host immune response. 
/ 

The studies of Redhead et al. (1987) demonstrated that aordetella per- . 

1. 
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tussis could uti1ize Tf, Lf and cona1bumin for growth. Competitive binding 

studies suggested that aIl three proteins bound to the same_ receptor site. 

In this respect Bordetella differs from N. meningitidis as the latter or-

ganism cannot utilize conalbumin Fe for growth and the present: resul ts and 

those ô'f Mickelsen et al. ,(1982) with N. gonorrhoeae suggest th'at, utiliza-

tion of Lf Fe involves binding sites distinct from the Tf binding sites. 
. .' 

Competition binding studies with N. meningicidls indicated that the Tf 

binding sitès do not have the same degree of specificity tha_t the 

eucaryotic sites have as cona1bumin and Lf interfered with Tf binding to a 

gertain extent. 
~ 

There are numerous 

, 
" '\ 

intrigu~ng questions which remain to be answered· 

~ 
concerning the mechanism whereby N. meningitldis removes Fe from Tf. lt Is 

~ 

interesting that this pathogen canobind Tf when Fe-sufficient but that mo~c 

binding sites are induced undef conditions of Fe deprivation; furthermore, 

---::- this bacterium reportedly cannot remove Fe from Tf unless it i5 Fe-deprived 

(Simonson et al., 1982). Therefore at le~st two Fe-acquisition components 

are induced by· Fe deprivation: additional Tf binding sites and an Fe-

removal me~hanism. lt is not known what is induced in the cel1 by Fe-

deprivation that enab1es the ceU to remove Fe from Tf. lt is not known 

whether an outer membrane protein apart from the Tf ç binding ,site is in-
1 

duced, which is involved in Fe removal or whetheaî periplasmic binding 

proteins I?r' cytoplasmic membrane componentB ~re involved as well!b lt 

. 
remains to be determined how the pathogen +emoves Fe from Tf after binding; 

perhaps the newly- induced surface component has an affinity for Fe similar 

to Tf and can remove Fe .from this protein or alternatively, a reductive 

mechanism may be involyed. lt is not known how Fe acts intracellularly to 

1 
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cause derepression of this Fe-removal function; perhaps Fe acts as a co-

repressor with a regulatory prote in to repress this mode of Fe·acquisitLon ... ) ~ 
under Fe-sufficient conditions in a manner analogous to that which occurs 

during siderophore synthesis (section 2.9.1). , 

\ 

Nelsseria gonorrhoeae can also utilize Tf Fe for growth" presumably 

also by directly binding Tf. This could easily be verified by performing 

binding studies with radiolabelfed 'Tf. It would be interest~ing to 

enumer~te cellular Tf binding sites and compare this tO the number found on 
<# 

N. meningltidis. 

Herrington and Sparling (1985) found that the human pathogen 

Haemophl1us Influenzae cou·ld abo utilize Tf Fe but that the non-pathogenic 
, " 

H. para~nfluenzae cou"d not, a situation similar to èhe neisseriae. It .:':J 

could be determined whether this als..o... holds true for other pathogenic and 

non-pathogenic haemophJli. These studies cou1d then be carried furt~er, as 

was dane with N. meningitidls, by performing binding studies and enumerat-

ing Tf binding sites. 

The neisseria1 Tf binding site has never been isolat:ed or charac-

'-
terized and this is an important are a which needs to be explored. rP 

To ap- v 

proach this problem, initially outer membra~ fractions of Fe-deprived and 
Il 

Fe-sufficient N. menlngitldis and a, non-pathogenic neisseria should be 

.0 
prepared and run on.SDS-PAGE to determine which Fe-repressible proteins are" 

present. These proteins could be 'transferred tô nitrocellulose pap'er by 
• p" 

i~unoblotting, 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 pe incubated with radiolabelled Tf and a 

i 
1 

1 

J 
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cross-linking reagent could be used to bind ligand to receptor. 

l' 

The use of . 
a cross -linking reagent would prevent SDS-mediated dissociation of the Tf 

and i ts receptor. 

lated and run on 

Subsequently, the outer membrane fraction could be iso­

SDS-PAGE followed by-autoradiographyl From this an es-

timate of the receptor molecular weight coul~ be obtained. By running this 

sarne material 'on two-dimensional electrophoresis t~e components might be 

_ further resolved and characterized. - Similar studies could bp pcrformed 

with Bordetella and Haemophilus. Affinity chromatography using Tf coupled 

to Sepharose might also be useful in isolating the Tf binding site from 
J , 

radiolabelled bacterial outer membrane fractions. 

The genetics of bacterial acquisiÙon of Fe from Tf is another impor~ 

tant area to be explored. In order to ~o this, the N. meningitidls culture 

would have to be~tagenized and mutants incapable of utilizing or binding 

Tf isolated. Using the meningococcal wild type strain, 
<:> 

chromos omal DNA 

could be digested by restriction enzymes, a library of fragments isolated 

and inserted into sui table E. coli compatible cosmids. These co'ùld sub-

!r sequently be inserted into E. j' coll or non-pathogenic neisseria! hasts and 

expression of t~e genes of interest screened for by growth on Tf in vitro. 

Another approach would be to subJ ect N. menlngi tidis chromosomal DNA to 

restriction enzyme digestion and insert the fragments into a bi-directional 

shuttle vector. such as the pLE
o
S2 vector described by Stein et al. (1983), 

which can function in both E. coll and N. gonorrhoeae. The resulting plas-

~ 

mids could then be inserted into an E. coli mutant defective in high af­.. 
finit y Fe acquisition - systems (i. e. defective in enterochelin biosynthesis .. 
and lacking the ColV plasmia carrying the aerobactin genes). The presence 

of functioning Tf fe acquisition genes could be screened for by determih-
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1 
ing whether the bacteria could grow in Fe-deficient media with rf as the 

. 
'sole Fe source. (The media must also be deficient in citrate and any 

siderophore-like compounds.) The presence of novel F~-repressible 4:er 

membrane proteins -could be ascertained using SDS-PAGE. Binding of 

labelled Tf to the cells followed by treatment with a cross-linking 
. 

reagent could determine which prote in is able to bind Tf. 
1> 

Deletion 

analysis could ·further map the are as o.f the~fragments required for Tf bind-

ing and Fe uptake. Subsequent work including in vitro transcription, SI 
" 

nuclease mappil}g and DNA and RNA sequence analysis could be useful for , 
promoter mapping. Use of the Sl nuclease mapping assay" could be used to 

measure' the specifie RNA levels under conditions of Fe-sufficiency ~nd Fe 

Hmi tation to investigate transeriptional regulation by Fe. Regulation 

• 
could a1so be studied by constructing a protein fusion of the putative 

promoter region and a promoterless 1acZ gene. Beta-ga1actosidase ~ctivity 

CQuld then be measured under Fe-deficient and Fe-replete conditions. 
, 

The use of E. coli for this aspect of the work may be appropriate as 

both the genome and Fe regu1ation ~re well-characterized in this organism • 

and mutants defective in high affinity Fe uptake are available. Once Tf Fe 

acquisition has been characterized in the E. coli system, the vector plas-

mid èou1d be inserted into an N. meningitidis- mutant defec-tive in Tf Fe 

utilization to determin~ whether the -genes are still functional in Neis-

seria. This may neeessitate insertion of neisserial chromosomal sequences 

(uptake sequences) into the plasmid in order that the DNA will be taken up 

by the Nelsseris (Stein et al., 1983). 

lt may be di~ficul t, however, to insert the neis.ft8rial chromos omal .. l 

the genes of interest may not be fragments into the' vec tor and secondly. 
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expréssed in the E. col i mutant. Alternatively, the gene(s) for the Tf 
... 

binding protein might be expressed and those for Fe removal from Tf not 

expressed. Binding in the absence of-Fe removal could be stuaied through 

the use of fluorescent;: antibody s tudies, covalent cross -1 inke rs or 

radiolabelled Tf binding studies. Preliminary work must, however, be done 
o 

to determine the feasibility of this approach. 

As discussed in section 2.2, Black et al. (19a6) have isolat~d a 

mutant which does not produce a 70,000 dilton Fe-repress~ble 'outer membrane 

protein and cannot grow on Tf or Lf or remove 55 Fe from these prote~ns. lt 

is not known whether this Fe-repressible protein is the Tf binding site or· 

if another proteln ls involved in Fe removal from Tf and Lf. Further work 

has been don~ in laboratory of P. F. Sparling on this aspect of Fe acquisi-

tion. The 70,000 dalton prote in has been isolated but, as mentioned in 

sec1Jl'on 2.2, the N. meningitidis mutant does not appear to be transforma-

tion competent and the genetic analysis has not proceeded (D. Dyer. per-

sonal communication) . The present results indicate that Tf and Lf have 
. 

separate binding sites, however, another inducible protein such as the 

70,000 dalton protein might be invo1ved in Fe removal from both proteins. 

The future possibilities for this work are potentially quite impor-

tant. As has been pointed out by both Black et al. (1986) and Redhead et 

al. (1987) these outer membrane Fe-acquisition proteins might prove to be 

useful in the development of vaccines. It has been extreme1y difficult in 

the pas.t to produce an effective vaccine for group B meningococci and if 

th: organism's Fe-binding proteins could be .iso1ated 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 NelsserÎa, 
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Bordetella and Haemophllus obtain Fe from Tf in vivo. These Many ques-

tions, however, provide s~ope for exciting future research. 

5.6 Summary and conclusions 

This study was begun to examine the effe~ of the hypoferremic 
p 

response on tamor cell Fe acquisition using a lymphoma of CS7 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 ?enefit ~e hosto Attempts to manipulate tumor cell gr~wth 

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 t "vitro growth and 

cells could ob tain Fe from Tf • upts.ke studies revealed that the lymphoma 

when· the Fe saturation was low,er than would occur in vivo during hypofer-

remia. 

Fe 

Fe 

utilized 

enumer.ate 

of Tf to 

bj the lym~homa, cells was further_examined in terms of 

for gro'1th, 
.~ 

\ 
Tf preferences for growth 

1 • 

and types of Fe 

cells. Cellular Tf binding" to the cells was studied to 
l, $ 

f binding sites and examine Tf-Tf receptor specificity. Bin~ 

also examined to determine why the 

hypoferremic response is effective in inhib~ting Fe acquisition and growth 

in the neisserial system b~t.-not in the tumor cell system. Taken together, 
If 

the .pres.ent results and those of Simonson et al. (~82') strongly suggest 

1 



1 
• • 

o 

• 
.~' 

CO 

.-
.. 191 

'-r--

the_following hJPothesis to be true. Hypoferre~ia is not ~ffective in the 

tumor cell system "as 'tbe more sophisticated eucaryotic Tf receptors cao 
" . , 

discriminate between ferri- and apo-Tf as they have ~i'gh affil)ity for the 

former and low affinity for the latter at neu~ral pH thus the p~esence of 
Ç) 

apo-Tf does ~~ Interfere with binding. In contrast, the neisserial recep-

tor cannot as readily discern between" Fe-baaring and Fe - free Tf and apo-Tf 

is bound by the receptor inhibiting the binding of Fe - cf)ntaining Tf thus 

cAusi~g inhibition of growth by Fe deprivation. 

• 

\f.. ::..-.... 
. ! 

.. 

. 
<) 
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APPENDIX l 

Becton ri~kinson 59Fe Radioassay Kit 
" 

The kit contains an.. acidic 59Fe reaction solution, sodium carbonate 
, ' , 

ution, rèsin tabl~ts and UIBC reference serùm. Serum ~arnples are se~ up 
4 . 

duplicate tubes labelled TIBC and UIBC; 200 ul of serum are added to 
c '- - -

. . ~~ 

Control t-otal and blank tubes are included to which 200 ul of 

added. UIBC reference tubes 'àre also included and 20.0 ul of 

r~~erence serum is added to them. Initially' 500 ui 5.9 Fe reactio~ solution 

is added to alr TIBC tubes. As this .. ls, an acidic soltitlon ~JlY l-mlabelled 

" 
Fe bound to serUiIl Tf will be rernQved. Afte~ 1D. miI..1' 500 'u1 of sodium car-

"bonate soluÙon is added to aIl TIBC tube~,' then UIBC tubes dien a11, tota l 
..:11. ~ ..... ':::~ _ . . 

and blahk tubes. Because of the excess of radiolabelled F.2 present: in the
O 

... 
. 

TIBC tubes, a11 ava il ab le Fe binding sites will be occu1?ied with labelled 
\ 

59Fe reacti'on solution h added to a11 lJlIiC, Fe. Subse,quently. 500 ul of 

blank and total c.ount tubes. Radiolabelled Fe will then bind to all avail-. . 

able Fe- sites on the serum Tf in the UIBC tuçes. After 10 min", .. resin 

tablets are added to TI Be and UIBC tubes; this remo~es any unbound Fe.' 

Tubes 'are incuba~e4, vortexed and -re-incubated then centrifuged in an Ep-

pendorf cèntr'ifuge for 10 min. 
. 

Supernatants are counted for one min in a 

gamma counter. Calculation of F~ binding capacity is ba..sed on the known 
r 

concentration of ex,ogeno'Us ,radioactive Fe and the di lut ion factor\ The 

UIBC reference serum is used ta standard:!.ze the results. ~he assigned Ulac 
-' 

, reference value supplied with the kit and the counts o~tained from the UIBC 

reference tubes are used ta obtain a calcUlation constant K for each a~say. 

,The constant K i5 used to calculatè the urBC and TIp'C for each serum 

1 
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sampJ,.e. Serwn Fe lS the difference be tWelfn TIllG and UIBe. 
J-

satur&tion of Tf is. obtained by serum Fe/TIBC X 100%. 

J 
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The API ZYM.System 

APPENDIX II 

" 
, 

\ . 
~ 

The APl ZYM SYst~ is a semi --quantitative micromethod Jor detection bf en- 0 

, 
;' ~ " " .... 1 

z.yme activities, The system consists 

ing chromogenic enzyme substrates, 

of a series 'of. microcupules contain-
, (. ~. 1 

The ad~tion ---of the' aquequs sample 
, 1 

starts the reactions, 

7:6 X 106 cells ml- l 

'--c---_ 

. /" """------
• 

The- EL4-~ cell suspensions were adjusted to contain 
'IJ-

With a paste..ur pipette 1 -2 drops'" -tif 'celi 
'. ~:,,' ,t 

suspens io.!} 

were added to each cupuhr. The strips were incubated for 4 h 

AfteL~ncubation, one orop of rea~ent A and 0x;e' drop of reagent B were - J,., 
a~ to each cupule and the strip was exposed to Ii.ght. "A colour reaction 

of 0-5 was assigned by comparison to the colgur caart provided. In each 
. / 

'r-/ 
reas::tt'on the enzyme sub.strate is bound to beta-naphthol or bet;a-

rrnphthylamine, The enzyme 1 if present. reaets with substrate to forro the . , 
~ -.--- r~leased product and betaLnaphthol or beta-naphthylamine: These 2 --latter 

( 
j 

cornpounds reaet with the deteetor, reagents to produce a eolo~. 

Number 

1-

2 

5 

~lkaIine-PhofPhatase 
esterase (C4) 

esterase lipase (Ca) 

lipase (Cl4) 

leueine~ aminopeptidase .. 

Î 

Subs.t:rate \ 

Q 

2-naphthylphosphate 
t>.. 

2-naphthylbutyrate 

2-naphthyleaprylate 

2~aphthylmyristate 

L-leueyl- 2~_ 

naphthylamide 

Colour 

""iolet 

\Tiolet 

violet 

violet 

orange 





c 

" ", 

18 alpha-mannosidase ... 

19 alpha-f~cosidase 

p 

'\ 
Reagent A 

Tris (Hydroxymet~yl) aminomethane 

Hydrochloric acid (37%) 

Lau~y~sulfate (S~um,dodeCYl sulfate 

Distilled water q.S. 

Réagent B 

Fast Blue BB 

6-bromo - 2 -naphthyl- 2 - violet 
t • 

1 D-mannopyranoside 
\ 
(j. 

2 -naphthy1-alpha-L- violet 

fucopyranoside 

250 g 

·110 ml • 
: 

lUO" g 
l. 

1000 ml 

3.5 g 

2 -methoxyethanol q.s. 1000 ml 

, . 
.. 

" , . 

") 

.. 

" 
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